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Abstract: Silicone monomers are the basic raw materials for the preparation of silicone materials.
The secondary dust generated during the preparation of silicone monomer by the Rochow–Müller
method is a fine particulate waste with high silicon content. In this paper, the physical and chemical
properties of silicon powder after pretreatment were analyzed, and an experimental study was
conducted on the use of silicon dust in the preparation of Si3N4, a nitrogen enhancer for steelmaking,
by direct nitriding method in order to achieve the resourceful use of this silicon dust. Furthermore,
the thermodynamics and kinetics of the nitriding process at high temperatures were analysed using
FactSage 8.1 software and thermogravimetric experiments. The results indicate that after holding at
a temperature range of 1300~1500 ◦C for 3 h, the optimal nitriding effect occurs at 1350 ◦C, with a
weight gain rate of 26.57%. The nitridation of silicon dust is divided into two stages. The first stage
is the chemical reaction control step. The apparent activation energy is 2.36 × 105 kJ·mol−1. The
second stage is the diffusion control step. The silicon dust growth process is mainly controlled by
vapor–liquid–solid (VLS) and vapor–solid (VS) mechanisms.

Keywords: silicon dust; silicon nitride; catalytic nitridation; dynamics; growth mechanism

1. Introduction

Organosilicon materials find extensive applications in the aerospace, electrical and
electronic, chemical and light industries, solar power generation, automotive, machin-
ery, construction, agriculture, and pharmaceutical and medical sectors [1]. The silicone
monomer serves as the fundamental raw material for synthesizing silicone materials. Cur-
rently, about 90% of the silicone monomers are produced through the Rochow–Müller
process involving a direct reaction between chloromethane and industrial silicon [2] utiliz-
ing a copper-based catalyst [3]. However, the Rochow–Müller method generates significant
quantities of fine silicon dust with low apparent density that poses challenges in storage
and utilization. Accumulation of this dust not only leads to resource wastage but also
presents potential environmental concerns. The Rochow–Müller waste is mainly composed
of high boiling point organosilicon monomers and unreacted silicon dust, copper powder,
and impurities such as Fe, Cl, etc. [4].

To effectively utilize solid waste generated during the preparation of organic silicon
monomers, it is necessary to remove impurities such as copper and chlorine. For this
reason, a variety of impurity removal methods have been developed. Fu [5] prepared SiCl4
with a mixture of organic silicon dust and chlorine in a fluidized bed, and the selectivity
of SiCl4 was 95.76~96.11%. Feng [6] oxidized and leached the organic silicon dust using
hydrochloric acid and hydrogen peroxide, removed impurities such as carbon powder,
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and obtained high-purity silicon powder with a purity of 99%. Nano-silicon was prepared
as a high-performance anode material for lithium-ion batteries by He [7] using organic
silicon dust, which improved the electrochemical performance. Lu [8] used the silicon dust
obtained after acid leaching of organic silicon dust as a catalyst co-carrier for CO synthesis
of methane. Additionally, the residual silicon in the organic silicon dust can be used as a
silicon resource for direct synthesis. However, the above methods have some shortcomings,
such as a thicker outer layer of oxidation, fewer defect sites to initiate the reaction, and
smaller particle sizes. Therefore, researching the resource treatment of silicon dust is crucial
to promote the development of the silicone industry.

The Rochow–Müller waste can be pretreated to remove impurities, briquetted, and
nitrided at a high temperature to convert Si into Si3N4. Adding Si3N4 to liquid steel
during secondary refining enhances the nitrogen content of the steel, effectively improving
precipitation strengthening [9] and grain refining [10] in micro-alloyed steel.

The purpose of this paper is to explore ways of utilizing Rochow–Müller dust to
prepare Si3N4 by high temperature nitriding of the dust after purification. The mechanism
and kinetics of silicon dust nitriding were investigated by thermogravimetric analysis and
scanning electron microscopy characterization. The relevant thermodynamic studies were
carried out in conjunction with FactSage 8.1 software.

2. Materials and Methods
2.1. Analysis of Raw Materials

The raw material for this experiment was obtained by pretreatment of solid waste
silicon slag produced by the Rochow–Müller method. After the silicon slag was washed
to separate copper and slag, the washed silicon slag was placed in a steaming tank, and
the steam was poured into the steaming tank to dry the silicon slag after steaming. After
grinding and screening after drying, the obtained product is the raw silicon dust material
used in the experiment to remove a large amount of chlorine, copper, and other impurity
elements. The mass fractions C and S were analyzed by infrared carbon and sulfur analyzer
(LECO, CS-996, St. Joseph, MI, USA), the mass fractions of O and N were determined by
oxygen and nitrogen analyzer (LECO, ONH-836, St. Joseph, MI, USA), while the mass
fractions of other elements were analyzed by fluorescence spectroscopy (XRF, Thermo
Scientific, ARL 9900, Waltham, MA, USA). The results of the chemical analysis are shown
in Table 1. As seen in Table 1, the main components of the pre-treated dust are Si and Fe,
together with a variety of impurities.

Table 1. Chemical composition of silicon dust (mass fraction%).

Si Fe Cu Al Ti Zr V Mn O Cl C Ca P S N

68.56 9.52 3.39 1.25 1.05 0.131 0.127 0.114 7.90 4.29 2.60 0.636 0.144 0.054 0.039

Phase analysis was carried out using X-ray diffraction (XRD, X’Pert Pro, Bruker,
Germany) and Raman spectrometry (Raman, Renishaw, inVia Qontor, Renishaw, UK).
The X-ray diffraction analysis was performed using a Cu anode target with a wavelength
λ of 1.54056 Å. The scanning was carried out by step scanning with a scanning speed
of 0.02 ◦/step, and the diffraction angle 2θ was varied in the range of 10 to 90 ◦. For
Raman spectroscopy analysis, a 532 nm laser was used as the laser light source with a
minimum output power of 50 mW and a spectral range of 100–8000 cm−1. Dust particle size
was determined using an MS200 laser particle size analyzer. Results of the XRD, Raman
spectroscopy, and particle size analysis are shown in Figure 1a–c, respectively.

The silicon dust is not pure material, resulting in the characteristic curve of the Raman
spectrum mainly composed of two lines of Figure 1b. The peak of the red curve is silicon and
silicon dioxide. The peak value of the black curve represents the remaining impurities. Ra-
man peaks of 514 cm−1 and 1342 cm−1 are characteristic of siloxane bonds [11], 1600 cm−1

is the characteristic peak of C=C bonding of aromatic compounds [12], 2929 cm−1 is the
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characteristic peak of aliphatic CH bonding [13], and 4147 cm−1, 5017 cm−1, and 7378 cm−1

are the characteristic peaks of Si-OH, Si-H, and C-H bonding of silanes, respectively [14].
The analysis shows that the main phases present in the pre-treated dust are Si and Fe0.8Si2,
while the impurity elements copper and titanium exist in the form of chlorides. The dust
also contains a small amount of SiO2, aromatic ring compounds, aliphatic compounds,
alkanes, silanes, and other organic substances.
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Figure 1. Characterization of silicon dust (a) X-ray diffraction spectrum; (b) Raman spectral analysis;
(c) Particle size distribution.

A scanning electron microscope (SEM, ZEISS ASIN EVO10, Carl Zeiss AG, Jena,
Germany) equipped with an energy dispersive spectrometer (EDS, X-Max 80, Oxford
Instruments, Abingdon, UK) was used to observe the microscopic morphology. The
scanning electron microscope was analysed using a tungsten filament at an accelerating
voltage of 0.2–30 kV, a pressure of less than 400 Pa, and a probe current continuously
adjustable in the range of 0.5 PA–5 µA. As shown in Figure 2a, the local magnification
reveals that it consists of two types of particles. Based on the EDS results, it was found that
the first type of powder has bright white ferrosilicon particles attached to the surface, as
shown in Figure 2b. The other type of powder particles have a mixture of Si and SiO2 on
the surface, with pits of different sizes as shown in Figure 2c, and there are pits of different
sizes, which are caused by the erosion by copper during the preparation of organosilicon
monomers using the Rochow–Müller process [15].
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Figure 2. Microstructure of silicon dust particles. (a) Overall morphology; (b) silicon particles
containing ferrosilicon on the surface; (c) silicon particles with surface pits.

2.2. Experimental Methods

Experimental work was divided into two phases. In the first phase the degree of
nitridation as a function of temperature at a fixed reaction time was established. During
the second phase the rate of nitridation at various temperatures was measured.

To prepare the sample, 15 g of silicon dust was weighed and pressed into a cylindrical
specimen with a diameter of 20 mm using a press with a molding pressure of 30 MPa. The
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molded specimen was placed in a circulating drying oven and dried at 110 ◦C for 2 h and
then prepared for use. The experiment was divided into two parts; firstly, the nitriding
effect of the specimens at different temperatures was investigated: the dried samples were
put in alumina crucibles and placed in a carbon tube resistance heating furnace and heated
to a temperature between 1200 ◦C to 1650 ◦C at a rate of 25 ◦C/min. After reaching the
target temperature the sample was held at temperature for 20 min before the furnace was
cooled to room temperature. During heating the whole process, a high-purity nitrogen
(99.999%) was flowing through the furnace at 5 L/minute.

Based on the results of the above experiments, a temperature range of 1300~1500 ◦C was
selected for the kinetic study of the nitridation reaction. In order to avoid the nitridation of
the silicon dust during the heating process, a flowing high-purity (99.999%) argon was used
as the protective atmosphere. A flow of 5 L/min of higher-purity nitrogen was introduced
immediately after the furnace reached the setpoint temperature. The mass of the specimen
was measured continuously for 3 h using a balance with a precision of 0.001 g.

2.3. Characterization and Analytical Methods

Phase and composition of the samples were analyzed using X-ray diffraction and
SEM-EDS analysis. Sample morphology was investigated by means of SEM.

In this experiment, thermogravimetric analysis was adopted to investigate the ni-
triding mechanism of silicon dust, and the nitriding rate (α) was calculated as shown in
Equation (1) [16]:

α =
∆WSi

W0
Si

× 100% (1)

where W0
Si and ∆WSi are the initial mass and mass of the sample, respectively.

The mass of Si in the specimen (W0
Si) is equal to the product of the total mass of the

specimen (W0) and the mass percentage of Si in the specimen (ωSi):

W0
Si = ωSiW0 (2)

The increase in mass of the specimen during nitriding (∆W) is equal to the increase in
nitrogen in Si3N4 in the product (∆WN):

∆W = ∆WN (3)

According to the stoichiometric relationship of the reaction that produces Si3N4, there
is the following relationship between the moles of Si and N:

∆WN =
4MN∆WSi

3MSi
(4)

In Equation (4), MSi and MN are the molar mass of Si and N, respectively. Combining
Equations (1)–(4), the relationship between the nitriding rate of Si dust and the change of
specimen mass during the nitriding process can be derived:

α =
3Ms∆W

4MNW0ωSi
× 100% (5)

3. Results

Figure 3 shows the XRD pattern of the product after holding at 1200~1650 ◦C for
20 min. It can be seen that no Si3N4 had formed after annealing at 1200 ◦C. Small amounts
of Si3N4 were detected in samples heated to 1300 ◦C, while for temperatures of 1400 ◦C
and above, large Si3N4 peaks are seen indicating that the nitride formed rapidly at the
higher temperatures.
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At test temperatures of 1500 ◦C and lower, small Si2N2O peaks were seen. Above
1500 ◦C, this compound does not seem to be stable under the test conditions. Si peaks were
present for all temperatures below 1650 ◦C. For samples nitride at 1650 ◦C, only Si3N4 and
small amounts of FeSi were detected.

Observation of 1400 ◦C reaction temperature conditions are not fully reacted nitrida-
tion products, and it can be found that the product particles can mainly have two kinds
of morphology. See Figure 4a,b for the two morphologies of the nitride products, and
Figure 4c–f for the EDS results of the nitride products. As can be seen through Figure 4, ni-
tridation mainly produced spherical particles (Figure 4a) and massive particles (Figure 4b).
The spherical particles are coated with ferrosilicon and grow thicker needle-like Si3N4
whiskers. This is due to the ferrosilicon melting into a liquid at high temperatures, wrap-
ping and driving the aggregation of silicon particles to form spherical particles. The
presence of the liquid causes the nitriding mechanism to become a vapor–liquid–solid
(VLS) mechanism, resulting in more robust needle-like Si3N4 whiskers. The massive par-
ticles morphology after the nitriding reaction in Figure 4b almost remains unchanged
compared to the raw material in Figure 2c by comparison of these two figures. However,
after nitriding, fibrous Si3N4 is produced at the f of its particles in Figure 4b. This is due to
the fact that the surface oxide layer of the massive particles generates SiO gas and reacts
with N2 to produce fibrous Si3N4.It is initially inferred that the different morphology of
Si3N4 in Figure 4a,b is due to the different mechanism of nitriding [17,18], which will be
discussed in detail below.

To study the kinetics and reaction mechanism, the mass change was continuously
recorded for a period of 3 h at reaction temperatures of 1300 ◦C to 1500 ◦C. The change
in sample mass was continuously recorded by the balance to study the relationship of
the reaction rate with time. The findings are illustrated in Figure 5. The nitriding rate of
silicon dust (slope of the TG curve) with the change of time is almost unchanged before
the reaction platform period at temperatures of 1300 ◦C and 1350 ◦C. The initial reaction
rate increased with a rise in temperature, in agreement with the findings of Wang et al. [19].
However, when the temperature was increased to 1400~1500 ◦C, the reaction rate gradually
decreased with the nitriding reaction, and the TG curve increased slowly at the late stage.
Comparison of the morphology of the raw materials and products at different temperatures,
as illustrated in the bottom right of Figure 5, suggests that the silicon dust in a liquid phase
agglomerates silicon particles to form a block phase at high temperatures, which leads to
the briquettes becoming compact and durable and, consequently, disrupts the nitriding
reaction from proceeding [20]. Especially when the temperature exceeds the melting point
of Si at 1414 ◦C, melting of silicon dust is clearly seen. Additionally, due to the exothermic
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nature of the reaction, the temperature within the sample may surpass that of the furnace,
leading to a substantial increase in liquid phase generation and a decrease in nitridation
rates. As the reaction is exothermic, the temperature in the sample may exceed the furnace
temperature, resulting in intensified lumpy gathering and diminished nitridation rates.

Phases formed after nitriding for 3 h at various temperatures are indicated in the XRD
diffractograms in Figure 6. The products indicate various combinations of Si, FeSi2, FeSi,
α-Si3N4, β-Si3N4, and Si2N2O, depending on the treatment temperature. The resulting
nitriding products are due to the reaction of N2 reaction gas with O in the raw materials at
high temperatures, producing different Si3N4 and Si2N2O phases [21]. At the same time,
comparing Figures 5 and 6, it can be found that the peak ratio of Si and nitride products is
consistent with the change rule of the TG curve.
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Meanwhile, by comparing the peak values of the products at different temperatures,
it is evident that temperature significantly impacts the proportion of phase composition
in the products. As the temperature increases, the proportion of peak values for α-Si3N4
and Si2N2O in the nitridation products gradually reduces. At the temperature of 1500 ◦C,
there is a minor presence of α-Si3N4 and Si2N2O, whereas the majority of the products
undergo nitridation, leading to the formation of β-Si3N4. The morphology of α-Si3N4 is
primarily obtained via the reaction of Si vapor or SiO gas with nitrogen to produce fluffy
and needle-shaped particles, and occasionally via the reaction of solid Si and N2, resulting
in irregularly shaped particles. The formation of β-Si3N4 morphology predominantly
results from the reaction between solid Si and N2 or the transformation of the α-phase,
ultimately leading to the creation of irregular masses and prisms [22–25].

Comparison of the SEM images of nitriding at varying temperatures is depicted in
Figure 7. When reacted at 1300 ◦C, the nitride products are basically all needle-like α-phase,
as seen in Figure 7(a3). A reduction in the α-phase is observed with a rise in reaction
temperature. Coincidingly, a gradual increment in the proportion of irregular, lumpy, and
prismatic β-phase products with distinct features is noticeable. At 1500 ◦C reaction, its
nitridation products are basically all lumpy β-phase, as seen in Figure 7(e3). Therefore, it
can be deduced that high temperatures favour the conversion of the α-phase to the β-phase.
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Consistent with the findings in Figure 6, which displays the product XRD mapping, this
observation is in agreement with the present outcome.
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4. Discussion
4.1. Thermodynamic Analysis of Silicon Dust Nitriding

At 1300~1500 ◦C, the generation of Si3N4 during silicon dust nitriding is mainly related
to direct nitriding (Equation (6)) and indirect nitriding (Equations (7) and (8)) [26], and the
generation of Si2N2O is mainly related to the reaction (Equations (9) and (10)) [27].

3Si(s) + 2N2(g) = Si3N4(s)
∆rGθ

m= −745.72 + 0.3314T kJ · mol−1 (6)
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Si(s) + SiO2(s) =2SiO(g)
∆rGθ

m= 710.03 − 0.3626T kJ · mol−1 (7)

3SiO(g) + 2N2(g) =Si3N4(s) + 3/2O2(g)
∆rGθ

m= −445.09 + 0.7676T kJ · mol−1 (8)

3Si(s) + SiO2(s) + 2N2(g) = 2Si2N2O(s)
∆rGθ

m= −927.02 + 0.3124T kJ · mol−1 (9)

4SiO(g) + 2N2(g) = 2Si2N2O(s) + O2(g)
∆rGθ

m= −1428.63 + 0.8400T kJ · mol−1 (10)

The phase equilibrium diagram of the Si-N-O system was calculated by Factsage 8.1.
In this ternary system, if the partial pressure of N2 in the atmosphere is regarded as 1 atm,
it can be seen from Figure 8a that at 1300 ◦C, it will be reacted to form SiO2 when the
partial pressure of oxygen is greater than 1 × 10−17.4 atm. On the other hand, it will be
reacted to form Si2N2O when the partial pressure of oxygen is between 1 × 10−23.7 atm and
1 × 10−17.4 atm, and only when the oxygen partial pressure is less than 1 × 10−23.7 atm, it
will react to form Si3N4. Thus, in the production of Si3N4, a low oxygen partial pressure is
vital for optimal silicon nitride synthesis [28].
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By comparing the phase equilibrium diagrams illustrated for the Si-N-O system at
various temperatures in Figure 8, it is evident that the dominant region of Si3N4 shifts
towards the right with an increase in temperature. Furthermore, it reacts to generate Si3N4
at 1500 ◦C, provided that the partial pressure of oxygen is less than 1 × 10−18.3 atm. This
observation indicates that increasing the temperature is beneficial for transforming silicon
oxides to nitrides, and this is confirmed by the XRD analysis in Figures 3 and 6.

4.2. Kinetic Analysis of Silicon Dust Nitriding

In order to obtain the kinetic parameters of the nitriding process, isothermal nitriding
experiments were carried out at 1300~1500 ◦C, and the kinetic equation can be written as
Equation (11).

G(α) = kt (11)
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where α is the reaction progress of the reactants, G(α) is the rate integral equation, t is the
reaction time (min), and k is the chemical reaction rate constant (min−1). k can be described
by the Arrhenius equation as shown in Equation (12):

k = A exp
(
−∆E

RT

)
(12)

where T is the reaction temperature, A is the preexponential factor, E is the apparent
activation energy of the reaction, and R is the molar gas constant.

The nitridation of silicon dust is a gas–solid reaction, and the commonly used kinetic
models for gas–solid reactions are chemical reaction, diffusion control, and phase–interface
reaction. Table 2 consolidates the most frequently employed rate integral equations for
solid–phase reactions [29].

Table 2. Common mechanism functions of gas–solid reaction [29].

Model Code G(α) Reaction Mechanism

Chemical reaction
F1 −ln(1 − α) 1-order reaction
F2 (1 − α) − 1 2-order reaction
F3 (1 − α) − 2 3-order reaction

Diffusion reaction

D1 α2 One-dimensional,
Parabolic equation

D2 (1 − α)ln(1 − α) + α
Two-dimensional,
Valensi equation

D3 [1 − (1 − α)1/3]2 Three-dimensional,
Jander equation

D4 1 − 2α/3 − (1 − α)2/3 Three-dimensional,
Ginstring-Brounshtein

Interfacial reaction

R1 α One-dimensional

R2 1 − (1 − α)1/2 Two-dimensional,
contraction cylinder

R3 1 − (1 − α)1/3 Three-dimensional,
contraction sphere

Nucleation and growth A2 [−ln(1 − α)]1/2 Aevrami-Erofeev equation I
A3 [−ln(1 − α)]1/3 Aevrami-Erofeev equation II

In view of the characteristics of the TG curve in Figure 5, it can be found that the
kinetic control mechanism changes with the reaction process under high temperature
conditions. Based on the kinetic fitting results of different models, the reaction can be
broadly segmented into two temperature and time intervals. The first phase pertains
to the liquid-phase aggregation and solidification that did not occur, and exhibits linear
mass change and reaction time. The second phase is characterized by the liquid-phase
aggregation and solidification that occurs, and exhibits non-linear mass change and reaction
time. Specific reaction temperature and time intervals are shown in Table 3, and graphs
were fitted linearly based on the intervals specified in the table. Table 4 presents the results
obtained from this analysis. Rx represents the fitting result of the x stage in Table 3, RAVG1
represents the fitting result of Phase I in Table 3, and RAVG2 represents the fitting result of
Phase II in Table 3.

According to Table 4, it is evident that the R1 model exhibited the highest R value of
0.9979 in the initial stage and hence, can be deemed as the most compatible rate model [30].
The linear regression analysis outputs are illustrated in Figure 9a. Each curve’s slope
signifies the corresponding chemical reaction rate constant, k, at the relevant temperature.
For the convenience of computation, taking the base of both sides of Equation (12) to be the
logarithm of a natural constant, respectively, leads to Equation (13). The rate constants k
obtained at different temperatures were substituted into Equation (13) and plotted, and
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the results are shown in Figure 9b. According to the slope and the intercept, the apparent
activation energy and the preexponential factor of the first step of the reaction can be
obtained as 2.36 × 105 kJ·mol−1 and 2.00 × 105 min−1, respectively. The correlation
coefficient of this fitting result R > 0.998 indicates that the reaction of nitriding silicon
dust at 1300~1400 ◦C is indeed in accordance with the interfacial reaction model, and the
reaction progress equation can be expressed as Equation (14).

Table 3. Fitting temperature and time interval in the process of silicon dust nitriding.

Corridor Temperature (◦C) Time (min)

Phase I
1300 0–180
1350 0–30
1400 0–30

Phase II

1350 30–180
1400 30–180
1450 0–180
1500 0–180

Table 4. Correlation coefficients of linear fitting of kinetic mechanism functions.

Model R1300 R1350
(0–30)

R1400
(0–30) RAVG1 R1350

(30–180)
R1400

(30–180) R1450 R1500 RAVG2

F1 0.9980 0.9935 0.9985 0.9967 0.9996 0.9974 0.9796 0.9753 0.9880
F2 0.9885 0.9910 0.9977 0.9924 0.9889 0.9997 0.9953 0.9866 0.9926
F3 0.9715 0.9880 0.9962 0.9852 0.9652 0.9966 0.9995 0.9941 0.9888
D1 0.9731 0.9458 0.9715 0.9635 0.9985 0.9991 0.9922 0.9947 0.9961
D2 0.9652 0.9432 0.9693 0.9592 0.9949 0.9995 0.9957 0.9961 0.9962
D3 0.9556 0.9404 0.9670 0.9544 0.9879 0.9987 0.9977 0.9971 0.9954
D4 0.9621 0.9422 0.9686 0.9576 0.9929 0.9993 0.9966 0.9965 0.9963
R1 0.9995 0.9955 0.9988 0.9979 0.9952 0.9892 0.9517 0.9604 0.9741
R2 0.9997 0.9946 0.9987 0.9977 0.9993 0.9940 0.9671 0.9683 0.9822
R3 0.9994 0.9942 0.9987 0.9974 0.9998 0.9953 0.9716 0.9707 0.9844
A2 0.9868 0.9963 0.9896 0.9909 0.9967 0.9888 0.9299 0.9274 0.9607
A3 0.9675 0.9871 0.9782 0.9776 0.9930 0.9844 0.8991 0.9003 0.9442

ln k = −∆E
R

× 1
T
+ ln A (13)

a = 2.00 × 105 exp
(
−236, 412

RT

)
t (14)

In the second stage, the D4 model achieved the highest R-value of 0.9963, suggesting
that diffusion control is the most compliant control stage. Assuming that the silicon dust
particles comprise numerous small spherical particles, nitrogen diffuses through the pores
between the particles for the reaction. At high temperatures, the reaction temperature
and heat of the reaction result in the liquefaction of a large number of Si particles, leading
to liquid-phase aggregation and solidification. Consequently, the surface of the sample
becomes denser, and porosity decreases. As a result, it is more challenging for N2 to
enter the sample for reaction [31]. Thus, temperatures exceeding the melting point of Si at
1414 ◦C hinder the reaction process. Increased temperature leads to increased liquid-phase
aggregation and solidification, resulting in lower reaction rates at 1500 ◦C compared to
lower temperatures.



Processes 2024, 12, 301 12 of 15
Processes 2024, 12, x FOR PEER REVIEW 12 of 15 
 

 

  
Figure 9. Dynamic fitting curve of experimental data obtained in the first stage. (a) Plot of reaction 
extent vs. reaction time; (b) Arrhenius plot for reaction process. 

4.3. Nitriding Mechanism of Silicon Dust 
Several fibrous and needle-like mechanisms for the growth of Si3N4 have been pro-

posed in the literature, including the vapor–liquid–solid (VLS) and vapor–solid (VS) 
mechanisms [32]. To investigate the liquid-phase generation controlling VLS, we calcu-
lated the Fe-Si-N2 phase diagram using Factsage 8.1. For a nitrogen partial pressure of 1 
atmosphere, it is observable from Figure 10 that the liquid-phase line temperature is 1279 
°C when the Si content exceeds 22%. Hence, the liquid phase of ferrosilicon precipitates 
while nitriding takes place between 1300 °C and 1500 °C, accounting for the ferrosilicon 
phase encapsulation on the surface of Si particles in Figure 4a. Upon observation of Figure 
4a, it is evident that numerous Si3N4 particles with bright white tips are present. Addition-
ally, a specific area was selected and enlarged, resulting in Figure 11. Analysis with EDS 
revealed that the fibrous material is composed of Si3N4, with the tip particles made up of 
ferrosilicon. This phenomenon bears a resemblance to that reported by Yong et al. [17]. 
Using copper as a catalyst to facilitate the nitridation of Si, the formation process is gov-
erned by the VLS mechanism, with the liquid phase aiding in the volatilization and sub-
sequent reaction of Si. 

 
Figure 10. Fe-Si-N2 phase diagram. 

Figure 9. Dynamic fitting curve of experimental data obtained in the first stage. (a) Plot of reaction
extent vs. reaction time; (b) Arrhenius plot for reaction process.

4.3. Nitriding Mechanism of Silicon Dust

Several fibrous and needle-like mechanisms for the growth of Si3N4 have been pro-
posed in the literature, including the vapor–liquid–solid (VLS) and vapor–solid (VS) mech-
anisms [32]. To investigate the liquid-phase generation controlling VLS, we calculated the
Fe-Si-N2 phase diagram using Factsage 8.1. For a nitrogen partial pressure of 1 atmosphere,
it is observable from Figure 10 that the liquid-phase line temperature is 1279 ◦C when
the Si content exceeds 22%. Hence, the liquid phase of ferrosilicon precipitates while
nitriding takes place between 1300 ◦C and 1500 ◦C, accounting for the ferrosilicon phase
encapsulation on the surface of Si particles in Figure 4a. Upon observation of Figure 4a, it
is evident that numerous Si3N4 particles with bright white tips are present. Additionally, a
specific area was selected and enlarged, resulting in Figure 11. Analysis with EDS revealed
that the fibrous material is composed of Si3N4, with the tip particles made up of ferrosilicon.
This phenomenon bears a resemblance to that reported by Yong et al. [17]. Using copper as
a catalyst to facilitate the nitridation of Si, the formation process is governed by the VLS
mechanism, with the liquid phase aiding in the volatilization and subsequent reaction of Si.
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Figure 11. SEM of Si3N4 whisker morphology.

Figure 12a depicts the process controlled by the VLS mechanism during the nitriding
of Si dust, As the temperature increases, the liquid phase of the Si-Fe alloy is generated
and starts to adsorb N2 molecules, and when the dissolved N2 exceeds its solubility, it will
precipitate on the surface and react with Si in the liquid phase to generate Si3N4 nuclei.
These nuclei keep absorbing Si and N in the gas phase and generate Si3N4 along a certain
direction and continue to grow against Si-Fe [33]. At the same time, the change in the
morphology of the Si particles is due to the exothermic nitriding reaction. The reaction
local heat is too high, which promotes the melting and volatilization of Si [34], thus forming
spherical particles and promoting the nitriding reaction.
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As shown in Figure 4b above, no droplets were observed on the Si3N4 fibrous tip, indi-
cating that its growth is likely driven by the vapor–solid (VS) mechanism [35]. Figure 12b
depicts the control process of the VS mechanism of the silicon dust nitriding process. Ac-
cording to reactions (15) and (16), it can be seen that the reaction generates a SiO gas phase
at a high temperature with low O2 partial pressure [36]. The formed SiO undergoes the
reaction of Equation (8) with N2 to generate Si3N4 nuclei. As SiO is continuously generated,
Si3N4 grows in a certain direction to form the fibrous Si3N4. Simultaneously, due to the
erosion of the silicon dust raw material by Cu, a lot of pits appear, which increases the
effective area of the reaction and promotes the reaction of the VS mechanism to proceed.

Si(s) + SiO2(s) = 2SiO(g) (15)

2SiO2(s) = 2SiO(g) + O2(g) (16)
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5. Conclusions

1. This study employs an isothermal thermogravimetric method to investigate the ki-
netics of the silicon dust nitriding reaction. The results show that when the silicon
dust is held at temperatures of 1300, 1350, 1400, 1450, and 1500 ◦C for a duration of
3 h each, the weight gain rate is highest at 1350 ◦C (26.57%) and lowest at 1500 ◦C
(16.97%). The reaction temperature of silicon dust nitriding is not the higher the better,
but should be adjusted according to the specific reaction conditions.

2. Silicon dust nitriding can be divided into two stages. For the first stage of the rate
control step for the interfacial chemical reaction, the apparent activation energy is
2.36 × 105 kJ·mol−1, the reaction progress equation. The second stage of the rate
control step for the diffusion control is due to the high temperature of the silicon dust
occurring in the liquid-phase aggregation and solidification, and the diffusion of N2
has become the limiting link of the reaction rate.

3. Silicon dust nitridation product is divided into spherical particles and massive parti-
cles, respectively, from the raw material of Si, Fe-aggregated particles and Si, SiO2-
aggregated particles through the evolution of nitridation. Furthermore, the presence
of Fe in the silicon dust as well as oxide layer on its surface can help to increase the rate
of the reaction. Si particles growth primarily occurs during the vapor–liquid–solid
(VLS) and the vapor–solid (VS) co-control process.
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