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A B S T R A C T   

A synergetic valorization method was proposed to convert the basic oxygen furnace (BOF) slag and stone coal 
into ferroalloy and glass-ceramic in this work. Effects of reduction time, temperature, and the mass ratio of BOF 
slag to stone coal on the reduction were studied. The reduction mechanism was investigated by in-situ obser-
vation and dissolution experiments. The effect of sintering temperature on the properties of glass-ceramics 
prepared from the final slag was further studied. The in-situ observation results indicate that the reduction re-
actions occurred mainly in the temperature range of 1673–1793 K. The reduction ratio of oxides and size of metal 
droplets can be improved by increasing reduction time, temperature, and decreasing stone coal addition. The 
recovered ferroalloys consisted of Fe, Mn, P, and V, which has the potential of returning to the steelmaking 
process or extracting vanadium. The modified final slag was suitable material for preparing glass-ceramic. 
Wollastonite-based glass-ceramic with a maximum bending strength of 95.83 MPa was prepared, which could 
be applied as abrasion-resistant and building decoration materials. Therefore, the present technological route can 
convert two kinds of industrial solid waste into two kinds of cleaner products and achieve the target of “zero 
waste”.   

1. Introduction 

Basic oxygen furnace (BOF) slag originates from the oxide slagging 
agent, impurities in pig iron, and erosion of furnace lining. Generally, 
the BOF slag consists of 40–60 wt% CaO, 10–20 wt% SiO2, 10–30 wt% 
FexO, 5–15 wt% MgO, 0–5 wt% P2O5, 0–5 wt% MnO and other minor 
components (Das et al., 2007; Naidu et al., 2020; Fisher and Barron, 
2019; Guo et al., 2018a,b). The annual worldwide output of BOF slag is 
more than 100 million tons (Guo et al., 2018a,b). So far, about 1.6 
billion tons of BOF slag are accumulated around the world, causing 
serious environmental pollution and resource waste (Naidu et al., 2020; 
Fisher and Barron, 2019). 

The recycling of BOF slag has received considerable attention in the 
last decades. Various application methods have been proposed for the 
treatment of BOF slag (Das et al., 2007; Naidu et al., 2020; Fisher and 
Barron, 2019). The valuable components (like iron, phosphorus, vana-
dium, and chromium) in BOF slag can be recovered by magnetic sepa-
ration (Yokoyama et al., 2007; Ma and Houser, 2014) or reduction 
(Morita et al., 2002; Mayyas et al., 2019). Having moderate cementi-
tious properties and mechanical strength, BOF slag is commonly used as 

cement clinker or aggregate (Jiang et al., 2018; Tsakiridis et al., 2008). 
The overall performance of construction materials is improved with BOF 
slag addition. However, the substitution ratio of BOF slag should be 
controlled at around 10 %, due to the poor soundness caused by the 
content of free CaO and MgO phase (Wang et al., 2013). The application 
of BOF slag in environmental remediation has also been considered in 
the laboratory research (Reddy et al., 2019), e.g., phosphorus removal 
from wastewater (Barca et al., 2014; Xue et al., 2009), soil amendment 
(Branca et al., 2014), and carbon dioxide sequestration (Eloneva et al., 
2008; Wei et al., 2021; Sanna et al., 2014). Nonetheless, the statistical 
data show that majority of BOF slag in Europe, Japan, and United States 
were utilized in road construction, cement clinker, concrete aggregate, 
or internal recycling, while the utilization ratio of BOF slag in China was 
only 30 % until 2013 (Guo et al., 2018a,b). BOF slag has not been 
extensively recycled. The utilization of BOF slag is limited by the huge 
output, fluctuation of composition, high treatment cost, shrinking civil 
engineering and infrastructure market, and more stringent environ-
mental regulations, etc. (Naidu et al., 2020; Fisher and Barron, 2019; 
Guo et al., 2018a,b). 

Recently, much attention was paid to the comprehensive utilization 

* Corresponding author at: Process Metallurgy Research Unit, University of Oulu, PO Box 4300, Oulu 90014, Finland. 
E-mail address: qifeng.shu@oulu.fi (Q. Shu).  

Contents lists available at ScienceDirect 

Waste Management 

journal homepage: www.elsevier.com/locate/wasman 

https://doi.org/10.1016/j.wasman.2021.08.044 
Received 10 May 2021; Received in revised form 5 August 2021; Accepted 28 August 2021   

mailto:qifeng.shu@oulu.fi
www.sciencedirect.com/science/journal/0956053X
https://www.elsevier.com/locate/wasman
https://doi.org/10.1016/j.wasman.2021.08.044
https://doi.org/10.1016/j.wasman.2021.08.044
https://doi.org/10.1016/j.wasman.2021.08.044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wasman.2021.08.044&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Waste Management 135 (2021) 158–166

159

of BOF slag, the purpose of recovering the valuable elements in BOF slag 
and utilizing the remaining slag (Guo et al., 2018a,b; Liu et al., 2017; Dai 
et al., 2014). “Zero waste” treatment and valorization of BOF slag can be 
achieved by comprehensive utilization. For example, Guo et al. (2018a, 
b) mixed the BOF slag, kaolin, and carbon powder in different pro-
portions to adjust the slag basicity in the range of 0.97–1.31, as a result, 
95 % of iron was recovered and the high reactivity final slag was recy-
cled as a supplementary cementitious material. Liu et al. (2017) studied 
the effects of Al2O3 and SiO2 addition on the carbothermic reduction of 
BOF slag. High-grade metallic iron (>98 wt%) was obtained and the 
remaining slag was proposed for construction applications. Dai et al. 
(2014) developed a technical route for the comprehensive treatment of 
BOF slag, using fly ash as a modifier and coal powder as a reducing 
agent. Glass-ceramics with a bending strength of 107–146 MPa were 
successfully prepared (Dai et al., 2014). However, plenty of carbona-
ceous reducing agents and SiO2/Al2O3 composition modifiers were 
employed in these works (Guo et al., 2018a,b; Liu et al., 2017; Dai et al., 
2014). From the perspective of practical application, the high-cost 
supplements are undesirable for enterprises. Thus, it is necessary to 
find a more suitable additive. 

Stone coal is a kind of low calorific value (4.18 MJ/kg) carbonaceous 
shale, which is classified as solid waste in the coal industry (Dai et al., 
2018). Stone coal is widely distributed in southern China with a gross 
reserve of 61.88 billion tons (Dai et al., 2018). The main components of 
stone coal are identified as 45–70 wt% SiO2, 10–20 wt% C, and 5–10 wt 
% Al2O3 (Dai et al., 2018; Zhang et al., 2011). At present, stone coal is 
mainly used for vanadium extraction by hydrometallurgical processes, 
combustion to generate electricity, and preparation of graphite or hy-
drated silica, etc. (Dai et al., 2018; Zhang et al., 2011). Unfortunately, 
the extraction of critical elements in stone coal and the utilization of by- 
products are still facing challenges. For example, the roasting process 
releases a large amount of CO2, which is a key step to improve the 
leaching of vanadium (Zhang et al., 2011). Considering the composition 
characteristics of stone coal that containing both carbonaceous com-
ponents and SiO2/Al2O3 modified components, stone coal is considered 
to be both a potential additive and reductant for BOF slag to achieve 
comprehensive utilization. 

Therefore, we proposed a valorization method of BOF slag by 
reducing with stone coal in this work. It is proposed that carbon in stone 
coal could be used for reducing the metal oxides of BOF slag, and the 
remaining slag is modified by the SiO2/Al2O3 components simulta-
neously. Ferroalloys would be recovered after slag-metal separation, and 
the valuable elements could be further extracted from the ferroalloys, 
especially the vanadium from the stone coal. The iron-oxide-devoid final 
slag with low basicity would be a suitable raw material for preparing 
glass-ceramic. Glass-ceramic is kind of polycrystalline non-metallic 
material that can be widely applied in various fields (Höland and 
Beall, 2019). The advantage of this method is to convert two kinds of 
solid waste into cleaner products, which achieve the purpose of “zero 
waste” treatment and valorization of BOF slag. Here, the effects of 
reduction time, temperature, and the mass ratio of BOF slag to stone coal 
on the reduction ratio of various elements were studied. The reduction 
behavior of the mixture sample at high temperatures was observed by 
the in-situ observation technique. The dissolution of stone coal in molten 
BOF slag and reaction behavior were also investigated. Finally, glass- 
ceramics were prepared from the final slag by using the sintering 
method. The mechanical properties of the obtained glass-ceramics were 
evaluated. 

2. Materials and methods 

2.1. Raw materials 

The industrial BOF slag and carbon-containing stone coal were 
collected from two Chinese enterprises. The raw materials were crushed 
into powder with a particle size smaller than 150 μm (100 mesh) by 

planetary ball mill, then dried at 393 K in an oven overnight. The 
chemical compositions of BOF slag and stone coal were determined by X- 
ray fluorescence (XRF, model: XRF-1800, Shimadzu, Japan). The carbon 
content in stone coal was determined by a carbon-sulfur analyzer 
(model: EMIA-920V2, Horiba, Japan) before XRF analysis. X-ray 
diffraction (XRD, model: Rigaku TTR III, Japan) was employed to 
determine the mineralogic compositions of initial BOF slag and stone 
coal. The chemical and mineralogic composition results are summarized 
in Table S1, S2 and Fig. S1 respectively. It can be found that the BOF slag 
has high binary basicity (defined as the mass percentage ratio of CaO to 
SiO2, namely R = w(CaO)/w(SiO2)) of 3.06 and mainly consists of 
phosphorus-containing Ca14.92(PO4)2.35(SiO4)5.65 solid solution, RO (R 
= Mg, Mn, Fe) phase, and α-Ca2SiO4 phase. This result is consistent with 
the mineralogical study in our previous work (Lin et al., 2019). The 
mineralogical phases in stone coal are mainly quartz and carbon. 

2.2. Metal recovery 

The Gibbs free energies for reductions of different oxides (e.g., FeOx, 
Cr2O3, MnO, V2O5, TiO2, and P2O5) in BOF slag by carbon were calcu-
lated by FactSage software (Version 7.0, Montreal Canada and Aachen 
Germany) (Bale et al., 2002) to check the thermodynamic feasibility of 
reduction. The calculation results indicate that the FeOx, Cr2O3, MnO, 
V2O5, and P2O5 can be readily reduced by carbon, but TiO2 is reduced to 
titanium carbides at 1873 K. The theoretical carbon amount was defined 
as the mass required for completely reducing these oxides. In this case, 
the mass ratio of BOF slag to stone coal was 2.38/1. Typically, the ba-
sicity of raw material for preparing glass-ceramic is below 1.0 (Höland 
and Beall, 2019; Rawlings et al., 2006). Aiming to modify the final slag 
to its basicity below 1.0, the mass ratio of BOF slag to stone coal was 
controlled at levels less than 1.88/1. 

BOF slag was thoroughly mixed with stone coal and loaded into a 
graphite crucible. The crucible was then put in the constant temperature 
zone of a resistance furnace. 28.8 g sample was heated to the desired 
temperature with high purity argon (flow rate: 300 ml⋅min− 1) as a 
protective atmosphere. After melting, the samples were withdrawn from 
the furnace and quenched into cool water immediately. The slag was 
observed in a spongy state containing many metal droplets. The spongy 
state of slag reflects the foaming state of slag at high temperatures, 
which was attributed to the generation of gases during the reduction in 
melts. The metal droplets were large enough (more than 0.5 mm) to 
separate easily from slag by crushing. After metal-slag separation, the 
chemical composition of metal droplets was determined by chemical 
analysis and carbon-sulfur analyzer. The chemical compositions of the 
final slags were characterized by XRF. The viscosity of molten final slags 
was also calculated by the Viscosity model of FactSage (Bale et al., 
2002). XRD was employed to identify the amorphous final slag. The 
effects of temperature (1673 K-sample 1, 1773 K-sample 2, and 1873 K- 
sample 3), the mass ratio of BOF slag to stone coal (1.88/1-sample 3, 1/ 
1-sample 4, 2/3-sample 5, and 1/2-sample 6), and reduction time (1 h- 
sample 7, 2 h-sample 3, and 4 h-sample 8) on the reduction behavior 
were investigated. 

To further investigate the mechanism of reduction, the melting and 
reduction process of sample 4 in the argon atmosphere was in-situ 
observed by a high temperature stage microscope (model: OCA25- 
HTV1800, Dataphysics, Germany). The mixture was pressed into a cyl-
inder (hight: 10 mm, diameter: 10 mm), then placed on a graphite plate. 
The heating rate was set as 5 K⋅min− 1, and photos of sample melting 
were collected every three seconds. The morphologies of the sample and 
the contact angles between the sample and graphite substrate were 
examined at different temperatures. 

The dissolution behavior of stone coal and reduction in molten BOF 
slag was also investigated at 1873 K by immersing the stone coal cyl-
inder in molten BOF slag and observing the micrographs of samples at 
different reaction time. 1 g stone coal was pressed into a cylinder 
(height: 5 mm, diameter: 10 mm) and placed at the bottom of 20 g BOF 
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slag. The samples were put into graphite crucible, then loaded into a 
furnace at 1873 K. After holding at 1873 K for 5, 10, 15, and 30 min 
respectively, the samples were withdrawn from the furnace and cooled 
to room temperature in the air. Finally, the samples were cut by a dia-
mond saw at the height of 2–3 mm to the bottom of graphite crucible. 
The stone coal, slag, and metal droplets were examined by scanning 
electron microscopy equipped with energy dispersive spectroscopy 
(SEM-EDS, model: MLA 250, FEI, US). 

2.3. Preparation of glass-ceramic and characterization 

The amorphous final slag of samples 4 and 5 were employed as raw 
materials for preparing glass-ceramic. Several characteristic tempera-
tures of the parent glasses were firstly defined and obtained from the 
differential scanning calorimetry (DSC, model: STA449C, NETZSCH, 
Germany) curve, including glass transition temperature of parent glass, 
Tg; and peak temperature of crystallization, Tp. The powder parent 
glasses with particle size less than 74 μm (200 mesh) were then put into 
a special mold and pressed to a cuboid (30 × 5 × 5 mm) under the 
pressure of 20 MPa. Glass-ceramics were prepared by sintering in the air 
with respective thermal treatment regimes. Both the nucleation and 
crystallization time was set at 2 h, and the nucleation temperature was 
set at 1073 K. The effect of crystallization temperature (1183, 1233, 
1273, and 1323 K) on the properties, such as bending strength, linear 
shrinkage, and relative density of glass-ceramic were investigated. The 
bending strengths were determined by the three-point method using a 
universal testing machine (model: DSS-25 T, China). The span was fixed 
at 10 mm during testing. The length of samples before and after sintering 
was measured by Vernier caliper. The linear shrinkage of glass-ceramic 
was calculated using the following equation: η = (L1 − L2)/L1 × 100%, 
where L1 and L2 are the lengths of samples before and after sintering. 
Archimedes’ method was used to determine the relative density. The 
microstructure and crystallization phases of prepared glass-ceramic 
were detected by SEM-EDS and XRD, respectively. 

3. Results and discussion 

3.1. Metal recovery 

3.1.1. Effect of reduction temperature 
Fig. 1 shows the pictures and compositions of the metal droplets 

obtained at different temperatures. It can be found that the reaction 
temperature has a significant effect on the sizes of metal droplets. The 
size of metal droplets increased and the number of metal droplets 
decreased with increasing reaction temperature. During the reduction of 
BOF slag, the metal droplets undergo successive processes including 
nucleation, growth, coarsening, coalescence, and sedimentation. The 
viscosity of slag has crucial effects on the formation of metal droplets. 
The low viscosity of slag corresponds to the high mobility of components 
in slag, and therefore promotes the growth and coarsening of metal 
phase (Seshadri et al., 2005). The low slag viscosity is also beneficial to 
the coalescence of metal drops by promoting the collision of droplets 
(Iwamasa and Fruehan, 1996). According to the well-known Arrhenius 
equation, the logarithm of viscosity is proportional to the reciprocal of 
temperature (Seshadri et al., 2005). The viscosity simulation results in 
Table 1 display that the final slag viscosity decreases from 0.295 Pa⋅s at 
1673 K to 0.099 Pa⋅s at 1873 K. The decreased viscosity of slag at higher 
temperature promoted the growth and coalescence of metal droplets, 
and thereby increased the droplet size. Another influential factor for 
droplet size is the foaming behavior of slag. In this work, foaming slags 
were observed after quenching. The foaming of the present slag stems 
from the carbothermal reaction which is generally accompanied by 
evolutions of plenty of gases. The formation of foam slag was an obstacle 
to the coalescence of metal droplets. The foaming phenomenon of 
metallurgical slags has been investigated by Fruehan et al. (Ito and 
Fruehan, 1989; Jiang and Fruehan, 1991), who proposed a foaming 
index (Σ) to describe the foaming slag stability. The foaming index is 
correlated to the physical properties of slag through dimensional 
analysis: 

Σ = 5.7 × 102 ×
u
̅̅̅̅̅γρ√ (1)  

where Σ (s) represents the foaming index, u (Pa⋅s) represents the slag 
viscosity, γ (N⋅m− 1) represents the surface tension, and ρ (kg⋅m− 3) is the 
slag density. Eq. (1) displays that viscosity is the most important 
parameter for slag foaming. Thus, the increasing temperature would 
decrease the foaming index. The coalescence of metal droplets was 
subsequently promoted with the suppression of foaming. 

The chemical analysis results in Fig. 1 indicate that metal droplets 
were mainly composed of Fe, Mn, P, C, and V with the remaining 
components less than 3 wt%. It should be mentioned that the contents of 
Mn, P, Cr, Ti, V, and Si in the obtained metal droplets were detected by 

Fig. 1. The pictures and compositions of metal droplets obtained at different temperatures.  
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chemical analysis, and the contents of C and S were determined by the 
carbon-sulfur analyzer. The percentage of Fe defaulted to the residual of 
measurement results, namely ω (Fe) = 100% − Σ ω(i) with Σ ω(i) is the 
sum of measured element percentages. The content of vanadium in 
metal droplets was maintained at ~2 wt%, which was not sensitive to 
the reduction temperature. Due to the percentage of Mn and P increased 
with increasing reaction temperature, the percentage of Fe was conse-
quently decreased. Anyway, the iron content in metal droplets was 
higher than 70 wt%, making them recyclable for steelmaking. However, 
approximately 8 wt% P was detected in the metal droplets. P is one of 
the detrimental elements for most steels, which would deteriorate the 
mechanical properties. In the work of Morita et al. (2002), 2.65–13.30 
wt% P was also measured in the ferroalloys obtained by reduction. Such 
high P-containing metal droplets would increase the burden of 
dephosphorization during the steelmaking process. Fig. 1(a2) has the 
lowest P content, suggesting that appropriately decreasing the reduction 
temperature would decrease the P content of metal droplets. The 
transfer of P from slag to metallic iron can be suppressed by reducing the 
carbon addition (Liu et al., 2017). Besides, one option for upgrading the 
ferroalloy produced is oxidation refining by using K2CO3 or Na2CO3 flux 
(Morita et al., 2002). 

Table 1 summarizes the chemical compositions of final slag detected 
by XRF. The reduction ratio of various oxides in BOF slag was calculated 
by the following equation: 

η =
m0 - m1

m0
× 100% =

minitial ∗ w0 − mfinal ∗ w1

minitial ∗ w0
× 100%

≈
w0 - w1

w0
× 100% (2)  

where m0 is the mass of oxides in the initial mixture, which can be easily 
obtained by the mass of the initial mixture (minitial) and the mass per-
centage of oxides in the initial mixture (w0). m1 is the mass of oxides in 
the final slag that can be obtained in the similar way. w0 and w1 are 
determined by XRF. However, the experiments found that the mass of 
final slag cannot be accurately determined due to the adhesion of the 
final slag and graphite crucible. By assuming the mass of final slag is 
equal to that of initial mixture, the reduction ratio of various oxides can 
be approximately calculated by Eq. (1). Here, the reduction ratio of 
Fe2O3, MnO, P2O5, and Cr2O3 were calculated and shown in Fig. 2(a). It 

is found that the reduction ratio of Fe2O3 and P2O5 was less dependent 
on the reduction temperature, which was higher than 90 % and almost 
reached 100 % at 1873 K. By comparison, the increasing temperature 
has an obvious promotion on the reduction ratio of MnO, but slight on 
that of Cr2O3. It is worth noting that V2O5 can hardly be detected in the 
final slag, while the recovered metal droplets contained ~2 wt% V, 
demonstrating that the high reduction ratio of V2O5. Thus, the present 
route can be also efficiently employed for extracting V from stone coal. 

3.1.2. Effect of the mass ratio of BOF slag to stone coal 
The pictures and compositions of metal droplets obtained at different 

mass ratio of BOF slag to stone coal are displayed in Fig. 3. As can be 
seen, the metal droplet sizes decreased but the quantity increased with 
increasing stone coal addition. Plenty of metal droplets with a diameter 
of about 1 mm were separated in Fig. 3(d1). The main content of Mn and 
P in the metal droplets, except Fe, was decreased with increasing stone 
coal addition. In contrast, the V content was less affected by the mass 
ratio of BOF slag to stone coal, which increased slightly from 1.98 wt% 
to 2.04 wt% and fell back to 1.78 wt%. Fig. 2(b) shows the reduction 
ratio of various oxides calculated by Eq. (2). The reduction ratio of all 
oxides presents a decreasing trend, especially when the mass ratio of 
BOF slag to stone coal was less than 1.0. 

Both the declining reduction ratios and decreased droplet size indi-
cate that the reduction, growth, coarsening, and coalescence of metal 
droplets were deteriorated with increasing stone coal addition. Similar 
to the discussion on the influence of reduction temperature, it is mainly 
attributed to the increase of slag viscosity. As listed in Table 1, the final 
slag viscosity increases continuously with the stone coal addition. It is 
well-known that the slag viscosity increases with increasing SiO2 con-
tent because SiO2 is a network-forming oxide (Seshadri et al., 2005; Kim 
et al., 2013; Shu, 2009). Stone coal contains 62.02 wt% SiO2. Increasing 
the addition of stone coal would undoubtedly increase the SiO2 content 
in the final slag. The SiO2 content of final slag in Table 1 increased from 
34.39 wt% to 43.87 wt%. The corresponding binary basicity of the final 
slag decreased from 1.43 to 0.77. Thus, final slag with high viscosity 
condition was not conducive to the mass transfer of components and 
movement of droplets in melts, resulting in suppressing the reduction, 
coarsening, and coalescence of droplets. 

Table 1 
The chemical compositions of final slags (wt%).  

Sample CaO SiO2 MgO Al2O3 Fe2O3 BaO MnO P2O5 Cr2O3 TiO2 others Basicity Viscosity (Pa⋅s) 

1  45.97  34.96  5.85  5.71  0.71  1.51  2.14  0.07  0.02  1.27  1.79  1.315  0.295 
2  47.15  35.21  5.98  5.69  0.38  1.47  1.46  0.04  0.01  1.08  1.62  1.339  0.168 
3  49.24  34.39  6.05  6.25  0.20  1.60  0.48  0.03  0.01  0.42  1.33  1.431  0.099 
4  41.49  39.42  5.37  8.40  0.29  2.48  0.52  0.04  0.01  0.31  1.67  1.052  0.156 
5  38.03  40.82  4.56  10.16  0.59  3.37  0.58  0.05  0.02  0.35  1.47  0.932  0.205 
6  33.76  43.87  4.47  10.26  1.10  3.45  0.70  0.07  0.03  0.43  1.86  0.770  0.290  

Fig. 2. The reduction ratio of various oxides at (a) different temperature and (b) different mass ratio of BOF slag to stone coal.  

Y. Lin et al.                                                                                                                                                                                                                                      



Waste Management 135 (2021) 158–166

162

3.1.3. Effect of reduction time 
The influence of reduction time on the coalescence of metal droplets 

is presented in Fig. 4. Considerable small metal droplets were obtained 
when the reduction time was 1 h. The number of small metal droplets 
was significantly reduced by extending the reduction time to 2 h. The 
maximum size of metal droplets increased from ~ 8 to 14 mm with 
increasing reduction time from 1 to 4 h. It indicates that the prolonged 
reduction time was beneficial to the coalescence of metal droplets. 

3.2. Reduction mechanism of BOF slag and stone coal 

The melting and reduction behavior of sample 4 was in-situ observed 
by a hot-stage microscope. Fig. 5 shows the morphologies of the sample 
at different temperatures. It can be seen that the morphologies of the 
sample changed continuously as temperature increased. The sample 
maintained its original shape when the temperature was lower than 
1523 K and started to be soften at 1573 K. At about 1673 K, some pro-
tuberances appeared on the top of the sample, as shown by dotted circles 
in Fig. 5, which might be due to the gas released from reactions. The 
bubbles expanded rapidly, causing the deformation of the sample, but 
reset subsequently under the action of surface tension after the bubbles 
bursting. This phenomenon was repeatedly observed in the temperature 
range of 1673–1793 K. After that, the morphology of the sample 
changed slightly to the end of reduction. The contact angles between the 
sample and graphite substrate were obtained from the pictures and also 
shown in Fig. 5. It can be found that the contact angles between the 
sample and graphite plate decreased from 118.8◦ at 1623 K to 43.3◦ at 
1873 K. 

The morphology of the sample changed drastically in the tempera-
ture range of 1673–1793 K, indicating that the reduction occurred 
mainly within this temperature interval. Similarly, Jung et al. (2006) 
reported that more than 80 % FeO and P2O5 in BOF slag could be 
reduced at 1873 K by solid carbon within 20 min. Morita et al. (2002) 
found that the recovery ratio of iron reached 68 % within 7 min at a 
temperature higher than 1873 K using graphite powder as a reducing 
agent. Mayyas et al. (2019) revealed that the reduction between iron 
oxides and lignin biomass reached equilibrium within 10 min at a 
temperature above 1773 K. These results imply that metal oxides in BOF 
slag can be easily recovered by carbonaceous materials at high tem-
perature. In the present experiment, the heating rate was set as 5 
K⋅min− 1. It took about 24 min to heat up from 1673 to 1793 K, which 
suggests a short reduction time. Besides, it is interesting to observe that 
the contact angle between the sample and graphite decreased from 
118.8◦ at 1623 K to 43.3◦ at 1873 K. Typical metallurgical slags are non- 
wetting with graphite substrate (Sahajwalla et al., 2004). Therefore, the 
initial contact angle between the sample and graphite substrate was 
larger than 90◦. The contact angle between molten Fe-C alloy on sub-
strate graphite in an inert atmosphere is much smaller and is generally in 
a range of 37–51◦ (Humenik and Kingery, 1954). The small final contact 
angle between the sample and graphite substrate suggests that ferroal-
loys were generated and sedimented at the bottom of the sample, wet-
ting the graphite substrate. 

Fig. 6 shows the SEM micrographs of stone coal in molten BOF slag 
for different immersion time. As can be seen, the pelletized stone coal 
maintained its original morphology when the immersion time was 5 
min. Considerable metal droplets were generated at the interface 

Fig. 3. The pictures and compositions of metal droplets obtained at different mass ratio of BOF slag to stone coal.  

Fig. 4. The pictures of metal droplets obtained at different reduction time.  
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between stone coal and BOF slag. Further increasing the immersion 
time, the pelletized stone coal cannot be observed near the bottom of the 
crucible. However, a large number of metal droplets were generated at 
10 min, and the RO phase can be hardly found in BOF slag. The small 
metal droplets coalesced at 15 min, and the maximum diameter of the 

metal droplet finally reached 2 mm at 30 min. The main phases in the 
final sample immersed for 30 min were dicalcium silicate and metal 
droplets, without RO phases, indicating that the reduction has been 
nearly accomplished. 

Two possible reasons can be considered for the vanishing of stone 

Fig. 5. The morphologies of sample 4 at different temperatures.  

Fig. 6. The SEM images of stone coal in molten BOF slag at different immersion time.  
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coal in the micrographs of samples immersed for more than 5 min. The 
first reason is the dissolution of minerals in stone coal. The CaO content 
in the present BOF slag is as high as 49.07 wt%. The high basicity BOF 
slag would react easily with acidic silica, the main component of stone 
coal, to generate dicalcium silicate, promoting the rapid dissolution of 
stone coal. The second reason is the floatation of stone coal. The density 
of metal droplets, BOF slag, and stone coal are quite different. The 
density of BOF slag lies between 3.3 and 3.6 g⋅cm− 3 (Yi, et al., 2012), but 
few reports on the density of stone coal and ferroalloys. If we roughly 
assume the density of metal droplets is equivalent to that of iron (7.874 
g⋅cm− 3) (Jimbo and Cramb, 1993), and the density of stone coal is 
equivalent to that of silica (2.65 g⋅cm− 3) (Lager et al., 1982). Due to the 
density difference, the stone coal tended to move upward in molten BOF 
slag, while the metal droplets sedimented downward into large particles. 
Therefore, the pelletized stone coal cannot be observed near the bottom 
of the crucible. Instead, a large metal nugget was observed in the sample 
with an immersion time of 30 min. 

3.3. Preparation and properties of glass-ceramics 

The XRD patterns of final slags are shown in Fig. S2. Due to the poor 
slag-metal separation at low temperature, a small amount of silica and 
merwinite were detected in samples 1 (1673 K) and 2 (1773 K). The 
other final slags were in an amorphous state that was suitable for the 
preparation of glass-ceramic. In this work, the final slags of samples 4 (R 
= 1.052) and 5 (R = 0.932) were employed as raw materials for the 
preparation of glass-ceramics. Firstly, the characteristic temperatures of 
the final slag were measured by DSC, as plotted in Fig. S3. The Tg (1167 
K) and Tp (1228 K) can be extracted from the DSC curve of sample 4. 
However, no obvious crystallization peak was found in the DSC curve of 
sample 5, only Tg (1233 K) can be determined. This indicates that the 
crystallization ability of sample 5 is weaker than that of sample 4. 
Sample 5 has lower basicity of 0.932 compared with sample 4 (1.052). 
The low basicity of slag would increase the viscosity of slag, therefore 
suppressing the crystallization. 

Based on the DSC results, glass-ceramics were prepared by the sin-
tering method. The influence of sintering temperature on the properties 
of glass-ceramics was investigated. As summarized in Table 2, the den-
sity of the prepared glass-ceramics was in the range of 2.52–2.84 g⋅cm− 3. 
The linear shrinkage was decreased with increasing sintering tempera-
ture. The mechanical property of the prepared glass-ceramics reached 
the requirements of the Chinese national standard of glass-ceramic for 
building decoration (≥30 MPa) (Ministry Industry and Information 
Technology of the People’s Republic of China, 2019). Comparing to 
sample 5, the glass-ceramic produced from sample 4 has a lower density, 

linear shrinkage, and better bending strength, which could be associated 
with its stronger crystallization ability. The maximum bending strength 
of the glass-ceramic prepared from sample 4 was 95.83 MPa, while that 
of sample 5 was 75.45 MPa. 

The glass-ceramic properties are generally related to crystallization 
and microstructure (Rawlings et al., 2006). Fig. S4 shows the XRD pat-
terns of the prepared glass-ceramics. As for sample 4, the main crystal-
line phases of glass-ceramic sintered at 1183 K were akermanite, 
wollastonite, and calcium silicate. The precipitation of wollastonite was 
enhanced significantly as sintering temperature increased, whereas 
calcium silicate vanished at a temperature higher than 1183 K. Further 
increasing sintering temperature to 1323 K led to suppressing the crys-
tallization of wollastonite phase. It indicates that the optimal crystalli-
zation temperature of wollastonite should be located at 1273 K. In the 
case of sample 5, calcium silicate and diopside were the crystallized 
phases after sintering at 1183 K for 2 h. Similar to sample 4, the 
wollastonite content was also increased remarkably with increasing 
sintering temperature. These results indicate that wollastonite has a 
higher crystallization temperature in comparison with akermanite and 
diopside. Romero et al. (2001) draw the Time-Temperature- 
Transformation (TTT) diagrams of the diopside and wollastonite 
phase. The TTT curves indicate that the diopside phase has a lower onset 
crystallization temperature and a shorter crystallization time than the 
wollastonite phase. This work was consistent with the research result of 
Romero et al. (2001). 

A good correlation between the crystallization of wollastonite and 
bending strength can be found in the present glass-ceramics. As listed in 
Table 2, the bending strength of samples increased firstly and decreased 
subsequently with increasing sintering temperature, which was similar 
to the changing tendency of crystallization. The highest bending 
strength (95.83 MPa) was found in the glass-ceramic sintered at 1273 K, 
which had the maximum amount of wollastonite crystals. As for sample 
5, the highest bending strength was found in the sample sintered at 
1323 K. It can be inferred that the wollastonite phase was the main 
contributor to the mechanical properties of glass-ceramic. Wollastonite- 
based glass-ceramic is a common glass-ceramic, which is prepared from 
CaO-SiO2 based parent glass (Rawlings et al., 2006). For example, Yun 
et al. (2002) prepared β-wollastonite glass-ceramic by using automobile 
waste glass and shell. Karamanov and Pelino (2008) obtained a 
wollastonite glass-ceramic by sintering a 54% SiO2-42% CaO-2% Na2O- 
2% Al2O3 slag system. Table 1 shows that the final slag belongs to a CaO- 
SiO2-Al2O3-MgO system. Therefore, wollastonite-based glass-ceramics 
can be prepared. However, the mechanical properties of wollastonite- 
based glass-ceramics prepared from waste materials are quite 
different, e.g., the bending strength is in the range of 48–347.9 MPa 
(Rawlings et al., 2006; Yun, et al., 2002; Karamanov and Pelino, 2008). 
For this work, the bending strength of glass-ceramics was in the range of 
44.98–95.83 MPa, which could be applied in the fields of abrasion- 
resistant and building decoration materials (Rawlings et al., 2006; 
Yoon et al., 2013). 

In addition, the bending strength of glass-ceramic divided from 
sample 4 was better than that of sample 5. This may due to the better 
crystallization and less porosity. Fig. S5 displays the SEM images of the 
glass-ceramics with a maximum bending strength of 95.83 and 75.45 
MPa. A dense structure, fewer shrinkage cavities, and more wollastonite 
crystals can be found in the glass-ceramic prepared from sample 4 
comparing to sample 5. The metal phase was hardly observed in the SEM 
images indicating that the extremely low content in the final slags. 

4. Conclusions 

A valorization method of BOF slag by reducing with stone coal was 
proposed in this work. Ferroalloys were produced by reducing BOF slag 
with stone coal, and glass-ceramics were prepared by the final slag. The 
main conclusions could be summarized as follows: 

Table 2 
The properties of the prepared glass-ceramics.  

Conditions  Density 
(g⋅cm− 3) 

Linear 
shrinkage (%) 

Bending 
strength 
(MPa) 

Final slag of sample 
4 (R = 1.052) 

1183 
K/2h  

2.52  7.80  47.39  

1233 
K/2h  

2.59  7.07  65.22  

1273 
K/2h  

2.74  6.53  95.83  

1323 
K/2h  

2.77  7.23  64.64  

Final slag of sample 
5 (R = 0.932) 

1183 
K/2h  

2.83  11.78  48.18  

1233 
K/2h  

2.81  11.18  46.80  

1273 
K/2h  

2.84  10.35  44.98  

1323 
K/2h  

2.82  9.72  75.45  
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(1) The reduction ratio of various oxides and size of metal droplets 
were improved by increasing the reduction time, temperature, 
and decreasing the addition of stone coal.  

(2) The reduction reactions occurred mainly in the temperature 
range of 1673–1793 K.  

(3) Ferroalloys containing Fe (>73 wt%), 5–10 wt% Mn, 4–9 wt% P, 
and 1.7–2.0 wt% V were recovered from the mixtures of BOF slag 
and stone coal.  

(4) Wollastonite-based glass-ceramics were prepared from the iron- 
oxide-devoid final slag by the sintering method. The maximum 
bending strength of glass-ceramic, namely 95.83 MPa, was found 
in samples sintered at 1273 K, which was derived from the 
mixture of BOF slag and stone coal with a mass ratio of 1. A good 
correlation between the bending strength and crystallization of 
wollastonite was observed. 
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