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Abstract 

Feeding Waste Printed Circuit Boards (WPCBs) into existing pyrometallurgical processes is 

developing as an easy-to-adapt and efficient way to recycle them. To fulfill sustainability and 

circular economy targets, kinetics and distributions are the key factors when recovering metals 

and trace elements from WPCBs. We investigated the reaction mechanisms and distribution 

behavior of impurity elements Sb, As and Bi between copper matte and slag at a typical 

smelting temperature of 1300 °C both in air and argon atmospheres. Laboratory-scale heat-

quench experiments indicated that vaporization can effectively eliminate arsenic in the matte 

phase, but not antimony or bismuth either in air or in an argon atmosphere. Sufficient contact 

time between the gas and matte phase is also needed to transfer the trace elements into gas and 

slag. In this work, kinetic data and distribution ratios of these impurity elements in the matte 

and slag phase were calculated. They can be used in process development for WPCB recycling 

and, equally, when using complex copper concentrates with high As, Sb, and Bi contents. The 

results also complement CFD models to simulate flash smelting processes more precisely. 
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1. Introduction 

Increasing environmental and community pressures in recent years for the responsible 

processing of end-of-life (EoL) Waste Electrical and Electronic Equipment (WEEE) has caused 

rapid development of technology to fine processes. The United Nations University (UNU) 

reported that the world’s generation of e-waste was around 44.7 million metric tons in 2016 

and is expected to reach 52.2 million metric tons by 2021 (Baldé et al. 2017, Ilankoon et al. 

2018). Waste Printed Circuit Boards (WPCBs) are one of the main components of WEEE which 

accounts for 40% of total metal recovery value (Golev and Corder 2017). WPCBs contain high 

portions of key resources, especially precious metals (Puca et al. 2017, Holgersson et al. 2018), 

and due to the economic benefits, they have nowadays become an important part of urban 

minerals (He and Duan 2017). 

In recent years, WPCB recycling has become a focus area and numerous theoretical and 

practical studies are investigating: pyrolysis, electrochemical processes, bio-hydrometallurgy, 

and supercritical fluid technology have been reported (Karwowska et al. 2014, Fogarasi et al. 

2015, Guo, Liu et al. 2015, Xiu et al. 2015, Wang et al. 2017). Among these, pyrometallurgical 

processing is a traditional recycling method for WPCBs. Pyrometallurgical processes have long 

played a major role in the production of metals from primary sources and, considering the high 

copper content (20 %) in WPCBs (Sum 1991), they are treated as a potential secondary source 

in the copper smelting processes. Today, copper smelting is the predominant route for WPCBs 

and e-waste recycling (Khaliq et al. 2014), as shown in the simplified copper smelting process 

flowsheet combined with recycling, Figure 1. 

 
Figure 1 Simplified flowsheet for pyro-metallurgical e-waste recycling process (Zhang, Li et al. 2017) 

     

The reaction mechanism and sequences of chalcopyrite and other sulfide combustion in the 

smelting process have been studied by many researchers (e.g., Jorgensen 1983, Jokilaakso et 
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al. 1991, Jorgensen and Koh 2001, Taskinen et al. 2001a, 2001b). However, the addition of 

WPCBs will bring many new metals into the system, not only valuable metals (e.g., copper, 

gold, silver, platinum, tin, and indium) but also hazardous elements (e.g., lead, cadmium, 

mercury, antimony, bismuth, and arsenic) (Anindya et al. 2014) and stable oxides.  

Impurities, such as antimony, arsenic and bismuth, that enter the copper-making process 

must be removed there, because of their deleterious influence on the quality of copper. In 

addition, these elements are a major concern in terms of environmental pollution. Traditional 

research into these impurity elements has concentrated on their removal through different 

methods like vaporization, halogenation, injection and fluxing (Roine and Jalkanen 1985), and 

vacuum metallurgy methods (Harris 1984, Allaire and Harris 1989). 

The behavior of impurities has also been studied in different process technologies, like 

Noranda (Nagamori and Mackey 1978, 1982a, 1982b), Isasmelt (Alvear et al. 2006), SKS 

(Wang et al. 2017a, 2017b), reverberatory smelting (Mitevska and Zivkovic 2002), and matte 

converting (Chaubal and Nagamori 1983, Swinbourne and Kho 2012, Paulina et al. 2013). 

Most of these studies have focused on the volatilization kinetics or thermodynamics of the 

impurity elements or simulated their equilibrium distributions. 

To improve the high temperature processes for recycling of metals, basic knowledge about 

the impurity element distributions and reaction mechanisms is necessary. However, for the 

Flash Smelting Furnace (FSF), studies have been carried out regarding the impurity elements 

in the industrial reaction shaft (Asteljoki and Kytö 1986, Seo and Sohn 1991, Taskinen 2000), 

but few (Guntoro at al. 2018, Wan et al. 2018) about the settler. With the ongoing trend for 

pyrometallurgical recycling, more knowledge is needed due to the increased fractions of 

WPCBs in the FSF feed. 

This study focuses on the reaction mechanisms and time dependency of impurity element 

(Sb, As, Bi) distributions in a copper FSF settler. The experiments were conducted at a typical 

smelting temperature of 1300 °C both in air and argon atmospheres in laboratory-scale 

equipment to derive appropriate rate equations for the impurity elements. The obtained 

distribution ratios will help to remove and recycle the impurities before the electrolytic refining 

step, where these impurity elements will impede the production of high-grade copper and thus, 

the recycling of valuable metals. A deeper understanding of distributions during the settling 

process in the FSF and of kinetic data and reaction mechanisms will be obtained, delivering 

theoretical guidance to find better strategies and methods for eliminating the side effects caused 

by higher concentrations of impurity elements from the feeding of WPCBs into 

pyrometallurgical recycling processes. 
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2. Experimental 

2.1 Material 

The raw materials in this study were a chalcopyritic copper concentrate, iron oxide-silica slag, 

and antimony, arsenic, and bismuth sulfides. The concentrate was provided by Boliden 

Harjavalta, Finland. The chemical composition of the concentrate was analyzed by X-ray 

fluorescence (XRF) spectrometry (Malvern Panalytical B.V., Almelo, The Netherlands). 

Depending on the analyzed elements, an XRF voltage of 25, 50, or 60 kV, and corresponding 

current of 160, 80, or 66 mA were set for the analysis. The results are shown in Table 1. 

Table 1. Chemical composition of the sulfide concentrate (wt%) 

Cu Fe S Zn As Bi 

29.2 27.1 34.5 4.3 0.05 0.001 

Ag Au Ca Cr Pb SiO2 

205 ppm 4 ppm 0.07 0.01 0.1 2.5 

     Preparation of the iron oxide-silica slag has been described in a previous study (Wan et al. 

2020). Argon (Linde, Finland, purity≥99.999%) was used in the inert atmosphere experiments 

and its flow rate was set to approximately 300 mL/min, regulated by a rotameter (Kytola, 

Finland). 

    Pure Sb2S3, As2S3, and Bi2S3 powders (Alfa Aesar, Kandel, Germany, 99.999%) were used 

as sources of impurity elements in the experiments. They were proportionally premixed and 

ground to a homogeneous mixture before each experiment.  

 

2.2 Apparatus and Procedures 

The experimental apparatus used is shown in Figure 2 which was described in detail in our 

previous publication. (Wan et al. 2020).  During the experiments, the crucible containing the 

sample was raised to the hot zone with a Pt suspension wire. The contact time started once the 

sample reached the hot zone, set to 1300 oC. After a preset time interval, the reactions were 

stopped by dropping the sample into the quenching vessel filled with ice-water.  

     The ratio of iron oxide-silica slag to concentrate was set to 1.116, according to the previous 

studies (Wan et al. 2019 and 2020). In this case, the system Fe/SiO2 flux ratio was 1.87 (w/w), 

which corresponds well to industrial operation practice. Three groups of experiments were 

carried out both in air and argon to study the reaction mechanisms and distribution kinetics of 

three impurity elements: antimony, arsenic, and bismuth. The amounts by weight of the 

impurity elements in each experiment were set as 5% of the concentrate mass; the detailed 

mass compositions are shown in Table 2. Each experiment was repeated twice and a sufficient 
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number of points and areas were analyzed in every sample to ensure the reproducibility and 

reliability of the results. 

 
Figure 2. Experimental device and detailed design of the isothermal zone. (PT: platinum) 

 

Table 2. Mass contents of the raw materials in each experiment 

Group 
Impurity 

element 

Chalcopyrite 

concentrate (g) 

Iron oxide-silica 

slag (g) 

Sulfide powders 

(g) 

A Sb 0.473 0.527 0.035 

B As 0.473 0.527 0.042 

C Bi 0.473 0.527 0.031 

 
2.3 Analyses  

The quenched samples were mounted in epoxy resin, polished by standard wet methods and 

coated with carbon, and then initially analyzed with a scanning electron microscope (SEM, 

Tescan, Brno, Czech Republic) and an UltraDry silicon drift energy dispersive X-ray 

spectrometer (EDS) (Thermo Fisher Scientific, Waltham, MA, USA) with NSS microanalysis 

software. The chemical composition of the matte and slag phase was then quantitatively 

investigated by electron probe microanalysis (EPMA). A Cameca SX100 microprobe (Cameca 

SAS, Gennevilliers, France), housed at Geological Survey of Finland (GTK), equipped with 

five wavelength dispersive spectrometers (WDS), was used in the analyses (Klemettinen et al. 

2019). 
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3. Results  
In this work, the impurity elements (As, Sb, Bi) were studied separately to discover their 

reaction kinetics and distribution ratios during flash smelting (FS) settler processes: in air to 

simulate the reaction shaft, while an argon atmosphere was used for the reactions between 

matte and slag, when the oxygen partial pressure was low, typically around 10-8 to 10-7 atm on 

the slag-metal interface in the settler. 

 
3.1 Microstructures in air and argon atmospheres 
The microstructures of the three groups of samples at different contact times in air are shown 

in Figures 3 (antimony group), 4 (arsenic group), and 5 (bismuth group). The concentrate 

oxidation and slag forming processes were described in detail in a previous study (Wan et al. 

2020). From the micrographs in Figs. 3-5 (air atmosphere) after 20 s contact time, it can be 

clearly seen that the slag was not completely formed and separated from the matte, and the 

magnetite and silica present were in the process of forming a molten slag. After 45 s, separate 

matte and slag phases could be identified and they became more homogenous along with time. 

For the impurity elements, at 20 s contact time, clear Sb-Cu-Fe and Bi-Cu-Fe alloy droplets 

could be found in the matte phase, while no arsenic-containing droplets were found. At 45 s 

contact time, larger Sb-Cu-Fe and Bi-Cu-Fe droplets appeared, especially for the Bi alloys, as 

shown in Figure 5(b). With a longer contact time, Sb-Cu-Fe and Bi-Cu-Fe droplets were 

smaller at 60 s, and the number of droplets was lower at 180 s contact time. However, at all 

contact times, arsenic was hard to locate in the droplets, apparently due to high evaporation 

rates for both arsenic and its compounds. 

         
                                (a) t= 20s                                                          (b) t= 45s 
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                               (c) t= 60 s                                                            (d) t= 180 s 

          Figure 3. Micrographs of antimony added samples treated in air after different reaction times 
 (A) matte, (B) fayalite slag, (C) magnetite, (D) silica,  

 (E) Sb-Cu-Fe droplets, and (F) matte droplets. 

         
                                (a) t= 20 s                                                          (b) t= 45 s 

         
                               (c) t= 60 s                                                            (d) t= 180 s         

Figure 4. Micrographs of arsenic added samples treated in air after different reaction times 
 (A) matte, (B) fayalite slag, (C) magnetite, (D) silica, and 

 (E) matte droplets. 
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                                (a) t= 20 s                                                          (b) t= 45 s 

 
 

         
                               (c) t= 60 s                                                            (d) t= 180 s         

Figure 5. Micrographs of bismuth added samples treated in air after different reaction times 
 (A) matte, (B) fayalite slag, (C) magnetite, (D) silica,  

 (E) Bi-Cu-Fe droplets, and (F) matte droplets. 

The microstructures of the three sample groups at different contact times in argon are shown 

in Figures 6 (antimony group), 7 (arsenic group), and 8 (bismuth group). Similarly to the 

micrographs of the experiments in air, no arsenic droplets were found in the argon samples. 

For Sb and Bi, Sb-Cu-Fe and Bi-Cu-Fe droplets were found at 1 min contact time, and some 

of these merged at 5 min contact time. After 10 min, the large droplets disappeared and small 

droplets were distributed evenly in the matte and were no longer detected after 40 min contact 

time. 
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                                (a) t= 1 min                                                         (b) t= 5 min 

         
                                (c) t= 10 min                                                         (d) t= 40 min                

Figure 6. Micrographs of antimony added samples treated in argon after different reaction times 
 (A) matte, (B) fayalite slag, (C) magnetite, (D) silica, and (E) Sb-Cu-Fe droplets. 

 
 

         
                                (a) t= 1 min                                                         (b) t= 5 min 
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                                (c) t= 10 min                                                         (d) t= 40 min                  

 Figure 7. Micrographs of arsenic added samples treated in argon after different reaction times 
 (A) matte, (B) fayalite slag, and (C) silica. 

         
                                (a) t= 1 min                                                         (b) t= 5 min 
 

         
                                (c) t= 10 min                                                         (d) t= 40 min       

Figure 8. Micrographs of bismuth added samples treated in argon after different reaction times 
 (A) matte, (B) fayalite slag, (C) silica, and (D) Bi-Cu-Fe droplets. 

 
3.2 Behavior of elements in the copper smelting process 
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3.2.1 Major components in matte and slag  

A. Air atmosphere 

Figure 9 shows the concentrations of the major elements in matte as a function of time in the 

three experimental series in air. The sulfur concentration shows only slight variations and 

remained stable at around 22 wt% in all three groups. In the antimony and bismuth group 

experiments, the copper content increased to approximately 70 wt%, while in the arsenic group 

it only reached around 60 wt% at 500 s contact time. Correspondingly, the iron content in the 

matte decreased below 10 wt% but stayed at around 18 wt% in the arsenic group samples. This 

means that the copper smelting reactions were slower in the arsenic group experiments 

compared with the antimony and bismuth group experiments. It seems that the presence of 

arsenic in the process somehow hindered the oxidation process.  

 
Figure 9. Chemical assays of major elements in sulfide matte as a function of time in air (wt %) 

(a) antimony group, (b) arsenic group, and (c) bismuth group samples. 

Figure 10 shows the concentrations of silicon, iron, and copper in the molten slag as a function 

of time. These concentrations remained stable as a function of time. The copper concentration 

in the slag increased slightly with time which has been previously reported (Wan et al. 2019 

and 2020). The behavior of the major elements in the matte and slag agrees well with a previous 
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study (Klemettinen et al. 2020). 
            
 
 
 

 
Figure 10. Chemical assays of major elements in slag as a function of time in air (wt %) 

(a) antimony group, (b) arsenic group, and (c) bismuth group samples. 
 

B. Argon atmosphere 

The concentrations of the major elements also changed as a function of time in argon, as shown 

in Figure 11. The matte grade at first increased slightly and then stabilized to around 30 wt% 

after 5 min in all three groups. No obvious differences for the matte grade were discovered in 

these three impurity group samples in argon. The iron and sulfur contents were also constant, 

showing only small fluctuations. In the slag, the concentrations of iron and silica also remained 

relatively stable, as shown in Figure 12. Compared to the behavior in air, no fluctuation or 

increase occurred in the copper content of the slag, which agrees with the previous results and 

can be explained by the known copper loss mechanism (Wan et al. 2020).  
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Figure 11. Chemical assays of major elements in sulfide matte as a function of time in argon (wt%) 

(a) antimony group, (b) arsenic group, and (c) bismuth group samples. 
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Figure 12. Chemical assays of major elements in slag as a function of time in argon (wt%) 

(a) antimony group, (b) arsenic group, and (c) bismuth group samples. 
 

3.2.2 Impurity elements Sb, As, and Bi in matte and slag  

The mass contents of the impurity elements in the matte and slag in air and argon are shown 

below. Figure 13 shows the impurity concentrations in air. In the matte, the contents of all three 

impurity elements decreased sharply and then evened out or continued with a slow decrease. 

The As content in the matte was clearly lower than those of Sb and Bi. The same phenomenon 

occurred in the molten slag, but unlike the matte, the Bi concentration in the slag was constant 

and on a quite low mass fraction level. 

      
Figure 13. Chemical assays of impurity elements in matte and slag as a function of time 

 in air (wt%). 

Figure 14 shows the impurity concentrations of matte and slag in argon. A similar trend was 

observed both in argon and in air. However, the mass fraction contents for all three impurity 

elements in argon were lower than in air, because the selected contact times in argon 

atmosphere were longer. After 20 min, the impurity concentrations evened out without much 

fluctuation, which indicates a complete evaporation from the system. 
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Figure 14. Chemical assays of impurity elements in matte and slag as a function of time 

 in argon (wt%).  

The distribution ratio of a trace element Me between copper matte and slag, Lm/s(Me), was 

calculated from the EPMA data by the following equation (1), where [Me] refers to the Me 

concentration in copper matte and (Me) to Me concentration in slag in weight percentage, 

respectively. 

Lm/s (Me) = [ Me] / (Me)                                                   (1)                

The distribution ratios between the matte and the slag phase during the reactions in air are 

shown in Figure 15. In air, the distribution ratio value of Bi decreased first and then plateaued 

at around 5. For Sb and As, the ratio values were below 1, except for that of Sb at 20 seconds. 

The distribution ratio of these two elements also first decreased and then stabilized to a constant 

value. With time, all three impurity elements first transferred increasingly from the matte to the 

slag and then reached equilibrium. The distribution ratio value of Bi was around 5 even after 

500 s, indicating that Bi mainly distributed in the matte phase; more Sb and As remained in the 

slag compared to the matte when the system approached equilibrium. 

 
Figure 15. Distribution ratios of impurity elements between sulfide matte and iron silicate slag in air 

at 1300℃ during formation of matte and slag. 
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In an argon atmosphere, the distribution ratios between the matte and the slag phase are 

shown in Figure 16. Unlike the trend in air, the distribution ratios of the impurity elements 

increased as a function of time. In the argon atmosphere, Sb, As, and Bi had a tendency to 

transfer increasingly from slag to matte, and the Sb distribution ratio increased faster than the 

others. In summary, the impurity elements Sb, Bi, and As tended to deport to matte in an argon 

atmosphere. 

 
Figure 16. Distribution ratios of impurity elements between sulfide matte and iron silicate slag in 

argon at 1300 ℃ 
 

3.3 Reaction mechanism and kinetic data of the impurity elements 
The trace elements Sb, As, and Bi and their compounds evaporate easily at high temperatures. 

At a typical flash smelting temperature of 1300 ℃, these sulfide compounds can be oxidized 

or decomposed into their elements, due to high temperature and the prevailing oxygen pressure. 

The evaporation and reactions happen instantaneously (Zivkovic et al. 2002, Padilla et al. 2012) 

and most impurity elements are removed to the gas phase (Wang et al. 2017a). According to 

the predominance area diagrams calculated with HSC 9.0 software (Roine et al. 2019) and 

shown in Figure 17 when the system tends to be balanced, the impurity elements are stable as 

trivalent oxide compounds in air atmosphere and as metals in lower oxygen partial atmosphere. 

    Combining the previous thermodynamic modeling results (Arac and Geiger 1981, Nagamori 

et al. 1994, 2001), these experimental phenomena and analysis data, as well as the Gibbs energy 

data in Table 3 calculated by HSC 9.0 (Roine et al. 2019) for the most likely reactions in these 

processes, the reactions and mechanisms of these impurity elements in the experimental 

conditions can be concluded as follows (Me represents Sb, As, or Bi). 
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Figure 17. Predominance area diagrams obtained for the present impurity elements at 1300 oC 

Table 3. Reaction equations and ΔGθ (kJ·mol−1) value at 1300 °C 

No. Reaction equations 
△G0= A∙T+B 
（KJ∙mol-1) 

△G0 Tag 

  A 
(KJ/mol∙°C) 

B  
(KJ/mol) 1300°C  

1 Sb2S3+O2(g)=2SbS(g)+SO2(g) -0.2252 72.79 -219.99 A2 
2 2SbS(g)+2O2(g)= Sb2(g)+SO2(g) 0.1626 -696.90 -485.49 A3 
3 Sb2(g)+O2(g)=2SbO(g) -0.0196 -60.02 -85.55 A4 
4 2Sb2S3=4SbS(g)+S2(g) -0.5948 828.68 55.46 A5 
5 2SbS(g)= Sb2(g)+S2(g) 0.0183 -13.79 9.97 A6 
6 4SbO(g)+ O2(g)=2 Sb2O3(l)slag 0.6563 -1389.20 -535.74 A7 
7 Sb2(g)+1.5O2(g)= Sb2O3(l)slag 0.3085 -754.61 -353.42 A8 
8 Sb2O3(l)slag+FeS(l)matte=2Sb(l)matte+FeO(l)slag+SO2(g) -0.1264 145.00 -19.43 A9 

9 
2Sb(l)matte+Cu2O(l)matte+FeS(l)matte+1.5O2(g)= 

Sb2O3(l)slag+FeO(l)+Cu2S(l) 0.2209 -730.80 -443.62 A10 

10 2Sb(l)matte+1.5 O2(g)= Sb2O3(l)slag 0.2135 -601.19 -323.59 A11 

11 
2Sb(l)matte+Cu2O(l)+FeS(l)+3Fe2O3 

=Sb2O3(l) + 7FeO(l) + Cu2S(l) 0.22 132.55 -152.94 A12 

12 Sb2O3(l)slag+FeS(l)matte=Sb2(g)+FeO(l)slag+SO2(g) -0.2215 298.42 10.40 A13 
13 As2S3+O2(g)=2AsS(g)+SO2(g) -0.2301 6.53 -292.74 B2 
14 2AsS(g)+2O2(g)= As2(g)+SO2(g) 0.1675 -725.04 -507.29 B3 
15 As2(g)+O2(g)=2AsO(g) -0.0228 -104.50 -134.16 B4 
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16 2As2S3=4AsS(g)+S2(g) -0.6046 696.16 -90.016 B5 
17 2AsS(g)= As2(g)+S2(g) 0.0232 -41.94 -11.82 B6 
18 4AsO(g)+ O2(g)=2 As2O3(l)slag 0.6938 -1164.00 -261.89 B7 
19 As2(g)+1.5O2(g)= As2O3(l)slag 0.3241 -686.47 -265.09 B8 
20 As2O3(l)slag+FeS(l)matte=2As(l)matte+FeO(l)slag+SO2(g) -0.1327 129.51 -42.99 B9 

21 
2As(l)matte+Cu2O(l)matte+FeS(l)matte+1.5O2(g)= 

As2O3(l)slag+FeO(l)+Cu2S(l) 0.2271 -715.31 -420.05 B10 

22 2As(l)matte+1.5 O2(g)= As2O3(l)slag 0.2197 -585.69 -300.02 B11 

23 
2As(l)matte+ Cu2O(l) + FeS(l) + 3Fe2O3 = 

As2O3(l) + 7FeO(l) + Cu2S(l) -0.2132 145.80 -131.17 B12 

24 As2O3(l)slag+ FeS(l)matte=As2(g)+FeO(l)slag+SO2(g) -0.237 230.29 -77.92 B13 
25 Bi2S3+O2(g)=2BiS(g)+SO2(g) -0.2339  46.86 -256.25 C2 
26 2BiS(g)+2O2(g)= Bi2(g)+SO2(g) 0.1592 -683.31 -476.36 C3 
27 Bi2(g)+O2(g)=2BiO(g) -0.0164 19.11 -2.24 C4 
28 2Bi2S3=4BiS(g)+S2(g) -0.6121 776.83 -17.04 C5 
29 2BiS(g)= Bi2(g)+S2(g) 0.0148 -0.19 19.09 C6 
30 4BiO(g)+ O2(g)=2 Bi2O3(l)slag 0.6716 -1270.80 -397.42 C7 
31 Bi2(g)+1.5O2(g)= Bi2O3(l)slag 0.3194  -616.27 -200.95 C8 
32 Bi2O3(l)slag+FeS(l)matte=2Bi(l)matte+FeO(l)slag+SO2(g) -0.1392  3.77 -177.32 C9 

33 
2Bi(l)matte+Cu2O(l)matte+FeS(l)matte+1.5O2(g)= 

Bi2O3(l)slag+FeO(l)+Cu2S(l) 0.2336 -589.57 -285.73 C10 

34 2Bi(l)matte+1.5 O2(g)= Bi2O3(l)slag 0.2263  -459.95 -165.70 C11 

35 
2Bi(l)matte+ Cu2O(l) + FeS(l) + 3Fe2O3 = 

Bi2O3(l) + 7FeO(l) + Cu2S(l) -0.2066  271.54 3.15 C12 

36 Bi2O3(l)slag+ FeS(l)matte=Bi2(g)+FeO(l)slag+SO2(g) -0.0982 315.70 187.96 C13 

    In the presence of oxygen, Sb, As, and Bi sulfides are oxidized first through the following 

equations:  

Me2S3+O2(g)=2MeS(g)+SO2(g)                                          (2)    

2MeS(g)+2O2(g)=Me2(g)+SO2(g)                                         (3)    

Me2(g)+O2(g)=2MeO(g)                                               (4)     

    For As and Bi sulfides at a typical smelting temperature around 1300 oC, the decomposition 

process depending on the prevailing sulfur partial pressure may also occur as:  

                     2Me2S3=4MeS(g)+S2(g)                                                (5)    

 2MeS(g)=Me2(g)+S2(g)                                                (6)  

These gaseous products will flow to the uptake shaft in the process gas. The condensed 

phases will continue to react with oxygen by the following equations (7)-(11). However, since 

the boiling point of As2O3 is 457.2 oC, compared with the boiling points of Sb2O3 and Bi2O3 of 

1550 oC and 1890 oC, respectively, its evaporation will dominate in the furnace. Multi-species 

may exist in the gas phase, but As4O6(g) (as dimer of As2O3(g)) will constitute as the main 

arsenic-bearing species (Mauser 1982, Chakraborti et al. 1985, Liu et al. 2017,  Safarzadeh et 

al. 2014, 2018), which explains the limited arsenic content in the matte and slag left after 
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experiments, as shown in Figures 13 and 14. 

4MeO(g)+ O2(g)=2 Me2O3(l)slag                                                               (7)     

Me2(g)+1.5O2(g)= Me2O3(l)slag                                                                (8)    

    The reactions between matte and slag with oxygen can be explained as follows: 

Me2O3(l)slag+FeS(l)matte=2Me(l)matte+FeO(l)slag+SO2(g)                      (9)   

With enough oxygen present, there are interactions with gaseous oxygen as:  

2Me(l)matte+Cu2O(l)slag+FeS(l)matte+1.5O2(g)=Me2O3(l)slag+FeO(l)+Cu2S(l)     (10) 

2Me(l)matte+1.5 O2(g)= Me2O3(l)slag                                                  (11)   

Without oxygen, the processes may be written: 

        2Me(l)matte+ Cu2O(l) slag+ FeS(l)matte + 3Fe2O3(s)slag       

= Sb2O3(l)slag + 7FeO(l) + Cu2S(l)                                        (12) 

Sb, Bi, and As may stay in the matte in sulfide and metallic forms. However, due to the low 

boiling points of the sulfides, Sb, Bi, and As mainly exist in metallic form in the matte, as 

shown in Eq. (9). During the ice-water quenching process, copper precipitates from the matte 

and dissolves arsenic, antimony, and bismuth in the sulfur deficiency condition, which may 

explains the appearance of the Sb-Cu-Fe and Bi-Cu-Fe alloy droplets found in the matte, as 

shown in the micrographs of Figures 3c and 5c. 
For As, reaction (13) can also transfer As from slag to the gas phase as:  

   As2O3(l)slag+ FeS(l)matte=As2(g)+FeO(l)slag+SO2(g)                                 (13)   

The distribution ratio trends in Figures 15 and 16 can be explained as follows: in air, 

reactions (10) and (11) proceeded with oxygen and the metals (Sb, As, Bi) in the matte phase 

were continuously vaporized and transferred to slag at high oxygen partial pressures. Thus, the 

distribution ratios of the impurity elements decreased as a function of time. In argon, for the 

matte and slag phases without oxygen, reactions (10) and (11) slowed down, and reaction (12) 

also proceeded slowly with the limited amount of Fe2O3 available as well as its mass transfer 

limitations. In that case, reaction (9) would dominate in argon, contributing more to the 

impurity transfer to the matte phase, and the distribution ratios would increase as a function of 

time. 

The reactions and evaporation of impurity elements clearly occur simultaneously in the flash 

smelting reaction shaft. However, due to the density differences of matte and slag phase, the 

slag floats on top of the matte phase in the settler, which may prevent the impurity elements in 

the matte from evaporating. Therefore, the impurity elements in the matte transfer to the slag 

through reactions (9)-(12). Based on the experimental data and considering that the reaction 

rate may be limited by mass transfer (Wan et al. 2020), the apparent mass transfer coefficient 
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k can be calculated by the following equation: 

 
/

( )t o

dC dtk
C C

=
−

                                                           (14) 

where Ct is the mass concentration of the element in the matte at time t; Co is the initial mass 

concentration of the element in the matte; k is the apparent mass transfer coefficient which 

incorporates the interfacial area A.  

    The kinetic data for impurity elements in air were calculated as a function of concentration 

and are plotted in Figure 18. The k value of As is much higher than that of Sb and Bi, which is 

explained by the volatile arsenic compounds in the matte and slag. Arsenic in the slag layer is 

also volatile, which may accelerate the reactions from matte to slag. Three kinetic equations 

for the reaction rate were developed based on the data from the experiments in air. They can be 

used to predict the reaction kinetics for different concentrates and also in the modeling work 

of impurity element behavior.  

 

 
Figure 18. Kinetic data of the impurity elements in the matte phase as a function of concentration in 

the matte. 
2( ) exp ( 11.590 3.350 0.340 )Sb t tk f C C C= = − + −                                       (15) 
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2( ) exp ( 2.859 3.039 1.853 )As t tk f C C C= = − + +−                                      (16) 

2( ) exp ( 6.778 1.219 0.043 )Bi t tk f C C C= = − + −                                        (17) 

The overall impurity element distributions are shown schematically in Figure 19. In an 

industrial FSF, with the use of enriched oxygen, the oxygen partial pressure may be higher in 

the reaction shaft than the experimental atmosphere in this study as a result of high p(SO2). 

Therefore, according to the predominance area diagrams and thermodynamic simulations, the 

impurity elements may be further oxidized. However, due to the limited reaction time and 

influence of particle size in the reaction shaft, the concentrate and impurity sulfides may not 

be fully oxidized, and some will enter the off-gas while the others deport to the matte and slag. 

The reactions mentioned previously will take place between these phases and the evaporation 

will occur simultaneously.  

 
Figure 19. A schematic diagram of the proposed reaction mechanism and impurity element 

distributions.  
 

 
4. Conclusions 

No previous data for the kinetic behavior of impurity elements in a copper FSF reaction shaft 

and settler were found in the literature. In this study, the distributions and reaction kinetics of 

Sb, As, and Bi were studied in laboratory-scale experiments, in both air and argon atmospheres 
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at a typical smelting temperature of 1300 oC. The visual and compositional analyses of the 

samples were carried out using SEM-EDS and EPMA methods. Based on the experimental 

results and thermodynamic calculations, conclusions were made on the reaction mechanisms 

of the studied impurity elements, and the time-dependent reaction rate and distribution ratios 

during the FS process were also derived. They may be used in further process development and 

in FSF modelling studies. 

Comparing the reaction kinetic data and rate constants obtained to the previous results (Wan 

et al. 2020), the reaction kinetics of As was in the same order of magnitude as Fe (10-1), while 

the Sb and Bi kinetics were similar to that of Cu (10-2). During this process, As can be removed 

from the matte phase faster than Sb and Bi. This indicates that, with matte formation and 

increasing the matte grade, As will be removed simultaneously, but only longer reaction times 

will help in the removal of Sb and Bi. From these distribution ratios in air, the Lm/s (Me) values 

decreased as a function of time, but the opposite tendency was found in argon, indicating that 

the reaction atmosphere affects the distributions between matte and slag. A higher oxygen 

partial pressure is helpful for more efficient removal of the impurity elements from matte to 

slag because they exist as oxides in the slag.  

The state-of-the-art method for recycling metals from WPCBs is currently to dissolve them 

into matte and slag, and then to recover them by electrolytic or hydrometallurgical methods. 

The deportment of valuable elements in the sulfide matte is, thus, significant for the recycling 

of metals like Au, Ag, and Pt. Based on the results of this study, the majority of As was 

transferred to the gas phase, while more Sb and Bi remained at different ratios in the matte and 

slag. Dealing appropriately the flue gas and dust is a crucial step to solidify and collect As to 

prevent the environmental pollution. Transferring Sb and Bi to the slag can be one method to 

recycle them, and it may prevent harmful effects in the subsequent electrolysis step and 

precious metals recovery. Increasing the oxygen potential and extending the reaction time are 

means to remove Sb and Bi completely from the sulfide matte. Contact time and a suitable 

oxygen potential atmosphere coupled with target matte production can be considered further, 

based on the reaction mechanism and time dependency of the trace element behavior 

determined in this study. 
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