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Abstract: The substitution of traditional blast furnaces with steel-belt furnaces for antimony smelting was proposed. 
The influence of various parameters on the oxidative volatilization of stibnite was studied according to the production 
practice of steel-belt furnaces. Furthermore, the kinetics of oxidative volatilization was elucidated using differential 
thermal gravimetric analyses and non-isothermal analysis methods. The results indicated that the oxygen concentration 
and the temperature were pivotal variables in the oxidative volatilization process. Notably, the volatilization efficiency 
of antimony was 97.25% under optimal conditions. Moreover, the kinetic control stages were divided into chemical 
reaction control (440−490 °C), internal diffusion control (500−550 °C), and chemical reaction control (560−580 °C). 
These stages corresponded to activation energies of 16.40−18.79, 120.86−195.96, and 24.00−28.31 kJ/mol, respectively. 
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1 Introduction 
 

Antimony is primarily used for the production 
of alloys, semiconductors, and battery materials 
[1,2]. Stibnite is the main raw material for antimony 
smelting. Currently, the dominant method for the 
extraction of antimony is oxidative volatilization in 
the blast furnace followed by reductive smelting in 
the reductive furnace [3]. 

However, the volatilization smelting of stibnite 
in a blast furnace necessitates the maintenance of 
high temperatures (exceeding 1200 °C) to facilitate 
the rapid volatilization of soot and ensure the 
unimpeded flow of slag [4]. Concurrently, specific 
quantities of calcium and iron compounds must be 
fed into the furnace to reduce the melting point of 
slag, thereby resulting in the massive production of 

waste slag [5]. Furthermore, industrial production 
demonstrates that non-volatile antimony matte and 
crude antimony tend to be generated in melting, 
which is the main reason for the low volatility of  
Sb [6]. Additionally, the energy required for the 
blast furnace predominantly derives from coke 
combustion, which liberates considerable volumes 
of CO2, thereby exacerbating environmental 
concerns [7]. In summary, the traditional process 
poses significant challenges in aligning with 
stringent global environmental standards, 
underscoring the imperative need for devising an 
environmentally benign alternative. 

In recent years, steel-belt furnaces have 
garnered increased interest owing to their simple 
structure, low energy consumption, and controllable 
atmosphere [8−10]. The energy for the steel-belt 
furnaces is electricity, thus the emission of CO2 can  
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be significantly reduced [11]. Notably, unlike in 
blast furnaces, the vertical flow of the material does 
not need to be considered for the production 
process in steel belt furnace since the belt furnace is 
placed horizontally (see Fig. 1). This means that 
calcium and iron oxides no longer need to be added 
to form slag during the production, thereby 
markedly diminishing the production of hazardous 
slag. However, documentation on the employment 
of steel-belt furnaces to treat stibnite is scant. This 
is because the material must be kept solid to prevent 
the slag bonding to the steel belt. Nevertheless, as 
mentioned above, the mainstream volatile roasting 
processes for stibnite are mostly carried out in the 
molten state, which is obviously unfeasible for 
steel-belt furnaces. Hence, how to decrease the 
volatile roasting temperature of stibnite seems to be 
a key point. 

The potential products during the volatile 
roasting of stibnite include Sb2S3, Sb2O3, Sb2O4, 
SbO2, and Sb, among which Sb2O4, SbO2, and Sb 
exhibit negligible vaporization at atmospheric 
pressure below 800 °C [12,13]. ZHOU et al [13] 
successfully demonstrated the efficient extraction of 
antimony sulfide from stibnite utilizing vacuum 
metallurgy techniques, revealing that the saturated 
vapor pressure of Sb2O3 is higher than Sb2S3 at the 
identical temperature. Therefore, promoting the 
generation of Sb2O3 by controlling some conditions 
in the roasting process is an effective approach for 
decreasing the temperature of volatile roasting. 
Moreover, ŽIIVKOVIĆ et al [14] found that the 
oxidation product of stibnite was easily volatile 
Sb2O3 at oxygen concentrations of 1 vol.% to 
5 vol.%. When at oxygen concentrations higher than 
5 vol.%, stibnite was oxidized to solid SbO2 that 

can decompose to Sb2O3 and O2 over 1150 °C. QIN 
et al [15] investigated the volatilization mechanism 
of stibnite in an inert atmosphere. The results 
showed that stibnite was volatilized as Sb2S3 below 
900 °C and then decomposed to antimony and 
sulfur above 900 °C. 

For the roasting kinetics of stibnite, PADILLA 
et al [16] suggested that the roasting product of 
stibnite was solid Sb2O3 in the temperature range of 
300−500 °C, the surface reaction is the controlled 
step, and the temperature and the pressure of 
oxygen significantly affected the oxidation rate of 
stibnite. Furthermore, stibnite can be oxidized to  
Sb, Sb2O3, and H2S by water steam, and the mass 
transfer step in the gas boundary layer controls the 
reaction [17]. Regrettably, studies focusing on the 
volatile roasting kinetics of stibnite remain sparse. 
Different from other sulfide ores, the roasting 
product of stibnite in the weak oxygen atmosphere 
is Sb2O3 with significant temperature-dependent 
volatility, so the kinetic control steps may vary at 
different temperatures. Consequently, elucidating 
the kinetic mechanism of oxidative volatilization of 
stibnite under variable conditions holds substantial 
scientific value. 

In this work, the effects of oxygen 
concentration, temperature, layer thickness, and ore 
particle size on the volatilization of stibnite were 
studied based on the actual production of steel-  
belt furnaces. Subsequently, the roasting kinetic  
of stibnite, with variations in particle size and 
temperature, was studied through thermo- 
gravimetric in conjunction with Coats−Redfern 
functions. These findings illuminate the regulatory 
effect of various parameters on the volatilization 
rate of Sb and disclose the kinetic mechanism of  

 

 
Fig. 1 Schematic diagram for volatile roasting of stibnite in steel-belt furnace (a) and in blast furnace (b) 
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the oxidative volatilization process. The outcome of 
this investigation offers invaluable guidance for the 
environmentally conscientious roasting of stibnite. 
 
2 Experimental 
 
2.1 Materials 

The stibnite used in this study was obtained 
from Hunan Chenzhou Mining Group, China. The 
chemical and phase composition are shown in 
Table 1 and Fig. 2, respectively. The results suggest 
that the main elements in stibnite are Sb 
(29.2 wt.%), S (28.59 wt.%), As (0.94 wt.%), Fe 
(10.59 wt.%), and Si (12.99 wt.%). The main 
phases in stibnite are Sb2S3, FeS2, and SiO2. In 
addition, the purity of both nitrogen and oxygen 
used during the experiment was higher than 
99.99 vol.%. 
 
Table 1 Chemical composition of raw materials (wt.%) 

Sb S As Fe Si O 

29.20 28.59 0.94 10.59 12.99 14.68 

Al Zn Pb Ca Others 

1.93 0.49 0.30 0.21 0.08 

 

 
Fig. 2 XRD pattern of stibnite 
 
2.2 Method 
2.2.1 Oxidized volatile roasting process 

In the roasting experiments, 5 g of stibnite  
was loaded into an alumina crucible and spread   
to a given thickness (measured by a steel ruler). 
Subsequently, the crucible was pushed into the 
constant temperature zone of the tube furnace (see 
Fig. 3). After exhausting the air by nitrogen−oxygen 
gas mixture (1 L/min for 10 min), the heating 
system was switched on according to a pre-set 

procedure, and the heating rate was 7 °C/min.   
The mixture gas of nitrogen and oxygen was 
continuously fluxed during the reaction. After the 
required roasting time, the crucible was taken   
out and quickly quenched in liquid nitrogen and 
weighed. The volatiles were collected in the glass 
bottle and the ends of the furnace tube. 
 

 
Fig. 3 Schematic diagram of experimental apparatus 
 

X-ray diffractometer (XRD, D/max 2550PC, 
Rigaku Ltd; Japan) was applied to determining the 
phase composition in roasting slag and volatiles. 
The data were collected in the 2θ of 10°−80° with 
the scan rate of 10 (°)/min. ICP-AES (ICP-AES, 
Perkin Elmer, Optima 3000; Norwalk, USA) was 
employed to detect the content of Sb in the roasting 
slag. The volatilization efficiency of Sb (η) was 
calculated based on Eq. (1): 
 

1 Sb

0 Sb
1 100%m w

m w
η

′ 
= − × 
 

                   (1) 

 
where m0 and m1 are the mass (g) of the raw ore and 
roasting slag, respectively, and wSb and w′Sb are the 
mass fraction of Sb in the raw ore and roasting slag, 
respectively. 
2.2.2 Kinetics of oxidative volatilization roasting 

In kinetic experiments, a small amount of 
stibnite was analyzed using TG-DSC (Universal 
V4.0C TA instrument with SDT Q600 V8.0 Build 
95) at a heating rate of 7 °C/min and the N2 and O2 
mixture gas (oxygen concentration 1 vol.%) flow of 
100 mL/min from 25 to 900 °C. Afterward, the 
TG-DSC data were taken into specific equations  
to obtain kinetic parameters. For verifying the 
calculated results, X-ray diffractometer (XRD, 
D/max 2550PC, Rigaku Ltd; Japan) was applied to 
determining the phase composition of the roasting 
slag. The data were collected in the 2θ of 10°−80° 
with the scan rate of 10 (°)/min. The microscopic 
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features and elemental distribution of the roasting 
slag were characterized by a scanning electron 
microscope and energy spectrometer (SEM−EDS, 
LEO 1450, Carl Zeiss, Germany; EDS, INCA Wave 
8570, Oxford Instruments, UK). 

In this study, the Coats−Redfern method was 
adopted to carry out the kinetic analysis, and its 
function is expressed as [18,19] 
 

2
( ) 2ln ln 1F x AR RT E

T βE E RT
  = − −    

          (2) 

 
where R is the gas molar constant, β is the rate of 
temperature rise, E is the activation energy, F(x)  
is the reaction mechanism function, T is the 
temperature, x is the oxidation ratio at different 
temperatures, and A is the frequency factor [20]. 

In most cases, the activation energy (E) is very 

large, so the variable amount of 
2ln 1AR RT

βE E
  −    

 

is very small [21]. For a given reaction, the 
relationship between ln[F(x)/T2] and 1/T can be 
obtained by calculation, and the values of E and A 

can be calculated from the slope and intercept of the 
fitted line. 

As for the reaction mechanism function (F(x)), 
the experimental phenomenon revealed that the slag 
is solid after roasting, so the unreacted shrink 
nucleus model of gas−solid reaction can be applied, 
and the kinetics equations of different control steps 
are given in Table 2. 
 
Table 2 Kinetics equations of shrinking core model at 
different control steps [22] 
Function Kinetic equation Control step 

F1(x) 1−(1−x)1/3=k1t Chemical reaction control 
F2(x) 1−(1−x)2/3=k2t External diffusion control 
F3(x) 1−2x/3−(1−x)2/3=k3t Internal diffusion control 

t (min) is the reaction time, and k is the reaction rate constant 
 
3 Results and discussion 
 
3.1 Thermodynamic calculation 

The thermodynamic diagram of the Sb−S−O 
system at different temperatures is shown in Fig. 4. 
The red lines in Fig. 4 are 101.325 kPa isobar. 

 

 
Fig. 4 Thermodynamic diagrams of Sb−S−O system at different temperatures: (a) 400 °C; (b) 600 °C; (c) 800 °C;     
(d) 1000 °C 
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The results show that as the oxygen potential 
increases at 400 °C, the stabilization products   
are Sb2S3(s), Sb2O3(s), Sb2O4(s), and Sb2O5(s) 
sequentially at 101.325 kPa. When the temperature 
is increased to 600 °C, Sb2O4(s) is converted to 
SbO2(s), and the conversion sequence of materials 
with oxygen concentration at this temperature 
(101.325 kPa) is similar to that at 400 °C. It is 
worth noting that Sb2O4(s), SbO2(s), and Sb2O5(s) 
are difficult to volatilize, so a proper oxygen 
concentration should be controlled to avoid their 
generation [23,24]. Besides, above 800 °C, Sb2O5(s) 
is difficult to generate at 101.325 kPa, and the 
phase transformation path with increasing oxygen 
concentration is (101.325 kPa) Sb2S3(s), Sb2O3(s), 
SbO2(s). Figure 4 also indicates that Sb2(SO4)3(s) is 
not able to be formed in the temperature range of 
400−1000 °C at 101.325 kPa. 

Furthermore, as shown in Fig. 4, the stability 
zone of Sb2O3 shifts to the right with increasing 
temperature, which means that raising temperature 
can increase the oxygen partial pressure for      
the oxidative volatilization roasting of antimony  
sulfide, which is beneficial for controlling oxygen 
concentration in industrial. 
 
3.2 Oxidative volatilization of stibnite 

The roasting atmosphere, temperature, layer 
thickness, roasting time (controlled by the moving 

rate of the belt), material particle size, and gas  
flow rate are crucial for steel-belt furnaces [11]. 
Therefore, the effect of these factors on the 
oxidative volatilization was investigated. 
3.2.1 Effect of oxygen concentration 

The effect of oxygen concentration on the 
volatilization efficiency of Sb was studied at the 
roasting temperature of 800 °C, the layer thickness 
of 2 mm, the roasting time of 75 min, the material 
size of 96−150 μm, and the mixture gas flow rate of 
1000 mL/min. The results (Fig. 5(a)) show that the 
volatilization efficiency of Sb decreased with the 
increasing oxygen concentration. The volatilization 
efficiency of Sb was above 95% below 5 vol.%. 
However, the volatilization efficiency of Sb 
decreased significantly above 7 vol.% oxygen and 
dropped to 86.99% at 9 vol.% oxygen. 

The XRD patterns of the roasting slag are 
shown in Fig. 6. The results indicate that the main 
phases in the roasting slag are SiO2 and Fe2O3 

below 5 vol.%. The peaks of Sb2O4 and FeSbO4 

(tripuhyite) [25] were detected at 7 vol.%. Moreover, 
as the oxygen concentration rises, the peak intensity 
of FeSbO4 was significantly enhanced, but the peak 
intensity of Fe2O3 and Sb2O4 was reduced. This 
means that the increase in oxygen concentration 
promotes the reaction between Sb2O4 and Fe2O3 to 
form FeSbO4 (Reaction (3)) [23]. Overall, the oxygen 
concentration for oxidative volatilization of stibnite  

 

 
Fig. 5 Effect of different parameters on volatilization efficiency of Sb: (a) Oxygen concentration; (b) Temperature;    
(c) Material layer thickness; (d) Particle size; (e) Roasting time; (f) Mixed gas flow rate 
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Fig. 6 XRD patterns of roasting slag at different oxygen 
concentrations 
 
should be below 5 vol.%.  
2Sb2O4+2Fe2O3+O2=4FeSbO4                        (3)  
3.2.2 Effect of temperature 

The relationship between roasting temperature 
and volatilization efficiency of Sb is shown in 
Fig. 5(b). Other conditions were the oxygen 
concentration of 1vol.%, the layer thickness of 
2 mm, the material particle size of 96−150 μm, the 
roasting time of 75 min, and the mixed gas flow 
rate of 1000 mL/min. 

The results indicate that the volatilization 
efficiency of Sb increases with the rise of roasting 
temperature. The volatilization efficiency of Sb at 
700 and 800 °C were 67.85% and 97.25% 
respectively. This is because the vapor of the 
generated Sb2O3 is low at 700 °C, which hindered 
the oxidation of Sb2S3 [13]. When the temperature 
reached 800 °C, the oxidation rate of Sb2S3 was 
accelerated, and the vapor pressure of Sb2O3 
increased significantly, so the volatilization rate of 
Sb was increased. Above 800 °C, increasing the 
temperature results in a slight change in the 
volatilization efficiency of Sb, but the increased 
temperature means high energy consumption. Thus, 
the roasting temperature is determined to be 800 °C. 
3.2.3 Effect of material layer thickness 

The material layer thickness is an essential 
factor for steel-belt furnaces, which greatly 
determines the mass transfer, heat transfer, and 
production capacity. Thus, the effect of material 
layer thickness on the roasting process was 
investigated at 800 °C, and other parameters are the 

same in previous experiments. 
The results (Fig. 5(c)) suggest that the 

volatilization efficiency of Sb decreased sharply 
with the increase of the layer thickness. The 
volatilization efficiency of Sb was 97.23% and 
78.66% at 2 and 10 mm, which can be explained in 
two ways. First, the increase in layer thickness 
would lead to insufficient contact between the 
bottom stibnite and the mixed gas, which is 
unfavorable to the conversion of Sb2S3 to Sb2O3. 
Second, the excessive layer thickness hindered the 
volatilization of Sb2O3 produced at the bottom. 
Thus, the thickness of the layer is found to be 
2 mm. 
3.2.4 Effect of particle size 

Figure 5(d) shows the effect of stibnite particle 
size on the volatilization efficiency of Sb. Other 
conditions were the oxygen concentration of 
1 vol.%, the roasting temperature of 800 °C, the 
layer thickness of 2 mm, the roasting time of 
75 min, and the mixture gas flow rate of 
1000 mL/min. 

The results demonstrate that the volatilization 
efficiency of Sb increased with the reduction of 
particle size in the range of 150−830 μm. When the 
material particle size was smaller than 150 μm, the 
volatilization efficiency of Sb increased little with 
the decrease in particle size. The finer particle  
size of Sb2S3 corresponds to a lower ignition 
temperature, so it is conducive to the oxidative 
volatilization of stibnite [5]. Moreover, the small 
particle size means large reaction area, which can 
also promote the oxidative evaporation of stibnite. 
Besides, the large material size tends to cause the 
encapsulation of unreacted nuclei by gangue and 
prevent the oxidative evaporation of stibnite (see 
Fig. S1 in Supplementary Information (SI)). The 
volatilization efficiency of Sb was 97.25% at the 
particle size of 96−150 μm, and the improvement of 
the volatilization efficiency of Sb was no longer 
obvious when the particle size was smaller than 
96 μm. Hence, considering the cost of grinding, the 
optimal range of particle sizes is 96−150 μm. 
3.2.5 Effect of roasting time 

The control of holding time in the steel-belt 
furnaces can be performed by adjusting the moving 
rate of the steel-belt. Roasting time is a critical 
factor for the yield of steel-belt furnaces. 

The effect of roasting time on the volatilization 
efficiency of Sb was investigated at the oxygen 
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concentration of 1 vol.%, the roasting temperature 
of 800 °C, the material layer thickness of 2 mm,  
the material size of 96 to150 μm, and the mixture 
gas flow rate of 1000 mL/min, and the results are 
presented in Fig. 5(e). 

Figure 5(e) indicates that prolonging the 
roasting time is beneficial to the oxidative 
volatilization of stibnite. The volatilization 
efficiency of Sb increased from 87.66% to 97.24% 
when the roasting time was extended from 30    
to 90 min. However, the improvement in the 
volatilization efficiency of Sb by extending the 
holding time was no longer significant beyond 
75 min. This may result from the little generation  
of antimonate and metallic antimony [26]. 
Considering the production efficiency and energy 
consumption, the optimal holding time is 75 min. 
3.2.6 Effect of mixed gas flow rate 

The effect of mixed gas flow rate on the 
volatilization efficiency of Sb was investigated 
based on other optimized parameters, as shown in 
Fig. 5(f). 

The results suggest that the effect of mixed gas 
flow rate on the volatilization efficiency of Sb is 
insignificant. The volatilization efficiency of Sb 
was above 96% in the range of 1000−3500 mL/min 
and fluctuated with the variations of gas flow rate. 
Considering the gas mixture consumption and the 
heat loss in the roasting process, the gas flow rate 
was selected to be 1000 mL/min. 

The optimized parameters for volatilization 
roasting of stibnite are shown in Table 3. The 
volatilization efficiency of Sb at the optimized 
process conditions was 97.25%. Compared to the 
volatile roasting in the blast furnace, the 
temperature of this novel process is lowered by 
about 400 °C [4]. And this novel process does not 
need auxiliary materials such as coke, iron oxide, 
and calcium oxide, so the mass of the roasting slag 
can be drastically reduced. Moreover, the roasting 
process can take full advantage of the combustion 
characteristics of the sulfide ore due to the selected 
thin material layer (2 mm), which will significantly 
reduce the energy consumption of the roasting 
process [27]. Furthermore, clean electricity can be 

used as an energy supplement for the roasting 
process to reduce CO2 emissions significantly. 
 
3.3 Characterization of roasting products 

Table 4 shows that the elements in the roasting 
slag are Si (28.74 wt.%), Fe (19.20 wt.%), Al (3.94 
wt.%), and Sb (1.87 wt.%). The XRD patterns of 
the products under the optimized conditions are 
shown in Fig. 7. The result reveals that the main 
phases in the roasting slag are SiO2 and Fe2O3. The 
antimony compounds were not detected in the slag, 
indicating that the volatilization of Sb was complete 
at optimal conditions. At the same time, the phases 
in the volatiles were identified as Sb2O3 and 
AsSbO3. Moreover, as shown in Fig. 7, the roasting 
slag remained loose and solid after roasting, which 
satisfied the production requirements of the 
steel-belt furnace. 

 
3.4 Kinetics of oxidative volatilization 
3.4.1 Analysis of TG-DSC curve 

The thermogravimetric behavior of stibnite 
with different grain sizes was studied at the oxygen 
concentration of 1 vol.%, as shown in Fig. 8. 

In Fig. 8, three exothermic peaks were 
detected in the temperature ranges of 490−530 °C, 
530−540 °C, and 560−580 °C. The roasting slag of 
stibnite (75−96 μm) was analyzed by XRD from 
440 to 580 °C to clarify the chemical reactions for 
each peak, and the results are shown in Fig. 9. The 
diffraction peaks of Sb2S3 and FeS2 were clearly 
present at 440 °C, which indicates that the stibnite 
is almost unreacted at 440 °C. Then, the peak of 
Sb2O3 was detected at 480 °C and further enhanced 
at 520 °C. At the same time, the peak intensity of 
Sb2S3 was reduced. Furthermore, the peak intensity 
of FeS2 is constant from 440 to 520 °C. Based on 
the above analysis, an obvious conclusion is that  
the main reaction between 440 and 520 °C is the 
oxidation of Sb2S3, which corresponds to the   
first exothermic peak on the DSC curve. Then,   
the diffraction peak of FeS2 vanished, and the peak 
of Fe2O3 was detected at 560 °C, which indicated 
that FeS2 was oxidized to Fe2O3 from 520 to 560 °C. 
This corresponds to the second exothermic peak on 

 
Table 3 Optimal parameters of roasting process 

Oxygen  
concentration/vol.% 

Temperature/°C 
Layer  

thickness/mm 
Time/min 

Particle 
size/μm 

Flow rate/ 
(mL·min−1) 

≤5 800 2 75 ≤96  1000 
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Table 4 Chemical composition of roasting slag (wt.%) 

Si Fe Al Sb As O 

28.74 19.20 3.94 1.87 0.036 45.56 

 

 

Fig. 7 XRD patterns of roasting slag and volatilization 
products under optimized conditions 
 

 
Fig. 8 TG-DSC curves of stibnite with different particle 
sizes 
 
the DSC curve. Figure 9 also demonstrates that part 
of Sb2S3 is still present at 560 °C, and it would be 
oxidized at a higher temperature, corresponding to 
the third exothermic peak of the DSC curve. 
Besides, Fig. 8 also shows that the slopes of the TG 
and DSC curves at 900 °C are still negative, which 
indicates that there is a slow mass loss process that 
is heat-absorbing in the system. This corresponds to 
the volatilization of residual Sb2O3. 

Similarly, three mass loss was observed on TG 
curves in the temperature ranges of 80−490 °C, 
490−580 °C, and 580−900 °C. The mass loss 
occurred mainly at 490−580 °C, accounting for 
more than 80% of the total mass loss. Considering 
the DSC results, it can be inferred that the     
three mass loss processes corresponded to the 
evaporation of water in the raw material, the 
oxidation reaction of Sb2S3 and FeS2, and the 

volatilization of Sb2O3, respectively. 
The reaction ratio and reaction rate versus 

temperature can be calculated [22], and the results 
are shown in Fig. 10. 
 

 
Fig. 9 XRD patterns of roasting slag at different roasting 
temperatures 
 

 
Fig. 10 Reaction ratio (a) and reaction rate (b) at 
different temperatures 
 

As shown in Fig. 10(a), the oxidation of 
stibnite started at 400 °C and mainly occurred at 
440−580 °C. Figure 10(b) also indicates that the 
oxidation reaction mainly occurred at 440−580 °C. 
With the ascent of temperature, the reaction rate 
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exhibited a progressive acceleration followed by a 
subsequent deceleration. The oxidization rate of 
minute stibnite significantly surpassed that of    
its larger counterpart at a specific temperature. 
Significantly, the curve of reaction rate vs 
temperature shows a clear inflection point around 
540 °C, which implies that the kinetic step may   
be transformed at 540 °C [28]. Based on the  
above analysis, 440−580 °C was adopted as the 
temperature interval for the kinetic study. 
3.4.2 Division of reaction stages 

F(x) for different control steps was obtained 
based on the reaction ratio. Then, F(x) was taken 
into the Coats−Redfern model to get a curve of 
ln[F(x)/T 

2] versus 1/T. Finally, the linear fitting of 
ln[F(x)/T 2] to 1/T was performed, and the fitting 
results with different particle sizes are plotted in 
Fig. 11. 

In Fig. 11, two distinct inflection points were 
observed at about 1/T=12× 10−4 and 13× 10−4 K−1. 
Next, the temperatures corresponding to these two 
inflection points were calculated as 490 and 550 °C 
based on the raw data. This implies that the kinetic 
control steps may vary across different temperature 
ranges. Therefore, the reaction process can be 

divided into three stages based on two inflection 
points. In addition, in order to eliminate the impact 
of the transition of the kinetic control step on the 
experimental results, the reaction was divided into 
three stages: the first stage (440−490 °C), the 
second stage (500−550 °C), and the third stage 
(560−580 °C). 

The fitting results of ln[F(x)/T 
2] and 1/T for 

the three stages are listed in Table 5. where Ea is  
the activation energy of the reaction, A is the 
preexponential factor, and R2 is the linear correlation 
coefficient. It is found that the correlation is great 
after linear treatment, which further proves the 
rationalization of the reaction division. 

SEM−EDS analyses of the roasting slag 
(Obtained from the roasting process in a tube 
furnace) at 470, 530, and 570 °C were performed to 
visualize the kinetic transition process, and the 
results are shown in Fig. 12. The results reveal that 
the roasting products can be divided into two types, 
corresponding to the bright white and the gray areas 
in Fig. 12. Based on the EDS surface scanning 
results, the phases in the bright white and the   
gray areas were identified as antimony sulfide and 
antimony oxide, respectively. 

 

 
Fig. 11 Linear fitting results of ln[F(x)/T 

2] vs 1/T at different control steps with different particle sizes:         
(a1−a3) 96−150 μm; (b1−b3) 75−96 μm; (c1−c3) ≤75 μm 
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Table 5 Kinetic parameters of oxidation process of stibnite 

Particle 
size/μm 

Kinetic 
function 

The first stage  The second stage  The third stage 

Ea/(kJ·mol−1) A σ2  Ea/(kJ·mol−1) A σ2  Ea/(kJ·mol−1) A σ2 

96−150 

F1(x) 16.46 0.000523 0.933  86.51 46.38 0.976  28.31 0.00621 0.968 

F2(x) 152.75 9781.46 0.978  256.63 3551700.89 0.989  126.3 1564.2 0.973 

F3(x) 70.15 2.4 0.974  120.86 14914.6 0.988  54.99 0.67 0.967 

75−96 

F1(x) 16.48 0.000523 0.932  86.51 46.38 0.976  28.31 0.00621 0.97 

F2(x) 45.11 0.00104 0.965  180.92 5808945.18 0.982  71.26 0.411 0.985 

F3(x) 44.82 0.000995 0.963  182.93 7949929.41 0.98  67.69 0.237 0.981 

≤75 

F1(x) 18.79 0.000663 0.872  93.538 174.32 0.989  24 0.0041 0.964 

F2(x) 47.31 0.000412 0.912  235.14 25662566.2 0.962  88.43 0.0833 0.963 

F3(x) 49.39 0.00246 0.924  195.96 89639094.2 0.99  58.84 0.0841 0.978 
σ2 is the variance 
 

 
Fig. 12 SEM-EDS results of roasting slag of stibnite (75−96 μm) at different roasting temperatures: (a) 470 °C;      
(b) 520 °C; (c) 570 °C 
 

The gas flow rate during the thermo- 
gravimetric experimental test was substantial, 
thereby negating external diffusion as the 
controlling step for the reaction. Figure 12(a) 
indicates that the main composition of the roasting 
slag was unreacted stibnite at 470 °C, and only a 
thin layer of antimony oxide was generated on the 
surface of stibnite. Therefore, at this temperature, 
O2 and SO2 could easily pass through the product 
layer. Furthermore, Fig. 10(b) suggests that the 

oxidation rate of stibnite was slow at 440−490 °C, 
and there is no obvious exothermic peak in the DSC 
curve. Thus, the roasting process was controlled by 
the chemical reaction at this stage. 

When the temperature increased to 500− 
550 °C, an obvious mass loss and an exothermic 
peak were observed on the TG-DSC curve (Fig. 8). 
At the same time, the reaction rate (Fig. 10(b))  
rose significantly in the temperature range of 
500−550 °C, which resulted in the massive 
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generation of Sb2O3. However, the volatility of 
Sb2O3 was poor in this temperature range, so the 
unreacted stibnite was encapsulated by the product 
(see Fig. 12(b)), which retarded the mass transfer of 
O2 and SO2, so the control step of the reaction was 
converted from chemical reaction control to internal 
diffusion control. 

Within the temperature range from 560 to 
580 °C, an obvious exothermic peak appeared on 
the DSC curve. Meanwhile, Fig. 12(c) shows that 
the particle size of stibnite decreased obviously, and 
the oxide layer on the surface of stibnite became 
loose and crushed. This is due to the gradual 
volatilization of the roasting products with 
increasing temperature and time. Furthermore, the 
increased temperature promoted the combustion of 
antimony sulfide, which led to a sharp rise in 
temperature at the reaction interface. Thus, the 
volatilization rate of the oxidation products on the 
surface of stibnite was dramatically accelerated. As 
the evaporation of the oxidation product, the wrap 
of the reaction product to unreacted nuclei was 
unpacked over 560 °C, which converted the 
reaction control step from internal diffusion control 
to chemical reaction control. By means of the above 
studies, the kinetic parameters at different stages 
can be further extracted from Table 5, and the 
results are shown in Table 6. 

In order to further substantiate the reliability of 
the aforementioned conjecture, the conventional 

shrinkage-core model has undergone optimization 
(see Eqs. (S5) and (S9) in SI). Subsequently, the 
conclusions of the kinetic study were further 
verified by substituting the data in Table 6 into the 
optimized equation (see Fig. S2 and Table S1 in SI). 
Finally, based on the refined equation, the kinetic 
equations for antimony ore with varying particle 
sizes were derived as a function of temperature, as 
depicted in Table 7. 

 
4 Conclusions 
 

(1) At the oxygen concentration below 5 vol.%, 
temperature of 800 °C, holding time of 75 min, 
material layer thickness of 2 mm, the mixed gas 
flow rate of 1000 mL/min, and material particle  
size of 96−150 μm, the volatilization efficiency   
of Sb was 97.25%. Oxygen concentration and 
temperature exert a crucial effect on the 
volatilization efficiency of Sb. Excessive oxygen 
concentration (above 5 vol.%) would lead to the 
generation of Sb2O4 and FeSbO4. 

(2) The oxidation of stibnite mainly occurs at 
440−580 °C. The kinetic control steps of the 
volatile roasting process can be divided into 
chemical reaction control stage (440−490 °C), 
internal diffusion control stage (500−550 °C), and 
chemical reaction control stage (560−580 °C). The 
activation energies of these stages are 16.40−18.79, 
120.86−195.96, and 24.00−28.31 kJ/mol, respectively. 

 
Table 6 Activation energy and frequency factors at different stages 

Particle size/ 
μm 

The first stage  The second stage  The third stage 

Ea1/(kJ·mol−1) A  Ea2/(kJ·mol−1) A  Ea3/(kJ·mol−1) A 

96−150 16.46 0.000523  120.86 14914.60  28.31 0.00621 

75−96 16.48 0.000523  182.93 7949929.41  28.31 0.00621 

≤75 18.79 0.000663  195.96 89639094.20  24.00 0.00410 

 
Table 7 Summary of kinetic equations under optimization functions 
Particle size/ 

μm 
Chemical reaction 

control (440−490 °C) 
Internal diffusion 

control (500−550 °C) 
Chemical reaction 

control (560−580 °C) 

96−150 1−(1−x)1/3 

=0.038exp{−Ea1/[R(T0+βt)]}·t 
1−2/3x−(1−x)2/3 

=0.057exp{−Ea2/[R(T0+βt)]}·t 
1−(1−x)1/3 

=1.17exp{−Ea3/[R(T0+βt)]}·t 

75−96 1−(1−x)1/3 

=0.043exp{−Ea1/[R(T0+βt)]}·t 
1−2/3x−(1−x)2/3 

=0.084exp{−Ea2/[R(T0+βt)]}·t 
1−(1−x)1/3 

=0.755exp{−Ea3/[R(T0+βt)]}·t 

≤75 1−(1−x)1/3 

=0.053exp{−Ea1/[R(T0+βt)]}·t 
1−2/3x−(1−x)2/3 

=0.146exp{−Ea2/[R(T0+βt)]}·t 
1−(1−x)1/3 

=1.19exp{−Ea3/[R(T0+βt)]}·t 
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摘  要：采用钢带炉取代传统锑冶炼鼓风炉。根据钢带焙烧炉实际工况研究不同因素对辉锑矿氧化挥发焙烧

的影响。此外，通过差热−热重实验和非等温分析法研究氧化挥发动力学。结果表明，氧气浓度和温度是氧化

挥发的关键参数。在优化条件下锑的挥发率为 97.25%。动力学控制步骤可分为三个阶段：化学反应控制

(440~490 ℃)、内扩散控制(500~550 ℃)和化学反应控制(560~580 ℃)，对应的活化能分别为 16.40~18.79 kJ/mol、

120.86~195.96 kJ/mol 和 24.00~28.31 kJ/mol。 

关键词：辉锑矿；氧化焙烧；挥发焙烧；动力学；Coats−Redfern 方程 
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