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A B S T R A C T   

It is crucial for the photovoltaic (PV) industry to establish a circular materials flow for more sustainable solar 
silicon production. In the present work, a series of K2O-SiO2 and K2O-CaO-SiO2 slags were examined for the 
combination of silicon purification and Si-kerf waste recycling. The study revealed that the predominant mass 
transfer mechanism and the variation in slag composition during refining are due to the silicothermic reduction 
of K2O. The boron removal degree reached levels above 80% in most of tests, with boron gasification as po
tassium metaborate confirmed as an important mechanism for boron removal, especially in slags with high K2O 
content. In the case of ternary slags, the results indicated that an increase in CaO enhances boron partitioning in 
slag phase and a high K2O content also led to boron accumulation in the slag phase due to rapid reaction kinetics 
in the early stage of refining. The distinct behaviours of calcium and postassium ions in the slag phase were 
revealed by molecular dynamics simulations. It was found that potassium ions preferentially modify bridging 
oxygen, while calcium ions contribute more to depolymerizing the tectosilicate network and generating more 
non-bridging oxygens, which may further aid in the boron stabilization in slag phase. The oxidation layer of Si- 
kerf was removed successfully and enabled the coalescence of the silicon nanoparticles into the Si melt. Addi
tionally, the presence of SiC clusters in the slag phase was also observed, indicating effective removal of SiC and 
the feasibility of Si-kerf waste recycling.   

1. Introduction 

Solar energy is critical in the transition to carbon neutrality and 
minimizing the effects of climate change. In recent years, the solar 
photovoltaic (PV) market has expanded exponentially in response to the 
rising global demand for renewable energy. According to the Interna
tional Energy Agency [1], solar PV power production increased by a 
record 179 TWh in 2021, ushering in a new era of 1000 TWh solar en
ergy production worldwide. Crystalline silicon is by far the most 
dominant PV material used in solar cells. The solar-grade silicon (SoG-Si, 
6 N purity 99.9999 %) is produced through refining process to remove 
impurities on the basis of less pure metallurgical-grade silicon (MG-Si, 2 
N purity 99 %). 

Nowadays, the SoG-Si is predominantly produced using the Siemens 
process and the fluidized bed reactor (FBR) process. The former process 
reduces trichlorosilane to ultra-high purity silicon (10 N to 11 N). Even 
though it has been in operation for decades, this process is considered 

energy-intensive since its sluggish decomposition kinetics necessitates a 
long heating time of the rod reactor at around 1100 ◦C. The FBR process 
is a more recent development that is more energy efficient. However, the 
reduction in energy consumption is still limited and it requires special
ized equipment, which complicates the process and raises the produc
tion cost. Additionally, both methods may also bring negative impacts 
on the environment, as they produce a large number of pollutants, such 
as greenhouse gas emissions and other hazardous wastes. Thus, there is 
still substantial room for the SoG-Si market to become more sustainable. 

Moreover, there is another urgent concern for the PV industry, which 
concerns the recycling of the silicon kerf waste from the wafering pro
cess. As the high-value SoG-Si ingot must be sliced into wafers by multi- 
wire sawing, a considerable amount of high-purity Si is lost, accounting 
for 40 % to 50 % of the total SoG-Si used [2]. The waste slurry usually 
consists of abrasive SiC particles, polyethylene glycol or mineral oil 
coolant, and shreds of metallic fragments. Due to its chemical resistance 
and physical attributes similar to Si, separating the SiC from Si kerf 
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remains a great challenge. Recycling kerf can not only alleviate the 
shortage of SoG-Si material but also provide the PV industry with 
considerable environmental and economic benefits. 

As an emerging and transformational technology for alternate SoG-Si 
production, the metallurgical refining route provides a promising solu
tion for the aforementioned issues to form a circular Si value chain [3]. 
First, compared to the conventional methods, the metallurgical process 
has significantly lower energy consumption and carbon footprint. For 
instance, in the Elkem Solar process, it combines slag refining [4] for B 
removal and acid leaching [5,6] for P removal at low operation tem
perature. Thus, it is estimated to have a total energy consumption be 
between 30 and 60 kWh/kg Si, which is significantly less than both the 
Siemens process (~170 kWh/kg Si) and the FBR-Si process (75–95 kWh/ 
kg Si). Furthermore, the capacity of the metallurgical refining methods 
to couple with cutting kerf recycling is also a significant advantage. The 
slag refining process, which is a key part of the Elkem Solar process, is 
particularly effective at separating SiC from the cutting kerf due to the 
superior wettability between SiC and molten slag, enabling the recovery 
of a high percentage of high-purity silicon. Thus, the unique advantages 
have helped the development of metallurgical routes for SoG-Si pro
duction gain significant attention from academics and industry in recent 
years due to the distinct benefits. 

There has been extensive research on slag refining, with studies 
exploring a wide range of slag systems from binary to quaternary, such 
as CaO-SiO2 [7], CaO-SiO2-CaF2 [8], CaO-MgO-SiO2 [9], and CaO-MgO- 
Al2O3-SiO2 [4,10]. Moreover, slags that facilitate the conversion of 
boron impurities into gaseous products have also sparked considerable 
interest. The advantage lies in its independence from chemical equilib
rium constraints, thereby facilitating profound boron removal. Safarian 
et al. [11,12] reported that B can be rapidly removed using the Na2O- 
SiO2 slag system through the formation of volatile compound sodium 
metaborate (Na2B2O4). Fang et al. [13] performed multiple operation of 
Na2O-SiO2 slag refining to decreased B content below 0.3 ppmw. 
Moreover, the addition of Li2O [14,15] and K2CO3 [16,17] also reveals 
high efficiency for boron removal [18–20]. However, it is still uncertain 
whether K2O-containing slags stabilize boron within the slag phase or 
facilitate its conversion into a gaseous state for removal, especially 
during the slag refining of silicon with extremely low B content at the 
ppmw level. 

In addition, since the presence of the thin SixOy oxide layer on the Si- 
kerf powder surface complicates the direct recycling of kerf, slag 
refining has emerged as a promising solution to overcome the issues. In 
recent years, it has been demonstrated the presence of Na2O in the slag 
system also facilitates the cutting kerf recycling [18] and aids in the SiC 
separation [19]. Nonetheless, despite potassium element is known to 
have a stronger erosive effect on SiC than sodium [20], the implications 
of K2O-based slag system on kerf recycling remains undiscovered. 

Therefore, it is critical to investigate the K2O-containing slag refining 
system combined with kerf recycling. Hence, in this work, a series of 
binary and ternary K2O-CaO-SiO2 slag systems were investigated, aim
ing to reveal the effects and mechanisms of boron removal. Concur
rently, the recycling of kerf waste during slag refining was also studied, 
seeking to attain the dual benefits of silicon purification and kerf re
covery within a singular process to form a circular materials flow. 

2. Experimental 

2.1. Raw materials 

Commercial-grade silicon fines (HQ-Silgrain®) were utilized as the 
initial silicon raw materials for slag refining. Additionally, silicon cut
ting kerf powder was also introduced to evaluate its recycling perfor
mance through slag refining. For the purpose of dual benefits refining 
conducted in this work, the two different silicon sources were employed 
together with a ratio of 3:1 served as the metal phase in slag refining, 
resulting a B content of 25.8 ppmw in total. The quantified impurity 

concentrations of the silicon sources used are outlined in Table 1. 
The master slags were prepared through a melt-casting procedure by 

smelting with the reagent grade K2CO3 (99.9 %, Sigma-Aldrich), CaO 
(99.9 %, Sigma-Aldrich), and ultra-high purity SiO2 fines (The Quartz 
Corp). The raw materials were homogenously mixed in accordance with 
the target slag composition and charged into a dense graphite crucible 
for heating. Once completely melted in an induction furnace, the molten 
slag was cast into a water-cooled copper mold. The cast synthetic binary 
and ternary slags were then crushed and milled to achieve homogeni
zation. The composition of obtained slag is listed in Table 2. It should be 
noted that in the studied ternary slag system, the initial SiO2 molar 
fraction before the refining process begins is fixed at approximately 0.45 
with varying K2O/(K2O + CaO) ratio. 

2.2. Methods 

2.2.1. Experimental 
The slag refining experiments were performed in a medium fre

quency induction furnace under Ar gas (99.9999 %) atmosphere. The 
obtained synthetic master slags were first dried overnight in a drying 
oven and then placed into the lower part of a SiC crucible at a slope angle 
to enhance the contact surface area. The kerf waste was placed above 
slag layer and covered by the Silgrain fines. The slag/silicon/kerf mass 
ratio was fixed as 8:3:1 (slag/silicon = 2). In the KCS-1 trial, a larger SiC 
crucible (50 mm inner diameter 50 mm, 120 mm height) was employed. 
The experiment utilized 40 g of slag along with 5 g of kerf waste and 15 g 
of Silgrain Si fine particles. For the subsequent experiments, a smaller 
SiC crucible (32 mm inner diameter, 54 mm height) was used, and the 
charged weights were 12 g of slag, 1.5 g of kerf waste, and 4.5 g of 
Silgrain Si fine particles. 

The SiC crucible was further put into a bigger graphite crucible 
(inner diameter: 70 mm, height: 150 mm). Before heating, the furnace 
chamber was vacuumed and refilled by Ar gas for three times. During 
the experiments, the chamber pressure was controlled at around 
1030–1060 mbar manually with continuous Ar gas flow. The tempera
ture was measured by a Type-C thermocouple and kept at 1600 ◦C for 
two hours. After refining experiment, samples were cooled down to 
room temperature inside the furnace and then collected for further 
metallographic and chemical analysis. 

2.2.2. Computational simulation 
The significant loss of K during the slag refining process led to sub

stantial changes in slag structure and properties. Thus, force field Mo
lecular Dynamics (MD) simulations of the K2O-CaO-SiO2 system were 
conducted to gain further insights into this phenomenon using the 
Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 
package. In this study, four distinct compositional points are considered 
in each slag simulation, capturing slag composition before and after 
refining, as well as during nominal reductions of K2O by one-third and 
two-thirds. The detailed slag composition used for simulation and the 
number of input atoms are listed in Table S1. 

Interatomic interactions between K2O-CaO-SiO2 were described 
using Teter’s Buckingham potential parameters [21] and listed in 
Table 3. The potential energy described by the long-range Columbic 
interaction term and the short-range interaction term. As can be seen in 
Equation (1), where rij denotes the distance between atom i and j. The 
columbic interaction is characterized by the first term, with zi represents 

Table 1 
Impurity concentration (ppmw) of studied Si-source for the slag refining 
treatment.  

Si-source Ca B P Al Fe K 

Silgrain 125.4 34.45 27.15 858.5 382.4 3.0 
Kerf 22.9 <0.05 <0.5 2.5 <2.0 3.0 
Mixture 99.8 25.8 20.4 644.5 286.8 3.0  
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the effective charge of atom i, e and ε0 stands for electric charge and the 
permittivity of vacuum. The parameters Aij, ρij, and Cij are empirical 
parameters for specific atoms pair. 

Uij(r) =
zizje2

4πε0rij
+Aije− rij/ρij −

Cij

rij6
(1) 

The cut-off distance for interactions was set at 11 Å to ensure 
computational precision. Coulombic interactions were resolved using 
the Ewald summation method. The Verlet leapfrog algorithm was 
employed for the integration of motion equations, with a fixed timestep 
of 1 fs. For each simulation set, around 7000 atoms were randomly 
generated and distributed within a cubic box to construct a disordered 
initial configuration under periodic boundary condition. The system was 
then equilibrated at temperature of 3500 K and under an isothermal- 
isobaric (NPT) ensemble for 500 picoseconds (ps) to reach thermody
namic equilibrium. Subsequently, the system was cooled down to 1873 
K at a rate of 1 K/ps under the NPT ensemble, followed by a further 500 
ps of relaxation in both the NPT and canonical (NVT) ensembles to 
guarantee system stability. Finally, a production run spanning 1.5 ns 
(ns) under the NVT ensemble was conducted to acquire reliable average 
properties. 

2.3. Chemical analysis 

After slag refining, the crucible was sectioned along its vertical axis 
into two halves, one was then prepared into metallographic samples for 
detailed examination. Microstructural characterization of the slag/ 
metal interface was carried out using a Scanning Electron Microscope 
(SEM) accompanied by Energy Dispersive Spectroscopy (EDS) analysis. 
The rest slag and metal samples extracted from the other half were 
subjected to digestion using a mixture of HNO3 and HF solution, except 
the heavily evaporated KS-0 sample. Subsequent chemical analysis was 
performed using an Agilent 8800 Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) system, operating in Triple Quadropole (ICP- 
QQQ) configuration with an SPS 4 Autosampler. Quantification was 
carried out based on standards from Inorganic Ventures as internal 
controls. 

3. Results 

3.1. Slag compositions and mass changes 

During the slag refining experiments, significant evaporation from 
crucible was observed in all trials, especially in those involving high K2O 

content slags. Furthermore, autoignition effects were also observed on 
the furnace wall when the furnace chamber was exposed to the ambient 
atmosphere. These observations indicate the presence of the evaporated 
and condensed alkali species. Hence, to quantify the mass loss level, the 
mass change of the refining system before and after experiments was 
measured and listed as Table 4. 

Taking into account the percentage of mass loss to the whole slag and 
metal system, Fig. 1 is plotted. It is evident that the mass loss linearly 
related on the initial K2O content in the slags. This implies that K2O 
evaporation is likely the primary cause of the mass loss. Interestingly, it 
can be seen that, given a fixed initial K2O content, the ternary slag 
refining systems exhibited a larger trend toward mass loss. This could 
possibly be attributed to the additional CaO content facilitates the ki
netic conditions and slag chemistry for more volatile species formation. 

Because of the massive mass loss, the slag and metal compositions 
changed significantly after experiments. Considering of the binary K2O- 
SiO2 slags, it is seen that the final slag compositions of KS-1 and KS-2 are 
almost the same with around 14–16 mol%. Another trend that can be 
seen is that with higher starting K2O content in the slag, the final slag 
presents higher K2O and SiO2 content. For instance, the KCS-4 slag 
contains 12.1 mol% K2O at first, while nearly all the K2O was depleted in 
the final slag. But for KCS-1, the K2O content decreases from the initial 
43.9 mol% to the final 8.98 mol%, while the SiO2 content dramatically 
increases from 44.7 mol% to 80.2 mol%. 

3.2. Slag composition variation 

The compositions of the final slags after slag refining are presented in 
Table 5. The initial and final changes in slag compositions in this work 
are shown in the K2O-CaO-SiO2 ternary system as Fig. 2. It can be seen 

Table 2 
Chemical composition of obtained slags for slag refining.  

Slags Initial composition (mol%) Initial composition (wt%) 
SiO2 K2O CaO SiO2 K2O CaO 

KS-0 45.0 55.0 – 34.3 65.7 – 
KS-1 54.9 45 0.1 43.7 56.2 0.03 
KS-2 72.1 27.8 0.1 62.2 37.7 0.04 
KCS-1 44.7 43.9 11.4 35.9 55.5 8.6 
KCS-2 46.4 32.6 21 39.6 43.7 16.7 
KCS-3 47.9 23.4 28.7 43.0 33.0 24.0 
KCS-4 46.2 12.1 41.7 44.3 18.2 37.4  

Table 3 
Atomic charges and interatomic parameters of the adopted potential.  

Pair (i-j) zi(e) A (ev) ρ(Å) C (ev Å6) 

O–O − 1.2 2029.2204 0.343645 192.58 
Si–O 2.4 13702.905 0.193817 54.681 
Ca–O 1.2 7747.1834 0.252623 93.109 
K–O 0.6 20526.972 0.233708 51.489  

Table 4 
Measured masses before and after refining experiments involving binary K2O- 
SiO2 (KS) slag and ternary K2O-CaO-SiO2 (KCS) slags.  

Exp. Charged 
materials 

(g) 

Initial masswith 
crucible  

(g) 

Final masswith 
crucible  

(g) 

Total mass 
loss (g) 

Pct mass loss 
from melts  

(%) 

KS-1 24.0 92.1 87.6 4.5 18.6 
KS-2 24.0 93.5 91.2 2.3 9.7 
KCS-1 80.0 982.5 965.5 16.5 20.6 
KCS-2 24.0 93.1 89.0 4.1 17.2 
KCS-3 24.0 91.8 88.5 3.3 13.7 
KCS-4 24.0 93.8 91.6 2.1 8.8  

Fig. 1. Relationship between the initial K2O content in slags and the final mass 
loss after experiments. 
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that the changes in slag composition are directly proportional to the K2O 
content. Furthermore, there is a deviation from the theoretical scenario 
in which only K2O volatilizes, while the other components in the slag 
remain constant. This also indicates the presence of more complex mass 
transport in slag refining, which will be discussed in the following sec
tion. It should be noted that separation of the KS-0 slag and silicon 
phases was difficult due to the intense volatilization of slag KS-0. Hence, 
the composition of this experiment was not included, and it will also not 
be involved in subsequent discussions related to refining performance. 

3.3. Refined silicon composition 

The chemical composition of refined silicon was analyzed and the 
results are shown in Table 6. It is seen that the B content reduced 
significantly within the range 4–7 ppmw. Additionally, nearly all the Al 
was removed, and the Fe content partially removed. It was also found 
that the Ca concentration in the Si alloy increases with increasing CaO 
content in the slags from 208 ppmw to 4779 ppmw. 

3.4. Melt geometry and phases contacts 

Fig. 3 presents the image of cut crucible with slag and Si phase. It can 
be seen that from the KS-0 sample that a notable amount of residual 
dimple-shaped slag and Si metal particles were found adhering to the 
crucible wall. This phenomenon suggests intense slag volatilization that 
occurred in the KS-0 experiment due to the high initial K2O content. 
Moreover, the direct contact between the slag phase and kerf powder 
resulted in a rapid increase in the viscosity of their mixture. This 
increased viscosity facilitated slag foaming effect and consequently led 
to the formation of a non-aggregated slag phase. However, effective 
separation between the slag and Si phase was observed from the other 
refining tests. Notably, the formation of a substantial single Si metal 
phase highlighted Si-kerf waste also underwent good melting. It is 
evident that its oxide layer was successfully removed during the process, 
which enabled the coalescence of the Si nanoparticles into the unified Si 
melt formed by the charged Si fine particles. 

It was also observed that all Si phase settled at the bottom, and the 
slags did not flow on the top due to their lower density. Moreover, the Si 
melt did not directly contact the SiC crucible wall. Instead, a downward 

Table 5 
Chemical composition of final slags after refining.  

Slags Final composition (mol%) Final composition (wt%) 
SiO2 K2O CaO SiO2 K2O CaO 

KS-0 – – – – – – 
KS-1 83.4 16.5 0.1 76.1 23.7 0.1 
KS-2 85.3 14.6 0.07 78.6 21.2 0.06 
KCS-1 80.2 9.0 10.9 76.7 13.5 9.7 
KCS-2 71.1 3.9 25.0 70.6 6.1 23.2 
KCS-3 65.6 1.9 32.5 66.3 3.0 30.6 
KCS-4 54.2 0.01 45.8 55.9 0.01 44.0  

Fig. 2. Compositional change of the studied K2O-CaO-SiO2 slags compared with theoretical K2O evaporation path (blue dash line), isothermal section at 1600 ℃ was 
calculated by FactSage thermodynamic software, version 8.1 [22]. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Table 6 
Measured chemical composition of silicon phase after slag treatment (ppmw).   

Ca B K Al Fe Ti 

KS-1 9.6 5.2 780.6 1.8 212.1 13.0 
KS-2 38.2 5.4 20.8 9.5 215 12.6 
KCS-1 208.0 4.5 225.9 2.2 330.6 15.7 
KCS-2 878.2 7.3 525.5 4.6 482.5 29.5 
KCS-3 1216.0 5.4 n/a 9.2 304.9 18.4 
KCS-4 4779.1 5.2 n/a 11.1 402.2 23.8  
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curving contact angle was formed between the slags and the SiC crucible 
wall, suggesting good wettability between the slags and SiC. This 
observation aslo suggests the preferential segregation of SiC particles 
into the slag phase. 

To further investigate the wetting behaviour of slag with SiC, contact 
angles under Ar atmosphere between the slag and the SiC crucible were 
measured as a rough estimation. All contact angles between the slag and 
the silicon carbide were around 25-30◦, considerably smaller than the 
measured contact angle for between the SiC/Si system (θα-SiC/Si = 38◦ 

and θβ-SiC/Si = 41.5◦)[23]. 

3.5. Microstructural analysis of slag/Si interface 

To investigate the separation of SiC from the kerf powder, SEM was 
employed to examine the microstructure of the slag/Si interface in all 
samples. As illustrated in Fig. 4(a), the interface is populated by many 
hexagonal particles forming clustered regions, notably all situated on 
the slag side. These particles were further confirmed to be SiC through 
the EDS analysis, with the elemental mapping results presented in Fig. 4 
(b). Furthermore, an observable trend is that as the particle size in
creases, their distance from the interface also expands correspondingly. 
This pattern implies that larger SiC particles may be more readily 
segregated from the interface. 

4. Discussions 

4.1. Mass transport between phases 

During the refining test, significant mass loss was observed, indi
cating strong evaporation of volatile compounds occurred. As depicted 
in Fig. 1, the distinct relationship between the initial K2O content in 
slags and the final mass loss has revealed that the K2O related evapo
ration is the predominant contributor. However, there are different 
mechanisms attributing to the K loss, including the direct evaporation 
from slag phase, and silicothermic reduction-induced evaporation of 
metallic K from the metal phase. 

4.1.1. Mechanism I – Direct evaporation from slag phase 
Considering the evaporation from the slag phase, the following re

action must be taken into account: 

(K2O) = K2O(g) (2) 

In addition, according to the observed autoignition effect on the 
furnace wall, the decomposition of K2O may also occur that resulting in 
the release of gaseous potassium and oxygen: 

(K2O) = 2K(g)+
1
2

O2(g) (3) 

The gaseous potassium was then condensed as dusts, which was 
actively oxidized when exposed in the ambient atmosphere. Another 

route led to mass loss may dedicated to the reaction between K2O and 
the SiC crucible, 

(K2O)+ SiC = 2K(g)+CO(g)+SiO(g) (4) 

Since the kerf layer with the dispersion of fine SiC particles were 
placed closely to the slag, such reaction may also take place along their 
interface that contributes to the total mass loss. In addition, chemical 
reaction (4) may proceed at the slag/crucible interface. From kinetics 
point of view chemical reaction (4) is possible in the system, while re
action (3) may have kinetics barrier. 

4.1.2. Mechanism II – Indirect evaporation from Si phase 
The depletion of K2O in the slag could also result from the silico

thermic reduction. The route for mass transfer is described as follows: 

1
2

Si+(K2O) = 2[K] +
1
2
(SiO2) (5) 

The potassium reduced via silicothermic reduction is transferred to 
the Si/gas interface and then rapidly evaporates due to its high vapor 
pressure even though it is the dilute solute in Si melt: 

[K] = K(g) (6)  

4.1.3. Quantitatively evaluation of the two mechanisms 
It is imperative to quantitatively evaluate the impacts of both 

mechanisms. The distinguishing feature of Mechanism I is that the slag 
composition is solely influenced by the depletion of K2O. Consequently, 
as shown in the ternary phase diagram of Fig. 2, the variation in slag 
composition moves along the dashed line originated from the K2O 
corner, maintaining a consistent CaO/SiO2 ratio. In contrast, Mechanism 
II results in an increased incorporation of SiO2 mass into the slag phase, 
which induces a compositional shift favouring the SiO2 side.[23] Thus, 
based on the measured SiO2 content variation, the impact of the two 
mechanisms can be evaluated. 

According to the mass loss data listed in Table 4, the final slag 
composition for each mechanism can be determined through mass bal
ance calculations. The calculation results are displayed in Table 7. It can 
be observed that under the assumption of only Mechanism I took place, 
the final SiO2 content in the slag is considerably lower than the 
measured value. Conversely, when only Mechanism II is considered, a 
higher SiO2 content is yielded. Thus, it can be concluded that both 
mechanisms coexist during the experiments. Moreover, by comparing 
the measured values with the calculated ones from both mechanisms, 
the contribution of each mechanism to the mass loss can be further 
determined. The results are depicted in Fig. 5. 

As observed in Fig. 5, within the binary K2O-SiO2 slag refining sys
tem, Mechanism I, which involves direct evaporation from the slag, 
plays a dominant role. However, it is also seen that although KS-1 slag 
possesses a higher K2O content, the contribution from Mechanism I is 
less than that in the KS-2 slag, which has a lower K2O content. This trend 

Fig. 3. Images of cross-sectional views of cut slag refining samples.  
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Fig. 4. (a) Backscattered electron image of the slag/Si interface, and (b) EDS elemental mapping at slag/Si interface of sample KCS-A.  

Table 7 
Mass balance results for quantitatively evaluation of K2O loss mechanisms.  

Slag Measured SiO2 in 
wt% 

Calculated SiO2 in wt% Calculated final mass  

Before After Only Mechanism I Only Mechanism II Combined mechanisms Final slag phase mass (g) Final Si phase mass (g) Slag/Si mass ratio 

KS-1 43.73 76.09 69.60 83.49 76.44 8.34 5.63 1.48 
KS-2 62.22 78.64 77.25 82.94 78.68 9.89 5.90 1.68 
KCS-1 35.94 76.70 61.18 78.32 76.87 23.72 17.32 1.37 
KCS-2 39.61 70.60 60.36 73.58 70.80 9.11 5.43 1.68 
KCS-3 42.99 66.27 59.22 69.05 66.40 9.62 5.58 1.72 
KCS-4 44.35 55.85 53.85 59.78 55.90 10.16 5.87 1.73  
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might indicate that there was a significant portion of K2O volatilized 
from the binary slagsduring the heating process, prior to the melting of 
Si phase. Subsequently, upon the formation of the Si melt, further mass 
loss is predominantly attributable to Mechanism II. Thus, given the 
higher initial K2O concentration in KS-1, the driving force for Mecha
nism II is more pronounced, and accounting higher K2O loss, 46.7 %, 
compared to only 24.4 % in KS-2. 

The contribution from Mechanism II becomes even more pronounced 
in ternary systems, as demonstrated by the results of KCS-1, KCS-2, and 
KCS-3, where it plays a predominant role. As the CaO content increases, 
the driving force for Mechanism II decreases as the K2O content drops. 
Consequently, the overall mass loss percentage of the system also de
creases, as can be seen from Table 4, but the proportion of Mechanism I 
gradually rises accordingly. 

4.2. Effect of K2O evaporation on slag properties variation 

4.2.1. Slag structure and viscosity 
As the content of K2O diminishes throughout the refining process, the 

slag structure and physicochemical properties of the slag correspond
ingly change. Fig. 6(a) illustrates the continual polymerization of the Si 
network due to K2O evaporation from the binary slag. The planar slag 
network configurations are visualized from the snapshots of the simu
lated slags, using slabs with a thickness of 6 Å. It can be seen that in the 
initial state, SiO2 forms highly depolymerized structures, such as short 
chains. Then, these short chains progressively aggregate into ring 
structures and more complex network structures with the increase in 
SiO2 content. This observed slag structrual polymerization process is in 
good agreement with the percolation theory[24] as a reversed process. 
As can be observed, when the K2O concentration is at 25 %, a network 
modifier channel filled with a high concentration of K ions is clearly 
visible. Subsequently, with the continuous increase of SiO2, the con
nectivity between the channels diminishes until disappears. In the case 
of K2O keeps depleting from the slag, it also indicates the transition of 
network structure from a floppy mode to rigid mode[25]. Additionally, 
it is also seen that not all K ions are concentrated in the channels or 
cations enriched region, a minor portion of K ions still penetrates into 

the network for modification. This finding also reinforces the “perturbed 
network model” [26], which proposes that cations tend towards a more 
homogeneous distribution due to their interaction with bridging 
oxygens. 

The short-range order information can be obtained from the calcu
lated pair distribution function, where the Si-tetrahedron configuration 
is robust and modified by the network modifiers. The results are pre
sented in Figures S1 to S6, and the bond length and coordination number 
results are listed in Table S2. The degree of polymerization in the tec
tosilicate network can be effectively described by the Qn index, which 
characterizes the Si tetrahedra based on their connection with ’n’ 
bridging oxygen atoms, where ’n’ ranges from 0 to 4. The computed 
average Qn distribution of each slag is illustrated in Fig. 6(b). A more 
detailed Qn distribution can be seen in Table S3. As can be observed, the 
Qn distribution is highly correlated with the SiO2 content in the melt. 
Taking the KS-1 slag as an example, the average Qn value increases from 
an initial value of 2.36 to 3.6. This observation aligns with the previ
ously noted transformation of the tectosilicate structures from short 
chains to complex networks. As the initial K2O content in the slag de
creases, the range of Qn values also gradually narrows. For instance, in 
the KCS-4 slag, the Qn value only transitions from 1.72 to 2.34, indi
cating that the final slag still maintains a good degree of depolymer
ization owing to the remaining CaO content. 

As shown in Fig. 6(c), it is seen that the self-diffusion coefficient is 
strongly compositional dependent and decreases with the increase of 
SiO2 content. For the ternary slags, at the same SiO2 content, a higher 
K2O/(CaO + K2O) ratio leads to an increased diffusion coefficient. For 
instance, in the initial slag compositions, KCS-1 slag exhibits the highest 
average diffusion coefficient. This result also in good agreement with the 
measurements conducted by Chen and Zhao[27] where slag viscosity 
increases with lower K2O/(CaO + K2O). Therefore, it can be clearly seen 
that as the K2O-containing slag refining progresses, the conditions for 
mass transfer continuously deteriorate. 

Given the inverse relationship between diffusivity and viscosity, the 
latter emerges as a useful indicator for assessing reaction kinetics. Based 
on the previous studies with confirmed equilibrium time of slag refining 
for B removal[10,28], a slag viscosity based empirical criterion can be 
employed to estimate whether the equilibria of B mass transfer from 
metal phase to slag phase has reached, as shown in Fig. 7. It is worth 
noting that even though the refining tests were conducted using 
different slag compositions and at different temperatures, the differ
ences can be adequately compensated because slag viscosity is also 
sensitive to both factors[29,30] and thus correlates with kinetics. To 
achieve system equilibrium within a refining time of two hours, the slag 
viscosity needs to be around 0.25 Pa⋅s. 

The viscosity of slags studied in this work is also calculated and re
sults as detailed in Table S4. In the case of binary slag KS-1, the viscosity 
dramatically escalates from an initial 0.10 Pa⋅s to a final 6.63 Pa⋅s. 
Similarly, the binary slag KS-2 also experiences the rapid viscosity in
crease from 2.51 Pa⋅s to 9.37 Pa⋅s. In ternary slags, viscosity also in
creases as the K2O content decreases. For the slag KCS-4 slag, which is 
with the least K2O content, its viscosity varies from 0.08 Pa⋅s to 0.35 
Pa⋅s. Thus, it can be inferred that the KSC-4 slag may reasonably reach or 
come close to the equilibrium at the end of refining. The binary slags are 
more likely to experience stagnation in mass transfer due to the high 
viscosity, and hence not solely thermodynamically driven. 

4.2.2. Oxygen local environment and slag chemistry 
An oxygen-centric view of slag melts presents three types of oxygen 

atoms in the system, respectively, bridging oxygen (BO), non-bridging 
oxygen (NBO), and free oxygen (FO). Based on the final composition 
of the slag, the distribution of these oxygen species is shown in Fig. 8(a). 
It can be seen that the bridging oxygen holds a predominant position in 
the binary system, while the proportion of NBO increases with the in
crease of CaO in the ternary system. For instance, the NBO percentage in 
KCS-4 reaches as high as 58.4, indicating that this slag melt has more 

Fig. 5. Calculated contribution percentage of the two mechanisms for the 
K2O loss. 
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reactive sites compared to other slag systems. Moreover, as shown in 
Fig. 8(b), the specific Qn distribution of the final composition of the slag 
exhibits a trend with increasing Q2 species in the ternary slags. This 
marks the network depolymerization and is also beneficial for the better 
integration of B complexes into the slag structure[31]. 

In addition, the presence of a modified form of BO by cations, 
namely, M− BO, was also observed and also reported in other slag system 
[32]. Experimental evidence of such interaction between cations and BO 
has also been reported.[26,33] This type of oxygen are observed 
particularly in high SiO2 region and when the cations have low field 
strength , making it difficult to break the covalent BO bond. Instead, the 
formation of M− BO promotes additional negative charge transfer to the 
oxygen and weaken the Si-O Coulombic interactions, therefore weaken 
the Si-O-Si bond. As seen in Fig. 9, the bridging oxygen species modified 
by a single K ion, referred to as O-2Si(K), is the most abundant, followed 
by the bridging oxygen O-2Si(2 K) modified by two K ions, and even O- 
2Si(3 K) that one bridging oxygen modified by three K ions. Thus, the 
primary distribution of K ions in the slag is with the configuration of 
modified bridging oxygen M− BO. In the case of ternary slags, the pri
mary form of M− BO is only the O-2Si(Ca) where a BO modified by a 
single Ca ion. Although K ions co-modifies oxygen ions with Ca ions, as 
the ratio of K2O/CaO decreases, the content of NBO species, such as O-Si 
(2Ca) and O-Si(3Ca), rapidly increases. It can be inferred that, compared 

to K ions, Ca ions demonstrate a heightened propensity for inducing the 
formation of NBO. Thus, the areas containing Ca ions in the slag melts 
are also more likely to exhibit an enrichment of NBO, which further aids 
the stabilization of acidic B2O3 units in the slags. 

Interestingly, as shown in Fig. 10, further observation of the distri
bution of Ca and K ions in the slag melts reveals that they do not exhibit 
ideal mixing. The distribution of Ca and K ions can be compared by 
dividing the simulation box evenly into 5x5 squares along the y-z plane 
and projecting atoms along the x-axis onto the y-z plane. In the case of 
ideal mixing, within these 25 regions, the distribution percentage for 
each type of ion in each region should be equal, namely, at 4 %. How
ever, as shown in Fig. 11, the distributions of Ca and K ions exhibit 
distinct characteristics of clustering. This implies that Ca and K ions tend 
to avoid coexisting in the same region, preferring instead to segregate 
into different areas. Similar behaviour also occurs between Ca and Na as 
reported by Cormier and Neuville [34]. The reason behind this phe
nomenon, as previously described, lies in the higher charge and greater 
field strength of Ca ions, which makes them more prone to causing the 
accumulation of NBO, indicating a preference for depolymerized re
gions. Conversely, K ions are more inclined to modify BO, forming 
M− BO, and therefore, K ions tend to appear in polymerized areas. Thus, 
it can also be understood that the ternary K2O-CaO-SiO2 refining slag 
should combine the characteristics of both K2O-SiO2 and CaO-SiO2 slag 

Fig. 6. (a) Visualization of slag structure evolution accompanying K2O evaporation from the refining slag KS-1. The snapshots were obtained from slabs sliced with a 
thickness of 6 Å. In the images, K atoms are represented in blue, Si atoms in yellow, and O atoms in red. The area shaded in blue represents the observed percolation 
channel among the giant network components. (b) Variation of Qn index of each slag. (c) Calculated average diffusion coefficient of slags with the increase in SiO2 
content. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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systems, which implies that it possesses distinct B removal mechanisms. 
This will be further discussed in the following section. 

4.3. Boron removal and distribution 

4.3.1. Boron removal degree 
The B concentration in the Si phase changes significantly after the 

refining experiments. As indicated by the ICP-MS measurement, the final 
B concentration in Si lies between 4.2 and 7.3 ppmw. Based on its 
concentration in the Si phase before and after the experiments, the B 
removal degree is calculated using the following formula: 

B removal degree =
minitial

Si Cinitial
B in Si − mfinal

Si Cfinal
B in Si

minitial
Si Cinitial

B in Si
× 100% (7) 

As illustrated in Fig. 12, all the slags demonstrate effective B 

removal. Taking into account the mass decrease in the metal phase due 
to the silicothermic reduction reaction, the corrected B removal degree 
shows more accurate value and higher than the value calculated with 
the assumption of a constant metal phase mass. Notably, the actual B 
removal percentages ranging from 74.4 % of KCS-2 slag to 84.9 % of 
KCS-1 slag. 

4.3.2. Boron distribution 
In the conventional slag refining, B can either be distributed in the 

slag phase or the metal phase. However, the presence of alkali metal 
oxides in the slag provides an alternative pathway for B removal, namely 
the formation of volatile compounds that remove B through evapora
tion. Therefore, in the present work, it is crucial to investigate the dis
tribution of B elements after refining experiments. By analysing the 
measured B composition in both the slag and metal phases before and 
after refining, the net mass loss of B from the system can be attributed to 
B loss through evaporation. Thus, the final B distribution percentage was 
plotted as shown in Fig. 13. 

The results indicate that the initial Si raw material is the primary 
contributor of B in the entire refining system, accounting for approxi
mately 70 % or more of the total B present. The initial B content in the 
slag phase for all six samples ranges from 13.1 % to 31.7 %. Further
more, it is also seen that the B content in the initial slag phase decreases 
with decreasing K2O content, which is due to the K2O slag raw material 
containing a certain amount of B or potential contamination through the 
slag preparation. 

After the refining tests, a significant change in B distribution was 
observed. The final refined Si phase contains the least B content as 
opposed to being the highest before refining. It ranges from only 12.4 % 
to 21.5 %. The percentage of evaporated B from each sample varied 
widely, with KCS-1 having the highest percentage of evaporated B (61.8 
%) but the lowest B content in slag (25.8 %), while KCS-4 had the lowest 
B evaporation (14.3 %), but the highest B content in the slag phase (67.7 
%). Moreover, it can be observed that although most of the B is removed 
in gaseous form in the binary slag systems KS-1 and KS-2, there are still a 
substantial amount of B remains in the slag phase. Thus, above all, these 
B distribution results provide valuable insights into B removal during 
slag refining and emphasizing the importance of B evaporation directly 
due to the addition of K2O in the slags. 

Fig. 7. Empirical relationship between slag viscosity and time required to reach 
equilibria for B distribution between the slag and silicon. The slag viscosity was 
calculated by FactSage 8.1[22]. 

Fig. 8. Percentage of oxygen types (left) and specific Qn distribution (right) of the slag compositions at the end of refining.  

M. Zhu et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 488 (2024) 150788

10

4.3.3. Boron removal mechanism 
B removal from the Si phase occurs at the slag/Si interface and 

proceeds through the following stages: first, the mass transfer of dis
solved boron in liquid silicon towards the boundary layer of the inter
face. Subsequently, the oxidation of boron into B2O3 takes place at the 

Fig. 9. Microscopic local environment of oxygen species obtained from MD simulation of the slag compositions at the end of refining.  

Fig. 10. A snapshot of the non-ideal mixing of Ca and K ions in the KCS-3 slag 
before slag refining, with a composition of 23.4 mol% K2O, 28.7 mol% CaO, 
47.9 mol% SiO2. The snapshot is parallel to the y-z plane and has a slab 
thickness of 10 Å. 

Fig. 11. Spatial distribution percentage of network modifiers in the initial KCS-3 slag melt obtained by dividing the y-z plane into 5x5 square regions and projecting 
atoms along the x-axis onto the y-z plane, where ideal mixing would result in each region containing 4% of ions: (a) distribution of Ca ions; (b) distribution of K ions. 

Fig. 12. Results of B removal percentage from Si phase.  
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interfacial area. Further, the transferred B is removed via the formation 
of volatile species or transferred into the deeper regions of the slag 
phase. In the present work of K2O-CaO-SiO2 slag system, the possible 
reactions involving B oxidation of the oxides can be listed as below: 

3
4
(SiO2)+ [B] =

3
4

Si+
1
2
(B2O3) (8)  

3
2
(K2O)+ [B] = 3[K] +

1
2
(B2O3) (9)  

3
2
(CaO)+ [B] =

3
2
[Ca] +

1
2
(B2O3) (10) 

The relevant standard Gibbs free energy of the reactions is then 
expressed as: 

ΔG8 = ΔG◦

8 +RTln

(
a3/4

Si a1/2
B2O3

aBa3/4
SiO2

)

(11)  

ΔG9 = ΔG◦

9 +RTln

(
a3

Ka
1/2
B2O3

aBa
3/2
K2O

)

(12)  

ΔG10 = ΔG◦

10 +RTln

(
a3/2

Ca a1/2
B2O3

aBa3/2
CaO

)

(13) 

The standard Gibbs free energy of the aforementioned reactions can 
be obtained from the FTlite and FToxid data in FactSage 8.1, as illus
trated in Fig. 14. In the previous study of Na2O-SiO2 refining system by 
Safarian et al.[12], it has been thermodynamically confirmed that B 
oxidation is much more favourable by Na2O rather than SiO2. Thus, it is 
also necessary to compare the two alkali slag refining systems and the 
following reaction is also included. 

3
2
(Na2O) + [B] = 3[Na] +

1
2
(B2O3) (14)  

Fig. 13. Boron distribution in different phases before (left) and after (right) slag refining.  

Fig. 14. The changes of the standard Gibbs free energy of B oxidation at 
varying temperature. 
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ΔG14 = ΔG◦

14 + RTln

(
a3

Naa
1/2
B2O3

aBa
3/2
Na2O

)

(15) 

The plotted diagram for B oxidation demonstrates the Reaction (9) 
has the lowest standard Gibbs free energy, indicating that the oxidation 
reaction involving K2O is the most thermodynamically favourable under 
standard condition where pure substance participates in the reaction. 
However, since the slag refining system is under non-standard condition 
with mixed liquid solution, the actual situation will still exhibit 
discrepancies. 

Although accurate activity values for B and B2O3 are difficult to 
obtain, which makes the non-standard Gibbs free energy of the afore
mentioned reactions cannot be calculated, considering the B related 
terms yielded consistent values for a single refining system, through the 
rearrangement of the above equations we obtain: 

δG8 = ΔG8 − RTln

(
a1/2

B2O3

aB

)

= ΔG◦

8 +RTln

(
a3/4

Si

a3/4
SiO2

)

(16)  

δG9 = ΔG9 − RTln

(
a1/2

B2O3

aB

)

= ΔG◦

9 +RTln

(
a3

K

a3/2
K2O

)

(17)  

δG10 = ΔG10 − RTln

(
a1/2

B2O3

aB

)

= ΔG◦

10 +RTln

(
a3/2

Ca

a3/2
CaO

)

(18) 

It can be observed that after eliminating the effects of the B related 
terms, the relative magnitudes of δG10, δG11, and δG12 on the left-hand 
side can be employed to evaluate the boron oxidation capacity of 
different oxidants under non-standard states. Accordingly, for compar
ison, we also have the expression for Na2O slag system: 

δG14 = ΔG14 − RTln

(
a1/2

B2O3

aB

)

= ΔG◦

14 +RTln

(
a3

Na

a3/2
Na2O

)

(19) 

Fig. 15 presents the calculated δG values corresponding to each 
oxidation reaction in the following binary slag refining systems K2O- 
SiO2, Na2O-SiO2, and CaO-SiO2 at 1600 ◦C. For ease of comparison, the 
metal content in the Si melt is set at the maximum measured value of 
5000 ppmw. The activity values for the different slag systems are ob
tained from the FToxid database in FactSage 8.1, while the activity 
values in the metal phase are computed using the FTlite database. 

It can be observed that in the K2O-SiO2 refining system, the δG11 
curve corresponding to K2O oxidation exhibits the lowest values, indi
cating that K2O provides the primary driving force for B removal. 
Although we cannot directly compare the absolute values of δG for the 
oxidation reactions of K2O and Na2O due to the different activities of 
B2O3, it is evident that the larger difference of K2O curve with SiO2 curve 
in the K2O-SiO2 slag system as compared to the difference of Na2O with 
SiO2 in the Na2O-SiO2 slag system suggests a more dominant role for the 
oxidation reaction of K2O with B in the K2O-SiO2 system. Moreover, 
through the CaO-SiO2 system, it can be seen that the primary driving 
force for B oxidation is more related to the slag basicity, with high ba
sicity dominated by CaO and low basicity dominated by SiO2. 

The δG values variation in ternary K2O-CaO-SiO2 is presented in 
Fig. 16. For the sake of comparison, the SiO2 content was fixed at 50 mol 
%. It can be observed that throughout almost the entire range, K2O 
predominantly governs the oxidation potential of B. However, as the 
K2O content in the slag decreases, there is a gradual transition to SiO2 
dominance. It is then expected that during the early stages of the real 
slag refining process, the removal of B is primarily governed by K2O. 
However, after substantial depletion of K2O, the significant increase in 
SiO2 content will dictate the subsequent B removal and more controlled 
by reaction equilibrium and kinetics condition. 

As discussed in the B distribution, it is known that after B is oxidized 
and incorporated into the slag, the produced B2O3 will continue to react 
with K2O present in the slag, leading to the formation of volatile com
pounds. The possible reactions to convert boron oxide into the gaseous 
phase can be written as: 

(B2O3) = B2O3(g) (20)  

1
2
(K2O)+ (B2O3) =

1
2
K2B4O7(g) (21)  

1
2
(K2O)+

1
2
(B2O3) = KBO2(g) (22) 

Similarly, as presented in Fig. 17, it is observed that B2O3 direct 
evaporation is not possible from thermodynamics point of view, whereas 
the formation of potassium metaborate (KBO2) emerges as the most 
favourable pathway for B evaporation. Furthermore, as shown in 
Fig. 18, the possible distribution of gaseous species under the refining 
conditions of slag KCS-1 was investigated through FactSage calculations 

Fig. 15. The changes of δG for the boron oxidation reactions, with varying 
binary slag composition and given the metal concentration in Si as 5000 ppmw. 

Fig. 16. The changes of δG for the boron oxidation reactions in the ternary 
K2O-CaO-50 mol%SiO2 slag system, with varying K2O/(K2O + CaO) ratio and 
given the metal concentration in Si as 5000 ppmw. 
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by employing the Effective Equilibrium Reaction Zone (EERZ) method. 
For simplicity, the diffusion rate of all elements within each phase, 
namely slag and alloy, was presumed to be identical. It is also seen that 

the gaseous species KBO2 prevails for all possible B-containing gaseous 
composition combinations in the local effective reaction zone. This is 
also in agreement with the B distribution results that K2O content 
directly related to the degree of B gasification. Thus, considering the 
above discussions, the B removal mechanisms and main mass transport 
in the K2O slag refining systems is illustrated in Fig. 19. 

4.3.4. LB value 
The B distribution coefficient also known as partition ratio is widely 

used to evaluate the extent of B removal by slag refining, which is given 
by: 

LB =
(%B)
[%B]

(23) 

where (%B) and [%B] is the B concentration in slag and Si phase, 
typically in wt%. 

The calculated LB results are presented in Fig. 20 and compared with 
literature data in Fig. 21. The obtained LB values in this work vary from a 
minimum value 1.4 for slag KCS-2 to a maximum value of 2.28 for KCS- 
4. Notably, the numbers for KCS-4 and KCS-3 are in good agreement 
with the results obtained by Jakobsson[28]. Furthermore, it is also seen 
that the LB of the KS-1 slag is exceeding the 1.5 of KS-2 slag that with 
similar final composition. Based on previous discussions on viscosity and 
equilibrium time, the high LB of KS-1 is likely be attributed to the initial 
slag composition containing higher content of K2O. This led to a sub
stantial aggregation of B at the interfacial area in the early stages of 
refining. The subsequent sharp increase in viscosity resulted in a stag
nation of mass transfer, thereby maintaining the high LB until the end of 
refining. Similarly, the higher LB of KCS-1 slag to KCS-2 can also be 
explained. Thus, since both a high initial K2O content and a high CaO 
content in the slag can promote an increasing LB value, the KCS-2 with 
intermediate composition corresponds to the lowest LB value. 

Based on the results above, it is evident that the K2O-CaO-SiO2 
ternary slag system possesses a unique advantage by integrating two 
different boron removal mechanisms: the gasification of boron during 
the early refining stage and the B redistribution based on chemical 
equilibrium in the later stage. This also implies that the boron removal 
capability of the CaO-SiO2 slag system can be further enhanced by the 
addition of K2O, facilitating the production of higher purity silicon. 
Considering the current industrial slag refining practices, the introduc
tion of a small amount of alkali slag for boron gasification in highly basic 

Fig. 17. The changes of the standard Gibbs free energy of B gasification at 
varying temperature. 

Fig. 18. Gaseous species distribution under the refining conditions for slag 
KCS-1, calculated by FactSage using the effective equilibrium reaction 
zone method. 

Fig. 19. Schematic illustration of the B removal mechanism and mass transport 
in the studied K2O slag refining system. 
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alkaline earth slag systems should present a more practical route, as it 
does not require significant equipment modifications. 

4.4. Mechanism of Si-kerf recycling 

As shown in Fig. 22, the covered SixOy oxidation layer on Si powders 
makes the recycling of Si-kerf waste challenging. However, with the 
presence of basic oxides such as K2O and CaO, the oxide layer could be 
dissolved. The liberated Si droplets subsequently coalesce and integrate 
into the Si melt to attain the recovery of Si. 

Another challenge in kerf recycling is the separation of SiC from Si. 
Since SiC and silicon share similar physicochemical properties, it is 
difficult to directly separate them from the kerf waste. However, ac
cording to the research by Safarian et al.[38], SiC exhibits superior 
wettability with liquid slag compared to that between liquid slag and Si 
melt. This suggests that SiC can be more readily absorbed by the slag 
phase. Moreover, based on the Leenov-Kolin’s theory[39], when a 
conductive melt is compressed by the electromagnetic force and a 
pressure gradient is induced. In response, the suspended particles 
receive a force that moves them oppositely towards the liquid vicinity. 

This force is expressed as: 

FP = −
3
4
πd3

P

6
F (24) 

where FP is the force acting on the SiC particle, F indicates the 
imposed electromagnetic force, and dP represents the particle diameter. 

In the case of the present work, the removal mechanism of SiC 
emerges as a multi-stage process. As illustrated in Fig. 22, initially, the 
SiC particles are transported towards the Si/slag interface due to the 
electromagnetic induction. Subsequently, the SiC particles overcome the 
rebound force of the silicon/Slag interface to further transported into the 
slag phase. 

The wetting behaviour of the liquid slag and SiC particle plays an 
important role when SiC particles pass through the slag-metal interface. 
In general, for an inert system with ideal solid surface, the wettability 
can be evaluated by the contact angle using the Young’s equation, which 
defined as: 

cosθ =
γSG − γLS

γLG
(25) 

where γSG and γLG indicate surface tension of solid and liquid phase, 
respectively, and γLS represents solid–liquid interfacial energy. It is 
commonly accepted that a liquid has contact angle < 90◦ refers as 
wetting liquid while > 90◦ the non-wetting liquid. 

The estimated wetting contact angle of SiC and slag (θSiC/slag), 
ranging from 25◦ to 30◦ as shown in Fig. 3, along with the higher value 
for the Si melt and SiC (θSiC/Si) between 38 and 40◦, demonstrates that 
SiC particles are wetted better by the slag melts than by the metal phase. 
The improved wetting between slag and SiC can be attributed to mul
tiple factors, while one of the most important reasons might be the 
chemical reactions occurring in the system. The interfacial reactions can 
significantly enhance wetting and the smallest contact angle can be 
represented by the following equation[40]: 

cosθmin = cosθ0 −
Δγr
γLG

−
ΔGr

γLG
(26) 

where θ0 is the contact angle on the substrate without any reaction 
and Δγr represents the change of interfacial energy due to reaction and 
ΔGr is the change in free energy per unit area at the interface. 

Although those quantities are difficult to obtain in a reactive inter
face system, it has been evidenced by Safarian et al. [38] that gaseous 
products were formed along the interface of SiC and CaO-SiO2 slags due 
to following chemical reaction occurred along the interface. 

Fig. 20. B distribution coefficient (LB) between slag and silicon phase.  

Fig. 21. Comparison of boron distribution coefficient from the present work literature data across various silicate slag systems [8,10,11,16,28,35–37].  
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SiCsurf + (SiO2) = SiO(g)+CO(g) (27) 

Similar observation was also reported by Li et al.[41] as gas bubble 
formed on the SiC particles, which resulted in a rough surface. It is also 
known that the wear of SiC bricks can be deteriorated by the erosion of 
alkali elements, leading to the formation of various silicates[20] Take 
consideration of the currently studied K2O-CaO-SiO2 system, the 
following reactions might be possible between SiC and K2O, which can 
be represented as: 

(K2O)+ xSiCsurf + 3x(O) = K2O • xSiO2
surf + xCO(g) (28)  

(K2O)+ SiCsurf = SiO(g)+CO(g)+ 2[K] (29) 

Hence, the interfacial reaction should play an important role in 
enhancing the SiC particle wetting in the slag melts. Notably, the 
wettability can also be further enhanced due to resultant rough surface 
of the chemical reactions as the solid–liquid interfacial area increases. 

Additionally, according to the experimental and theoretical investi
gation of Kadkhodabeigi et al.[42] and Li et al.[43] the separation of SiC 
particles into slag phase is facilitated by larger particle size, prolonged 
time, and higher temperature. Similar patterns can also be observed 
from Fig. 4(a), where larger SiC particles are distributed further from the 
interface, while smaller SiC particles are located near the interface. 
Thus, the SiC removal, as determined in this study, appears to be an 
intricate interplay of physical and chemical processes. 

5. Conclusions 

In this study, the compositional effects on combined boron removal 
and kerf recycling through binary K2O-SiO2 and ternary K2O-CaO-SiO2 
slags at 1600℃ were investigated. The findings and conclusions can be 
summarised as follows: 

1. The mass loss in the examined slag refining systems increases line
arly with increasing K2O content, from 8.8 % at 12.1 mol% K2O to 
20.6 % at 43.9 mol% K2O in the ternary slags. Further mass balance 
analysis reveals two primary mechanisms for K loss from the melts: 
direct evaporation from the slag and the evaporation of metallic K 
from Si melt, which results from the silicothermic reduction of K2O. 
The latter is more pronounced in ternary systems, where the per
centage of K lost surges from 33.8 % to 90.6 % as the K2O content 
increases from 12 mol% to 44 mol%.  

2. The reduction of K2O content from slag phase led to significant 
deterioration of slag transport properties and limited mass transfer, 
especially in binary K2O-SiO2 slags.  

3. Evidence from molecular dynamics simulations highlights that in the 
high SiO2 region, K cations exhibit a propensity to modify bridging 
oxygen without breaking the Si-O-Si linkage to form the non- 
bridging oxygen. Meanwhile, Ca cations tend to depolymerize the 
tectosilicate network and create more non-bridging oxygen, which in 
turn promotes the stabilization of B within the slag phase.  

4. Boron removal degree was approximately 80 % across all tests, with 
gasification through evaporation of potassium metaborate at slag/Si 
interface confirmed as an important removal mechanism, which is 
particularly dominant in high K2O slags. Increasing CaO in slags 
enhances boron partitioning. However, high K2O content also results 
in boron retention in the slag, reinforced by a marked rise in viscosity 
preventing its return to the Si phase.  

5. The experimental work demonstrates that the recycling of Si-kerf is 
feasible when combined with the slag refining process. The forma
tion of a substantial and homogeneous Si metal phase marks the 
successful oxidation layer removal and well remelting of the Si-kerf 
powders. The presence of SiC clusters in slag phase was observed, 
indicating effective removal of SiC and the feasibility of Si-kerf waste 
recycling. 
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