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Abstract
Non-coking coal (NC) and petroleum coke (PC) were mixed in different ratios, and then silica (HBS) with different par-
ticle sizes was added to the mixture. Composite carbonaceous reducing agent pellets were prepared by cold pressing. The 
particle size of raw materials was divided into 80–100 mesh (81MR) and 100–200 mesh (12MR). The effects of four kinds 
of silica particle size ranges, 40–80 mesh (48 M), 80–100 mesh (81 M), 100–200 mesh (12 M), > 200 mesh (20 M), silica 
contents 0–5%, and molding pressures 5–25 MPa on the cold strength of pellets with different particle sizes were studied. 
The optimal processing conditions were a forming pressure of 20 MPa, powder particle size of 12MR, and NC: PC ratio 
of 7: 3. The addition of 2% of 12 M silica increased the pellet strength to over 9 MPa. The morphology and structure of 
different carbon materials were characterized by FESEM, FTIR, XPS, and XRD. The results showed that the reason for the 
difference in pellet performance was the degree of occlusion of the internal particle size of the pellets, and the amounts of 
surface functional groups and graphitization.

Keywords  Industrial silicon · Compound reducing agent · Powder particle size · Compressive strength · Forming 
mechanism

1  Introduction

As the world's largest renewable energy market and equip-
ment manufacturing country, China's photovoltaic power 
generation technology is rapidly progressing. More than 80% 
of the solar cells used in terrestrial photovoltaic systems are 
made using silicon as the substrate [1, 2]. Polycrystalline 
silicon accounts for more than 90% of the silicon production 
of global photovoltaic enterprises [3]. Industrial silicon is 
at the top of the silicon-based new material industry chain 

and is the core raw material for the development of "silicon 
energy" industry chains such as semiconductor materials, 
organic silicon, aluminum–silicon alloys, and photovoltaics 
[4]. It has been widely used in the photovoltaic and elec-
tronic industries [5–7], as well as aerospace and optical fiber 
communication applications.

Industrial silicon is produced by placing silica and car-
bon materials in a submerged arc furnace, inserting three-
phase electrodes for submerged arc operation, generating a 
high temperature (> 1800° C) from the arc, and preparing 
the metal by carbothermal reduction melting [8–10]. Car-
bonaceous reducing agents are an essential component of 
industrial silicon smelting, accounting for 25–30% of pro-
duction costs [11]. To ensure smooth furnace conditions, 
high production, and low consumption, the carbon reduc-
ing agent must have a high fixed carbon content, low ash 
content, high resistivity, active chemical properties, low 
graphitization at high temperatures, and a suitable particle 
size and mechanical strength [12]. Charcoal meets all of 
these selection principles [13, 14], but acquiring charcoal 
requires a large amount of forest resources, which may vio-
late environmental protection laws and exacerbate the green-
house effect [15]. The limited sources of charcoal make it 

 *	 Zhengjie Chen 
	 czjkmust@126.com

1	 Faculty of Metallurgical and Energy Engineering, Kunming 
University of Science and Technology, Kunming 650093, 
China

2	 State Key Laboratory of Complex Nonferrous Metal 
Resources Cleaning Utilization in Yunnan Province, 
Kunming University of Science and Technology, 
Kunming 650093, China

3	 The National Engineering Laboratory for Vacuum 
Metallurgy, Kunming University of Science and Technology, 
Kunming 650093, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s12633-023-02571-8&domain=pdf


7058	 Silicon (2023) 15:7057–7067

1 3

expensive, which increases production costs. Exploring new 
reducing agents to replace charcoal has become a difficult 
problem for industrial silicon production [15].

After the United States, China has become the world's 
largest energy producer and consumer [16, 17]. Because 
China is coal-rich and contains fewer oil and gas reserves, 
coal still occupies the leading position in China's energy 
resources [18–21]. Therefore, it is important to apply coal to 
the field of industrial silicon smelting. Most relevant research 
has focused on the reaction characteristics of middling coal 
during the co-pyrolysis of coal and different biomass materi-
als [22, 23]. Cao et al. [24] combined thermal analysis and 
kinetics to evaluate the impact of coal and biomass on the 
carbothermal reduction of silica under different grinding 
media. They found that different grinding media strongly 
affected the synergistic effect of biomass and coal, which 
has important theoretical significance for the comprehensive 
utilization of coal and biomass to improve the carbothermal 
reduction of silica. Zhang et al. [25] used a mixture of moldy 
and fermented biomass and bituminous coal to strengthen the 
carbothermal reduction of silica and save energy. Zhou et al. 
[26] used organic solvents as a reaction medium to improve 
the reactivity of a mixed carbon material (waste fruit peel 
and coal), which was used as a renewable carbon reducing 
agent during silicon production. Zhang et al. [27] applied 
a mixed carbon material of distiller grains and bituminous 
coal to the carbothermal reduction of silica. They found that 
the addition of distiller grains increased the chemical reac-
tion rate and lowered the pyrolysis temperature. Considering 
reducing the cost of the reducing agent and decreasing the 
waste of powder, here we explore a new type of composite 
carbonaceous reducing agent to apply non-coking coal during 
the production of industrial silicon.

In this work, we prepared a new type of composite carbon 
reducing agent pellet with added silica using non-coking coal 
as the main raw material. The effects of the silica particle 
size, silica content, forming pressure, and raw material parti-
cle size on the strength of the formed pellets were studied. The 
morphology and structure of different carbon materials were 
characterized by FESEM, FTIR, XPS, and XRD spectroscopy. 
The forming mechanism of pellets under different raw mate-
rial ratios was analyzed. The pellet strength of the new carbon 
reducing agent pellet was far greater than the pellet strength 
required for industrial silicon production by 2 MPa, which can 
be used in industrial production. This process was conducive 

to the clean and efficient utilization of low-rank coal and pro-
vided great economic and social benefits.

2 � Materials and Experiment

2.1 � Materials and Analysis

Non-coking coal (NC) from Xinjiang Province, China was 
used. An NJ3 bond index tester was used to determine the 
coking index of 0, and the purchase cost was low. Petroleum 
coke (PC) was derived from Yunnan Province, China, and 
silica (HBS) was obtained from Hubei Province, China. The 
binder (BDO) was a commercially-available organic binder. 
Table 1 shows the proximate analysis and ultimate analysis 
of the raw materials PC, NC, and BDO. Table 2 shows the 
chemical composition and content analysis of the silica.

2.2 � Sample Preparation

The preparation flow chart of composite carbonaceous 
reductant pellets is shown in Fig. 1. The raw materials were 
carbon materials with different NC: PC ratios (100: 0, 70: 
30, 60: 40, and 0: 100) and two particle size ranges (80–100 
mesh and 100–200 mesh). To facilitate the distinction, the 
name 80–100 mesh carbon raw material was defined as 
81MR, and 100–200 mesh carbon raw material was 12MR. 
Four kinds of silica with different particle sizes were added: 
40–80 mesh (48 M), 80–100 mesh (81 M), 100–200 mesh 
(12 M), and > 200 mesh (20 M).

Pellet preparation. First, silica was added to the carbon 
material and mixed evenly. After mixing with 5% binder 
and 10% deionized water and stirring well, it was placed in 
a mold. Then, the mold was placed on a hydraulic press, and 
the material was pressed by shaking the handle to press the 
mold. The formed composite pellets were cylinders with a 
diameter of 25 mm and a height of 13–15 mm. Finally, the 
formed pellets were placed in a drying oven at 80 °C for 
4 h and cooled to room temperature to obtain composite 
carbonaceous reducing agent pellets. Three samples were 

Table 1   Proximate and ultimate 
analysis of raw materials (wt.%)

Proximate analysis Ultimate analysis

FC V M A C H O N S

PC 89.105 10.69 0.18 0.025 90.71 1.48 1.14 1.54 2.94
NC 60.37 32.97 2.49 4.17 72.72 3.91 15.70 0.42 0.16
BDO 2.65 89.88 7.37 0.10 38.49 5.47 46.54 0.21 —

Table 2   Major chemical composition and content of silica (wt.%)

SiO2 Al2O3 Fe CaO

HBS 97.71 0.83 0.42 0.077



7059Silicon (2023) 15:7057–7067	

1 3

prepared for each type of pellet. The cold strength of pel-
lets was tested by an LXM-8000 cold strength tester, and 
the compressive strength was calculated from the average.

A certain quality of non-coking coal and petroleum coke 
were taken, respectively. To test the forming mechanism of 
different carbon materials, we used a field emission scanning 
electron microscope (Nova NanoSEM 450) to analyze the mor-
phology and structure of the samples. The functional groups 
and chemical structures of different carbon materials were 
analyzed by a Bruker ALPHA infrared spectrometer, scan-
ning XPS Microprobe system (PHI5000 Versaprobe-II), and 
an X-ray diffractometer (D / Max-2200). The field emission 
scanning electron microscope had a high stability and ultra-
high resolution, a Schottky field emission electron gun with 
high-vacuum and low-vacuum modes (< 200 Pa). The magni-
fication range was 30–1 000 000 times, the acceleration volt-
age was 200 V – 30 kV, and the electron beam current range 
was 0.3 pA – 100 nA. The ALPHA infrared spectrometer had 

a spectral range of 4000–400 cm−1, 16 scans, and a spectral 
resolution of 4 cm−1. The XPS microprobe system operated at 
a power of 50 W, a voltage of 15 kV, an Al rake anode, and a 
pass energy of 46.95 eV. The X-ray diffractometer used Cu-Kα 
as the radiation source (λ = 0.15406 nm). The working voltage 
was 40 kV, the working current was 40 mA, the scanning speed 
was 3°/min, and the scanning range was 10–90°.

3 � Results and Discussion

3.1 � Effect of Particle Size (Carbon Raw Materials 
and Silica) on Pellet Strength

The raw materials were 81MR and 12MR with different 
ratios, the silica content was 3%, the forming pressure was 
20 MPa, and the silica particle size was the single variable 
in the experiment.

Fig. 1   Flow chart for the preparation of new composite carbon reducing agent pellets

Fig. 2   The effect of (48 M, 81 M, 12 M, 20 M) silica on the compressive strength of 81MR and 12MR pellets. (a) The raw material is NC. (b) 
The raw material is NC : PC = 7 : 3. (c) The raw material is NC : PC = 6 : 4
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The effect of adding different silica particle sizes (48 M, 
81 M, 12 M, 20 M) on the compressive strength of the 
pellets is shown in Fig. 2. The compressive strength of 
pellets of 12MR and 81MR was significantly different, 
and the strength of the sample with 12 M silica pellets 
was higher. Figure 2a and b show that the compressive 
strength of 12MR pellets was better than that of 81MR. 
The specific differences between 12 and 81MR pellets 
were as follows: (1) When the raw material was 81MR, the 
strength of non-coking coal pellets was maintained in the 
range of 6.5–7 MPa. The compressive strength of pellets 
increased significantly when petroleum coke was added to 
non-coking coal. When 30% petroleum coke was added, 
the pellet strength increased to 7.5–8.5 MPa. When 40% 
petroleum coke was added, the strength was 7.5–9 MPa. 
When 12 M silica was added, the maximum pellet strength 
exceeded 9 MPa. (2) When the raw material was 12MR, 
the strength of non-coking coal pellets remained in the 
range of 6.7–8 MPa. When adding 30% PC, the pellet 

strength increased to 7.5–8.7 MPa. When 40% PC was 
added, the strength of pellets was not improved, and the 
strength was smaller than that of non-coking coal pellets. 
This was the opposite result from when the particle size 
was 81MR. The reason for this result was likely related to 
the structural properties of the raw materials.

Figure 3 shows the effect of adding (48 M, 81 M, 12 M, 
20 M) silica on the compressive strength of petroleum coke 
pellets. When the particle size of silica was a single vari-
able in the experiment, the compressive strength of 81MR 
and 12MR petroleum coke pellets was greater than 10 MPa, 
which exceeds the equipment range. Whether the specific 
addition of silica is the main reason for the high strength 
requires exploring the influence of different silica contents 
on the compressive strength of petroleum coke pellets.

3.2 � Effect of Silica Content on Pellet Strength

The raw materials were 81MR and 12MR with different 
ratios, silica was 12 M, the forming pressure was 20 MPa, 
and the silica content was the single variable in this section’s 
experiment.

Figure 4 shows the effect of adding different contents of 
12 M silica on the compressive strength of pellets. When dif-
ferent silica contents were added to the 81MR, the strength 
of the coal pellets in non-coking remained in the range of 
6.5–7 MPa. The strength of pellets containing 30% petro-
leum coke was maintained in the range of 6.5–8.5 MPa. 
When 40% petroleum coke and 3% silica were added, the 
strength reached the maximum value of 9.081 MPa. The 
raw material was 12MR, and the difference between pellet 
strength was obvious. When the content of petroleum coke 
was 30%, the strength of pellets was effectively improved 
upon increasing the silica content. When the silica con-
tent was 2%, the pellet strength reached a maximum of 
9.098 MPa. When the petroleum coke content was 40%, 
the pellet strength was less than that of the non-coking coal 
pellets, which was opposite to the experimental results of 

Fig. 3   Effects of adding different particle sizes ( 48 M, 81 M, 12 M, 
20 M) of silica on the compressive strength of petroleum coke pellets

Fig. 4   Effects of different contents of 12 M silica on the compressive strength of 81MR and 12MR pellets. (a) The raw material is NC. (b) The 
raw material is NC : PC = 7 : 3. (c) The rawmaterial is NC : PC = 6 : 4
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81MR. Overall, when the raw material was 81MR, adding 
3% 12 M silica content produced stronger pellets. When the 
raw material was 12MR, adding 2% 12 M silica provided 
the strongest pellets.

Figure 5 shows the effect of adding 81 M and 12 M sil-
ica on the compressive strength of 81MR NC: PC = 7: 3 
pellets. When the raw material was 81MR, adding PC30% 
and 81 M silica 3% produced pellets with the maximum 
strength. Figure 2b shows that when the raw material was 
81MR NC: PC = 7: 3, the strength of the added 81 M silica 
pellets reached the maximum. Therefore, we measured the 
effect of adding different 81 M silica contents on the com-
pressive strength of 81MR pellets with a PC content of 30%. 
We then compared this to the experimental results of add-
ing different 12 M silica contents. Figure 5 shows that the 
strength of pellets with 81 M silica was much higher. When 
the silica content was 2%, the strength of pellets containing 
81 M silica was 14% higher than that of pellets containing 
12 M silica.

Figure 6 shows the effect of adding different contents 
of 12 M silica on the compressive strength of petroleum 
coke pellets. When the silica content was 0, the strength was 
greater than 10 MPa, showing that the strength increase was 
independent of silica. The main reason might be that petro-
leum coke is easily-graphitized carbon [28]. The microcrys-
talline carbon grid flakes of petroleum coke overlap neatly, 
and the distance between the flakes is small. It is a highly 
aromatized polymer carbide [29]. This structure gives the 
petroleum coke particles a certain hardness that is conducive 
to the close combination of water and binder with the mate-
rial, which promotes press molding.

3.3 � Effect of Forming Pressure on Pellet Strength

The raw materials were 81MR and 12MR with different 
ratios, 3% 12 M silica was added, and the forming pressure 
was the single variable in the experiment in this section.

Figure 7a and b are the effects of forming pressure on the 
compressive strength of 81MR and 12MR pellets, respec-
tively. As the forming pressure increased, the pellet strength 
gradually increased and began to decrease after reaching 
the maximum at 20 MPa. Under the action of forming pres-
sure, gases between the particles were gradually discharged, 
which destroyed the arch bridge effect of the material, rear-
ranged the particles inside the agglomerate, and gradually 
densified to form a pellet. Internal friction between the par-
ticles affected their approach, making the strength of the 
pellet increase slowly. When the pressure was greater than 
a certain value, the larger particles underwent secondary 
fragmentation, increasing the new section because there was 
no binder at fracture locations. Therefore, the surface of the 
pellet produced more cracks, which decreased the strength 
of the pellet.

Figure 8 shows the effect of forming pressure on the 
compressive strength of pellets with different particle 
sizes (12MR and 81MR). The strength of 12MR pel-
lets was greater than that of 81MR pellets under differ-
ent pressures. This was because when using 100–200 
mesh particles, the surface contact between the powder 
particles was good, and the particles and silica were 
intertwined and filled each other, providing a high fill-
ing density. This decreased the compression ratio, thus 
increasing the pellet strength.

Figure 9 shows the effect of forming pressure on the 
compressive strength of petroleum coke pellets. When 
the pressure was 5 MPa, the compressive strength of 

Fig. 5   Effects of adding different contents of 81 M and 12 M silica on 
the compressive strength of 81MR NC:PC = 7: 3 pellets

Fig. 6   Effect of adding different content of 12 M silica on the com-
pressive strength of petroleum coke pellets
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petroleum coke pellets exceeded 10 MPa. It is specu-
lated that petroleum coke contains functional groups 
that enhance the hydrophilicity, corresponding chemi-
cal energy, viscous energy, and capillary attraction 
energy of the particle surface. The binder chemically 
adsorbed on particle surfaces, thereby improving the 
strength of the pellets. The specific reasons will be 
verified in Section 4.

From the above experimental results, it can be seen that 
adding petroleum coke to coal and adding a small amount 
of silica to the carbonaceous reducing agent greatly 
improved the pellet strength. The content and particle 
size of silica in pellets should be moderate. If the particle 
size is too small to fill the pores between the particles, 
the pellet strength and density will be low. If the particle 
size is too large, it will lead to difficult movement and 
deformation during pressing. The number of silica parti-
cles exceeded a certain range, which increased the porosity 
and decreased the mechanical strength. The particle size 
of the powder had a great influence on the strength of 
the pellets. The smaller the particles, the larger the spe-
cific surface area, the looser the structure, the stronger the 
adsorption of the binder, and the higher the pellet strength. 

The experimental results showed that when the forming 
pressure was 20 MPa and the powder was 12MR NC: 
PC = 7: 3, pellets with the best performance were obtained 
by adding 2% silica with a particle size of 12 M.

4 � Pellet Forming Mechanism Analysis

4.1 � Performance Analysis of Silica

Silicon ore used in the experiment and the structure of 
SiO2 [30] are shown in Fig. 10. The silicon ore used in this 
experiment was composed of 98% SiO2. Figure 10 shows 
that silica had a tetrahedral network structure composed 
of silicon atoms and oxygen atoms, in which silicon atoms 
were located in the center of the regular tetrahedron, and 
four oxygen atoms were located at the vertices of the tet-
rahedron. Each silicon atom formed a Si–Si covalent bond 
with adjacent silicon atoms, and each two silicon atoms were 
connected by an oxygen atom. This regular tetrahedral struc-
ture formed a solid interconnected spatial network crystal, 
making silica highly stable and hard. Dense and hard silica 
was added to the carbon raw material, which improved the 

Fig. 7   Effect of forming 
pressure on the compressive 
strength of carbon pellets with 
the same particle size. (a) The 
particle size of the raw material 
is 80-100 mesh. (b) The particle 
size of rawmaterials is 100-200 
mesh

Fig. 8   Effect of forming pressure on compressive strength of pellets with different particle sizes (81MR and 12MR). (a) The raw material is NC. 
(b) The raw material is NC : PC = 7 : 3. (c) The raw material is NC : PC = 6 : 4
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hardness of the material. After the pellet was formed, silica 
acted as a skeleton in the pellet, giving it superior strength. 
However, Fig. 4 shows that the optimal silica content was 
in the range of 0–5% due to the different performance of the 
carbon materials. Therefore, next we need to analyze the 
specific structure and functional groups of non-coking coal 
and petroleum coke.

4.2 � FESEM Micrographs

Figure 11 shows the FESEM analysis of NC and PC. The 
surface of the coal particles in non-coking coal was rough 
and irregular, with many sharp protrusions and voids. After 
magnification, the surface cracks were large, and a small 
number of small particles was attached. The structure was 
not conducive to the combination of particles during powder 
pressing, and more binder and water were needed to fill the 

gap. The surface of petroleum coke was smooth and attached 
with many small particles, and there were some pores on the 
surface without cracks. The structure was conducive to the 
close combination between the material and binder so that 
the binder was evenly distributed on the surface and pores 
of the particles. This made it easy to press and mold, and the 
strength of the petroleum coke pellets also increased.

4.3 � FTIR Spectroscopy

The infrared spectra of NC and PC are shown in Fig. 12. Fig-
ure 12 show that the functional groups of non-coking coal 
and petroleum coke were very different, which also led to the 
difference in the performance of the two after balling. Petro-
leum coke contains five functional groups, -OH, C = C, C = O, 
-CH2, and = C-H, while non-coking coal contained only C = C 
and C = O. The -OH functional group in petroleum coke has 
similar properties to water and can form hydrogen bonds 
with water. After adding a certain proportion of water into 
petroleum coke powder, the hydrophilic substances on the sur-
face of the particles formed a layer of directionally-arranged 
water molecules on the surface of the particles through the 
action of permanent dipole and hydrogen bonds, i.e., a hydra-
tion film. Water molecules also acted as a reaction medium 
between the material and the binder, so that the binder was 
uniformly adsorbed on the surface of the particles. Under a 
certain forming pressure, the particles were connected by the 
binder and hydration film. During pellet drying, water con-
tinuously evaporated, and the hydration film became thinner, 
which reduced the particle dispersion, increased the van der 
Waals forces between molecules, merged and aggregates the 
petroleum coke particles, and produced a certain mechanical 
meshing force that further improved the strength of the pellets. 
Therefore, the strength of petroleum coke pellets in this study 
was greater than that of non-coking coal pellets and mixed 
materials (NC and PC) pellets.

Fig. 9   Effect of forming pressure on compressive strength of petro-
leum coke pellets

Fig. 10   (a) Silicon ore. (b) 
Structure of SiO2 [30]



7064	 Silicon (2023) 15:7057–7067

1 3

4.4 � XPS Spectroscopy

To further determine the chemical structure of the sample, 
we conducted XPS analysis on non-coking coal and petro-
leum coke. Figure 13 is the XPS full spectrum and C 1 s 
and O 1 s fitted spectra of non-coking coal and petroleum 
coke. The C 1 s spectra of non-coking coal and petroleum 
coke show that the two raw samples contained a graphite-
like structure. Graphite is a transitional crystal that lies 
between an atomic crystal, metal crystal, and molecular 
crystal. The carbon atoms in the same layer of the crystal 
were sp2 hybridized to form C = C bonds [31]. Each carbon 

atom was connected to three other carbon atoms. Six carbon 
atoms formed a regular hexagonal ring in the same plane 
and stretch to form a sheet structure [31]. Figure 13 shows 
that both samples contained carbonyl groups, but only petro-
leum coke contained polar group hydroxyl groups, which 
corresponds to the infrared spectra analysis results of the 
two samples.

4.5 � XRD Spectroscopy

XRD was performed to explore the relationship between 
pellet strength, carbon structure, and graphitization degree 
of different carbon materials. XRD analysis of NC and PC 
are shown in Fig. 14. According to the XRD pattern char-
acteristics of the graphitization process of carbon materials, 
the higher the degree of graphitization, the sharper the cor-
responding peak, called the sharp peak, otherwise called 
the low peak [32, 33]. The peak shape of petroleum coke 
was sharper and more symmetrical, indicating a higher gra-
phitization degree. The diffraction peaks corresponding to 
the (002) crystal planes represented the spatial orientation 
of the aromatic network structure. The higher the degree 
of graphitization, the more regular the orientation of the 
aromatic network, the smaller the d002 spacing between aro-
matic layers, and the narrower the half-peak width. The d002 
value [34] was calculated by substituting the peak fitting 
parameters into Eq. 1:

(1)d
002

=

�

2Sin�

Fig. 11   FESEM images of NC 
and PC

Fig. 12   Infrared spectrum analysis of NC and PC
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Table 3 lists the fitted peak data and d002 values of NC 
and PC XRD patterns. XC is the peak weighted average 
center, FWHM is the full-width at half peak. The FWHM 
of petroleum coke was smaller, and d002 between aromatic 
layers was smaller and closer to an ideal natural hexagonal 
graphite structure. The relative density of the structure 

was small, and the binding between carbon atoms was 
strong, making it extremely difficult to destroy. After being 
pressed into pellets, the particles were tightly bonded, and 
the mechanical strength increased. This result is consistent 
with the analysis in Section 3.2.

When the raw material was 12MR NC: PC = 6: 4, add-
ing petroleum coke increased the graphite carbon network 
structure of the material and reduced the hydrophobicity 
of the powder. These were beneficial to the close combi-
nation of the material, but upon decreasing the coal ratio 
in non-coking coal, the surface voids of the raw materials 
also decreased. During pressing, the combination of the 
rough surface of non-coking coal and the smooth surface 
of petroleum coke was unbalanced, and the particles were 
not closely bonded to each other. Because of this, the dis-
tribution of binder and water was uneven, the density of 
raw materials was low, and the strength of pellets was 
reduced.

Fig. 13   XPS full spectrum and C1S, O1S spectrum fitting analysis of NC and PC samples

Fig. 14   XRD spectrum analysis of PC in NC

Table 3   Peak fitting parameters of XRD spectra and d002 value

Samples XC(2ɵ/°) FWHM/rad d002/nm

Non-coking coal 24.88 0.59 0.36
Petroleum coke 25.33 0.40 0.35
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5 � Conclusion

Using non-caking coal as the main raw material, we prepared 
composite carbonaceous reducing agent pellets by adding 
silica. The effects of silica particle size, silica content, and 
forming pressure on the compressive strength of formed pellets 
were studied using 81MR and 12MR as raw materials, respec-
tively, using single-factor experiments. The results showed that 
adding silica to the carbon material and petroleum coke to coal 
greatly improved the compressive strength of the pellets. The 
silica particles acted as a skeleton in the agglomerate interior. 
The surface of the petroleum coke was smooth and porous and 
contained hydrophilic groups and had a graphitized structure. 
These factors increased the strength of the pellets after form-
ing. The experimentally-determined optimal process condi-
tions using 12MR NC: PC = 7: 3 as the carbon raw material 
were added 2% 12 M silica and a forming pressure of 20 MPa. 
This reducing agent was applied to the carbothermal reduc-
tion of SiO2, which decreased the amount of reducing agents 
such as charcoal during the production of industrial silicon and 
reduced the loss of silicon. This paper has guiding significance 
for the research and applications of composite carbonaceous 
reducing agents for industrial silicon smelting.
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