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Abstract: The separation of halogens and recovery of heavy metals from secondary copper smelting (SCS) dust using a 
sulfating roasting−water leaching process were investigated. The thermodynamic analysis results confirm the feasibility 
of the phase transformation to metal sulfates and to gaseous HF and HCl. Under the sulfating roasting conditions of the 
roasting temperature of 250 °C and the sulfuric acid excess coefficient of 1.8, over 74 wt.% of F and 98 wt.% of Cl 
were volatilized into flue gas. Approximately 98.6 wt.% of Zn and 96.5 wt.% of Cu in the roasting product were 
dissolved into the leaching solution after the water leaching process, while the leaching efficiencies of Pb and Sn were 
only 0.12% and 0.22%, respectively. The mechanism studies indicate the pivotal effect of roasting temperature on the 
sulphation reactions from various metal species to metal sulfates and the salting out reactions from various metal 
halides to gaseous hydrogen halides. 
Key words: secondary copper smelting dust; sulfating roasting; water leaching; halogen volatilization; heavy metal 
separation 
                                                                                                             

 
 
1 Introduction 
 

With the diminishment of copper mineral 
resources, copper recovery from secondary copper 
resources has become an important issue [1−3]. The 
copper output from secondary copper resources has 
increased annually in China, accounting for more 
than 20% of all refined copper output in 2015 [4]. 
The dominant recovery technology from secondary 
copper resources is pyrometallurgical reduction 
smelting using coke as a reducing agent, which is a 

flexible and effective technique for handling copper 
materials with a low grade and a high impurity. 
However, the formation of secondary copper 
smelting (SCS) dust is inevitable during the high- 
temperature reduction smelting process. This dust 
usually contains high levels of valuable heavy 
metals and harmful halogens [5−7]. For example, 
CHEN et al [8] reported that the mass fractions of 
Pb and Cl in secondary copper smelting dust may 
be as high as 45.69% and 18.90%, respectively. 
Therefore, developing a recycling technique to 
recover resources and reduce environmental risk is 
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of great significance [9]. 

Currently, two mainstream categories for   
the cyclic utilization of smelting dust are 
hydrometallurgical process and pyrometallurgical 
process. Many studies have reported various 
hydrometallurgical processes, including acid 
leaching [10], alkaline leaching [11,12], pressure 
leaching [13,14] and bioleaching [15], to extract 
valuable heavy metals. After the leaching process, 
the dissolved metal is recycled through the 
cementation [16], precipitation [17,18], solvent 
extraction [19], or electrolysis [20,21]. Additionally, 
the pyrometallurgical processes [22−25], such as 
carbothermal reduction, have attracted increasing 
attention due to their high reaction rate, wide 
adaptability and short flow sheet. However, these 
methods are unsuitable for the treatment of SCS 
dust because of abundance of halogens in SCS dust, 
particularly chlorine. Halogen elements are easily 
spread in the leaching solution along with valuable 
metal ions in the hydrometallurgical process, which 
counteracts the subsequent metal separation and 
purification steps, such as solvent extraction and 
electrodeposition. In the pyrometallurgical process, 
the presence of halogen elements can reduce the 
metal recovery because of the volatility of metal 
halides at high temperatures. 

A sound strategy for the disposal of halogen- 
containing dust is the selective separation of 
halogens before the resource utilization of valuable 
metals. CHEN et al [26] used water washing to 
remove soluble chlorine from electric arc furnace 
dust. However, when the water washing was used to 
remove halogens from SCS dust, only soluble 
halides can be leached and some of the toxic metal 
ions would inevitably enter into the leaching 
solution, resulting in the low leaching efficiency 
and heavy metal pollution. The other technique is 
thermal volatilization at temperatures of greater 
than 900 °C to ensure the complete volatilization of 
metal halides [27,28]. The results of a life-cycle 
assessment confirmed that thermal volatilization to 
separate halogens was a typical process with a  
high environmental burden and a low-cost 
effectiveness [29]. Based on the aforementioned 
analysis, developing an appropriate approach that 
can achieve the dual purposes of halogen separation 
and resource recycling is still challenging. 

In this study, a technology using a two-step 
process including sulfating roasting and water 

leaching was innovatively developed to separate 
halogens and recover valuable metals from SCS 
dust. In brief, various metal species in the SCS dust 
were transformed to metal sulfates in the sulfating 
roasting step, and the halogen elements were 
simultaneously removed in the form of gaseous 
halogen hydrides. The Zn and Cu in the roasting 
product were separated from Pb and Sn in the 
following water leaching step. To validate these 
results, the effects of some critical parameters were 
comprehensively evaluated. The metal recovery and 
halogen separation mechanisms were also explored. 
The results not only strongly support the clean 
utilization of SCS dust, but also provide a deep 
insight into species transformation rule in the 
sulfating roasting process. 
 
2 Experimental 
 
2.1 Materials 

All chemical reagents including concentrated 
sulfuric acid (H2SO4, 98 wt.%), and sodium 
hydroxide (NaOH) were analytically pure and 
obtained from Sinopharm Chemical Reagent Co., 
Ltd. The SCS dust used in this study was obtained 
from a secondary copper smelter in Jiangxi, China, 
and was collected from the reduction smelting 
process. Before each experiment, the collected SCS 
dust was dried at 80 °C for 24 h in an air-dry oven 
to remove the moisture. All chemical reagents were 
used without further purification. 
 
2.2 Experimental apparatus and procedure 

A lab-scale apparatus was set up to evaluate 
the sulfating roasting process, and a schematic 
diagram is shown in Fig. S1 of Supplementary 
Materials. High purity nitrogen and oxygen were 
used to simulate the reaction atmosphere, and the 
corresponding flue gas components were controlled 
by changing the flow of oxygen. The total flow  
rate was fixed at 0.5 L/min in all experiments. A 
tube furnace (OTF−1200X-S, Kejing, China) was 
applied to controlling the reaction temperature, and 
the generated hydrogen halide gas was continuously 
removed to the downstream tail gas absorption 
system. The acid gas in the tail gas, including HCl 
and SO2, was absorbed by an enough sodium 
hydroxide solution. 

Before each experiment, the simulated flue gas 
was pumped for at least 5 min to exhaust the air in 
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the tube furnace. Then, 10 g of SCS dust was mixed 
with a certain amount of concentrated sulfuric acid, 
and the obtained mixture was instantly added to a 
corundum crucible with a lid. The crucible was 
placed in the middle of the tube furnace and heated 
for a fixed period at a set temperature (the 
temperature error was less than ±5 °C). The 
roasting product was cooled naturally to room 
temperature. Each batch of roasting product was 
leached using 80 mL of pure water at room 
temperature for 30 min. The stirring rate was 
500 r/min for all leaching experiments. Then, the 
liquid−solid mixture was filtered to obtain the 
leaching solution and residue. The experimental 
details of extraction and reduction were presented 
in the Section 1 of Supplementary Materials. The 
separation efficiencies (E) of heavy metals and 
halogens after the sulfating roasting−water leaching 
process were calculated using Eqs. (1)−(3):  
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where w0 represents the mass fraction (wt.%) of Zn, 
Pb, Cu, Sn, F and Cl in the SCS dust; 10 represents 
the mass (g) of SCS dust used in this study 
(precision of 0.001 g); C1 and V1 represent the 
concentration (g/L) of Zn and Cu in the leaching 
solution and the total volume (L) of the leaching 
solution, respectively; w1 is the mass fraction (wt.%) 
of Pb or Zn in the residue after water leaching, M 
represents the total mass (g) of the water leaching 
residue; C2 and V2 are the concentration (mg/L) of F 
and Cl in the absorption liquid and the total volume 
(L) of the absorption liquid, respectively. 
 
2.3 Characterization method 

The metal element composition in solid 
samples was confirmed using an inductively 
coupled plasma optical emission spectrometer 
(ICP-OES, PerkinElmer, 7300 DV), and the mass 
fraction of total sulfur was determined by the 
gravimetric method (BaSO4). The crystal structures 
of solid samples were measured using X-ray 
diffraction (XRD, Rigaku, TTRAXIII). The halogen 
in the SCS dust was extracted according to the 

Japanese Industry Standard, and the fluorine and 
chlorine concentrations in the extracting solution 
were measured using ion chromategraphy (IC, 
Metrohm, 883IC) [30]. The surface composition 
and valence states of solid samples were determined 
by X-ray photoelectron spectroscopy (XPS, Escalab, 
250Xi) with Al Kα X-ray (excitation energy of 
1486.58 eV) as the excitation source. The binding 
energies of all the elements were calibrated using 
the C 1s peak at 284.8 eV. The morphology and 
elemental distribution of solid samples were 
analyzed using a field-emission scanning electron 
microscope (FE-SEM, Nova, NanoSEM 450) 
equipped with an energy dispersive spectroscopy 
instrument (EDS, Thermo, NS7). A laser particle 
sizer (Mastersizer 3000) was applied to determining 
the particle size distribution of the SCS dust. 
Raman spectrum analysis (RENISHAW-inVia, 
USA) was conducted with 532 nm radiation from 
an He−Ne laser with a output power of 0.5 mW and 
a acquisition time of 75 s. The thermal analysis  
was performed using a thermogravimetric analysis 
instrument (TG−DSC, Netzsch, STA 449 F5, 
Germany) coupled with a quadruple mass 
spectrometer (MS, QMA 400). The detailed 
information for the determination of halogen, XPS 
and TGA−DSC−MS is described in the 
Supplementary Materials. 
 
3 Results and discussion 
 
3.1 Characterization of secondary copper smelting 

dust 
The compositions of the main chemical 

elements in the SCS dust are listed in Table 1. The 
valuable metal elements are Zn, Pb, Sn and Cu, 
with corresponding mass fractions of 27.52%, 
25.20%, 4.12% and 3.04%, respectively. In addition, 
some alkali metal elements, such as Na and K, also 
exist. The nonmetal elements in the SCS dust are 
mainly Cl and S. A small quantity of fluorine also 
exists in the SCS dust, which accounts for 
approximately 0.77% of the total mass. Notably, the 
chlorine content is as high as 9.75%. The contents 
of heavy metals in the SCS dust are apparently 
higher than those in primary metal mines [31]. 
Therefore, the recovery of heavy metals from SCS 
dust is very important. 

The results in Fig. 1(a) indicate a broad grain 
size distribution, mainly presenting two regions   
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at approximately 180 nm and 3 μm, respectively. 
The cumulative volume distribution data show that 
a particle size proportion of less than 300 nm 
accounts for over 40% of the total volume, 
indicating the inherent feature of the fine particle 
size of the SCS dust. 

The XRD pattern shown in Fig. 1(b) reveals 
the main phase composition of zincite (ZnO), 
cotunnite (PbCl2) and metallic lead (Pb), along with 
small portions of sphalerite (ZnS), teallite (PbSnS3), 
nantokite (CuCl) and tin chloride (SnCl2). Because 
the SCS dust used in this study was obtained from 
the reduction process, some elements, such as zinc, 
lead and chlorine, easily volatilized into flue gas in 
the form of metals or compounds. The XRD results 
indicate that heavy metals primarily exist in the 

form of insoluble compounds. Therefore, the 
development of a suitable strategy to ensure the 
efficient recovery of heavy metals is valuable. 

Figure 1(c) displays the SEM morphology and 
scanning maps of the SCS dust. The SCS dust is 
mainly composed of fine spherical and flake 
particles. The particle sizes of the spherical and 
flake particles are less than 0.5 and 2.5 μm, 
respectively. The EDS scanning maps of the 
elemental distribution in Fig. 1(c) reveal the 
existence of Pb, Sn, Cu, Zn, S, F and Cl elements 
throughout the analyzed area, suggesting the 
presence of valuable metals and harmful halogens 
in the SCS dust. These EDS results are consistent 
with the XPS results in Fig. S2 of Supplementary 
Materials. 

 
Table 1 Chemical element analysis results of valuable metals and hazardous halogens in SCS dust, roasting product and 
leaching residue (wt.%) 

Sample Cu Zn Pb Sn Na K S F Cl Others 

SCS dust 3.04 27.52 25.20 4.12 7.01 2.24 2.97 0.77 9.75 17.38 

Roasting product 2.14 16.67 13.82 1.93 3.24 1.13 32.72 0.06 0.01 28.28 

Leaching residue 0.22 0.46 36.7 5.92 <0.01 <0.01 15.91 0.12 0.01 <40.66 

 

 

Fig. 1 Particle size distribution (a), XRD pattern (b), and SEM morphology and EDS scanning maps (c) of SCS dust 
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3.2 Thermodynamic analysis results of roasting 
process 

The transformation behaviour of different 
compounds in the sulfating roasting process is very 
important for the recovery of heavy metals and the 
separation of harmful halogens. Combined with the 
results from the aforementioned analysis of the main 
existing species of metal and halogen compounds in 
the SCS dust, possible chemical reactions with 
H2SO4 are presented in Table 2. Meanwhile, the  
 
Table 2 Possible chemical reactions in sulfating roasting 
process (The standard state of H2SO4 is liquid (l) and 
gaseous (g) before and after 337 °C, respectively) 
No. Chemical reaction 
1 ZnO+H2SO4(l, g)=ZnSO4+H2O(g) 
2 1/4ZnS+H2SO4(l, g)=1/4ZnSO4+H2O(g)+SO2(g) 
3 ZnCl2+H2SO4(l, g)=ZnSO4+2HCl(g) 
4 ZnF2+H2SO4(l, g)=ZnSO4+2HF(g) 
5 1/2Pb+H2SO4(l, g)=1/2PbSO4+H2O(g)+1/2SO2(g) 
6 PbO+H2SO4(l, g)=PbSO4+H2O(g) 
7 1/3Pb3O4+H2SO4(l, g)=PbSO4+H2O(g)+1/6O2(g) 
8 1/4PbS+H2SO4(l, g)=1/4PbSO4+H2O(g)+SO2(g) 
9 PbCl2+H2SO4(l, g)=PbSO4+2HCl(g) 

10 PbF2+H2SO4(l, g)=PbSO4+2HF(g) 
11 1/2Cu+H2SO4(l, g)=1/2CuSO4+H2O(g)+SO2(g) 
12 1/3Cu2O+H2SO4(l, g)=2/3CuSO4+H2O(g)+1/3SO2(g) 
13 CuO+H2SO4(l, g)=CuSO4+H2O(g) 

14 1/4CuS+H2SO4(l, g)=1/4CuSO4+H2O(g)+SO2(g) 

15 2/3CuCl+H2SO4(l, g)= 
2/3CuSO4+2/3HCl(g)+1/3SO2(g)+2/3H2O(g) 

16 CuCl2+H2SO4(l, g)=CuSO4+2HCl(g) 

17 CuF2+H2SO4(l, g)=CuSO4+2HF(g) 

18 1/4Sn+H2SO4(l, g)=1/4Sn(SO4)2+H2O(g)+1/2SO2(g) 

19 1/3SnO+H2SO4(l, g)= 
1/3Sn(SO4)2+H2O(g)+1/3SO2(g) 

20 1/2SnO2+H2SO4(l, g)=1/2Sn(SO4)2+H2O(g) 

21 1/6SnS+H2SO4(l, g)= 
1/6Sn(SO4)2+H2O(g)+5/6SO2(g) 

22 SnCl2+H2SO4(l, g)=SnSO4+2HCl(g) 
23 SnF2+H2SO4(l, g)=SnSO4+2HF(g) 
24 2NaCl+H2SO4(l, g)=Na2SO4+2HCl(g) 
25 2KCl+H2SO4(l, g)=K2SO4+2HCl(g) 
26 CaCl2+H2SO4(l, g)=CaSO4+2HCl(g) 
27 2NaF+H2SO4(l, g)=Na2SO4+2HF(g) 
28 2KF+H2SO4(l, g)= K2SO4+2HF(g) 
29 CaF2+H2SO4(l, g)=CaSO4+2HF(g) 

standard Gibbs free energy (ΔGΘ) at different 
temperatures was calculated using HSC Chemistry 
7.1 software, and the corresponding results are 
shown in Fig. 2. 

The ΔGΘ values of the possible reactions for 
all zinc and lead compounds are negative at normal 
temperatures, indicating that ZnSO4 and PbSO4 are 
the final species of zinc and lead, respectively (see 
Figs. 2(a) and (b)). As shown in Fig. 2(c), elemental 
copper, copper oxides, copper sulfide and copper 
fluoride react with H2SO4 to form CuSO4 in theory. 
However, the ΔGΘ of the reaction between H2SO4 
and CuCl becomes negative only when the 
temperature is greater than 150 °C. This result 
implies that the roasting temperature should remain 
above 150 °C to ensure the efficient dissolution of 
copper. All the types of tin compounds in the SCS 
dust, except for SnO2, react with H2SO4 in the 
temperature range of 100−500 °C (see Fig. 2(d)). 
Figure S3 in Supplementary Materials indicates that 
liquid H2SO4 volatilized and the gaseous H2SO4 
decomposed to SO3 and H2O at the temperature of 
greater than 500 °C. Therefore, considering the 
thermodynamic stability of H2SO4, the roasting 
temperature should be below 400 °C. 

Figure 2(e) shows the salting out reactions of 
alkali metal halides for the volatilization of fluorine 
and chlorine to produce hydrogen halides in the 
roasting process. The ΔGΘ values of all salting out 
reactions in Fig. 2(e) are negative, suggesting that 
volatilization of HF and HCl spontaneously 
occurred. Overall, we concluded that the chemical 
reactions of heavy metals to their respective sulfates 
and the volatilization of halogens can be 
simultaneously achieved in the appropriate roasting 
temperature ranges (150−450 °C). 
 
3.3 Separation indices of heavy metals and 

halogens 
The sulfating roasting process is a feasible 

technology for halogen separation and metal 
recovery [32,33]. The heavy metals in the roasting 
product can be separated based on their solubility 
differences. Therefore, sulfating roasting−water 
leaching is an effective method for the disposal of 
SCS dust. The sulfating roasting step is key 
compared with the water leaching step. Hence, the 
effects of the critical parameters in the sulfating 
roasting step, including the excess coefficient of 
sulfuric acid, the roasting temperature, the reaction  
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Fig. 2 Thermodynamic diagrams of standard Gibbs free energy (ΔGΘ) as function of temperature for sulphation 
reactions of different Zn species (Reactions (1)−(4)) (a), Pb species (Reactions (5)−(10)) (b), Cu species (Reactions 
(11)−(17)) (c), Sn species (Reactions (18)−(23)) (d) and for salting out reactions of other alkali metal halides (Reactions 
(24)−(29)) (e) 
 
time and the roasting atmosphere were studied, and 
the corresponding results are summarized in Fig. 3. 

The amount of concentrated sulfuric acid is 
directly related to the distribution behaviours of 
valuable metals and the volatilization of halogens. 
The actual dosage against the theoretical dosage is 

referred to as the excess coefficient, and the 
theoretical dosage is 6.6 g/10 g dust according to 
theoretical calculation. As shown in Fig. 3(a), the 
leaching efficiencies of Zn and Cu significantly 
increase as the sulfuric acid excess coefficient 
increases from 0.8 to 1.6. As the sulfuric acid excess 
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Fig. 3 Effects of sulfuric acid excess coefficient (a, b), roasting temperature (c, d), roasting time (e, f) and oxygen 
concentration (g, h) on metal leaching efficiency and halogen removal efficiency (Experimental conditions: SCS dust 
mass 200 g; sulfuric acid excess coefficient 1.6; roasting temperature 250 °C; roasting time 120 min; oxygen 
concentration 20 vol.%, except when it was a variable) 
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coefficient increases to 1.6, the corresponding 
leaching efficiencies of Zn and Cu are more than  
98% and 95%, respectively. Pb and Sn are always 
mainly retained in the leaching residue at any 
excess coefficient (The specific data of Pb and Sn 
are supplemented in Table S1 of Supplementary 
Materials). 

Figure 3(b) indicates that the removal of F and 
Cl significantly depends on the excess coefficient of 
sulfuric acid, possibly due to the extensive 
conversion of metal halides in the presence of 
excessive concentrated sulfuric acid. A high excess 
coefficient indicates an increase in the amount of 
residual acid, resulting in a pH decrease of the 
leaching solution (see Fig. S4 in Supplementary 
Materials). A low pH will prevent the subsequent 
extraction and separation of Zn and Cu from the 
leaching solution. Taking the metal recovery and 
halogen removal into consideration, the optimal 
excess coefficient of sulfuric acid is 1.6. 

The effect of the roasting temperature on the 
recovery of heavy metals is shown in Fig. 3(c). At 
roasting temperatures ranging from 150 to 400 °C, 
the leaching efficiencies of Zn and Pb were greater 
than 98% and less than 0.5%, respectively. The 
leaching efficiency of Cu increased with the 
roasting temperature in the range of 150−250 °C, 
but a further increase in the temperature did not 
promote the leaching of Cu. The thermodynamic 
calculation shows that the chemical reaction of 
CuCl oxidation did not occur at room temperature. 
Combined with the finding that CuCl was the 
predominant copper phase in the SCS dust, we 
conclude that a high temperature facilitates the 
reaction of copper species from insoluble CuCl to 
dissolvable CuSO4, hence improving the leaching 
of Cu. A small proportion of Sn, approximately 
3.8 wt.%, was dissolved in the solution at a  
roasting temperature of 150 °C. When the  
roasting temperature was less than 200 °C, the 
decomposition of sulfuric acid was incomplete, and 
the residual sulfuric acid dissolved into solution in 
the subsequent leaching process, thereby inhibiting 
the complete hydrolysis reaction of tetravalent tin 
and leading to the partial dissolution of Sn. 

Figure 3(d) displays the volatilization of Cl 
and F in the sulfating roasting process. Increasing 
the temperature in the range from 150 to 250 °C 
facilitated the removal of halogens from the SCS 
dust, and the removal efficiency exhibited a slight 

change with a further increase in the temperature. 
The corresponding removal efficiencies of Cl and F 
at the optimal temperature of 250 °C are 98.3% and 
76.7%, respectively. 

The roasting time and reaction atmosphere are 
two other critical parameters. The roasting time of 
zero represents the prepared mixture of SCS dust 
and sulfuric acid. As shown in Fig. 3(e), only a 
small amount of Cu was leached into solution in the 
absence of sulfating roasting, and more than 18% 
Sn was dissolved. This result proves the necessity 
of sulfating roasting for metals recovery. When the 
roasting time was increased to 15 min, the leaching 
efficiency of Cu increased tremendously to higher 
than 87%, which implies rapid reactions between 
cuprous chloride and concentrated sulfuric acid. 
Further increasing the roasting time to over 30 min 
did not promote the sulphation reaction. Therefore, 
a roasting time of 30 min is sufficient. The leaching 
efficiency of heavy metals remained approximately 
constant as the oxygen concentration changed (see 
Fig. 3(g)), indicating that sulphation reactions are 
unrelated to the atmosphere. 

As shown in Fig. 3(f), the proportions of 
removed F and Cl were only 7.68% and 20.54% in 
the absence of sulfating roasting, respectively. 
When the roasting time was increased to 15 min, 
the removal efficiencies of F and Cl increased 
rapidly to 62.5% and 92.4%, respectively. The 
roasting time of 30 min is enough for the 
volatilization of halides produced from salting out 
reactions. As shown in Fig. 3(h), the volatilization  
of Cl was slightly improved as the oxygen 
concentration increased. The fast oxidation and 
decomposition of metal chloride at high oxygen 
concentrations may explain why the presence of 
oxygen facilitates Cl removal. This result indicates 
that it is unnecessary to control the reaction 
atmosphere in the actual sulfating roasting process. 
 
3.4 Characteristics of roasting product and 

leaching residue 
Based on the above results, the optimum 

conditions for the roasting process include a 
sulfuric acid excess coefficient of 1.6, a roasting 
temperature of 250 °C, a roasting time of 30 min 
and an oxygen concentration of 20 vol.%. After 
sulfating roasting and water leaching, the roasting 
product and leaching residue were analyzed using 
XRD, chemical element analysis, SEM and EDS to 
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further explore the corresponding changes in the 
mineralogical phases, chemical components, and 
morphology. As shown in Fig. 4(a) and Table 1, the 
main phases in the roasting product are zinc sulfate 
and lead sulfate, and the mass fractions of Zn, Pb 
and S are 16.67%, 13.82% and 32.72%, respectively. 
Some weak peaks for copper sulfate and tin sulfate 
can be observed, and the mass fractions of Cu and 
Sn in the roasting product are 2.14% and 1.93%, 
respectively. The phases of zinc and copper sulfate 
disappeared in the leaching residue (see Fig. 4(b)), 
consistent with the elemental analysis shown in 
Table 1. The major chemical components in the 
leaching residue are Pb, Sn and S, and the 
corresponding species are insoluble PbSO4 and 
SnO2. Tin sulfate is unstable during the leaching 
process and is easily hydrolyzed to produce stannic 
oxide. No dust is produced during the sulfating 
roasting process (see Table S2 in Supplementary 
Materials). Remarkably, the low concentrations of F 
and Cl in the roasting product indicate the efficient 
removal of F and Cl during the roasting process, 
which is also confirmed by the elemental 
distribution and balance of F and Cl shown in Table 
S3 in Supplementary Materials. Notably, the F and 
Cl concentrations in the tail gas absorption liquid 
are usually higher than 0.3 and 8.5 g/L respectively, 

which can be treated using traditional chemical 
precipitation and evaporative crystallization 
methods [34,35]. The elemental distribution and 
balance of F and Cl shown in Table S3 in 
Supplementary Materials also prove the effective 
removal of halogens in the sulphating roasting 
process. The SEM analysis in Fig. 4(c) presents an 
irregular morphology of the roasting product, which 
is composed of a bulk porous skeleton and small 
particles with a diameter of approximately 1 μm. 
After being leached by water, the porous skeleton 
disappeared, and the leaching residue exhibited an 
irregular spherical morphology (see Fig. 4(d)). 

 
3.5 Chemical reaction behaviour during sulfating 

roasting process  
The roasting products obtained at different 

temperatures and their corresponding leaching 
residues were characterized using Raman technique 
to comprehensively elucidate the reaction behaviour 
during the sulfating roasting process. As shown   
in Figs. 5(a) and (c), four characteristic peaks, 
including a ν1 symmetric stretching peak at 
approximately 980 cm−1, a ν2 symmetric bending 
peak at approximately 445 cm−1, a ν3 asymmetric 
stretching peak at approximately 1030 cm−1, and   
a ν4 asymmetric bending peak at 600−640 cm−1, are  

 

 
Fig. 4 XRD patterns (a, b) and SEM images (c, d) of roasting product (a, c) and leaching residue (b, d) 
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Fig. 5 Raman spectra (a, c) and XRD patterns (b, d) of roasting product (a, b) and leaching residue (c, d) obtained at 
different roasting temperatures 
 
related to the vibration of the sulfate ion. The 
intensity of these characteristic peaks increased 
with increasing the roasting temperature, proving 
that the degree of crystallinity of metal sulfates 
increased as the roasting temperature increased. 
With the increase of the roasting temperature and 
the dissolution of soluble sulfate, the crystallinity 
and purity of the metal sulfate in the leaching 
residues increased, resulting in the formation of a 
sharp absorption band at 980 cm−1. The Raman 
results confirm the feasibility from various metal 
species to the corresponding metal sulfate in the 
sulfating roasting process. 

The structural information of different samples 
obtained at different roasting temperatures was 
determined by XRD analysis. As shown in Fig. 5(b), 
zinc sulfate and lead sulfate are dominant species at 
any roasting temperature. A weak peak for 
ZnSO3·2.5H2O, which is ascribed to the oxidation 
of ZnS, appeared at 2θ value of 11.2° as the 
roasting temperature reached 200 °C. The formation 
of soluble zinc sulfite benefits the recovery of Zn. 
As the roasting temperature increased, the intensity 
gradually decreased and finally disappeared. 

Additionally, the characteristic peak intensity of 
PbSO4 at 2θ values of 26.8° and 27.8° increased 
gradually with the increase of the roasting 
temperatures, accompanied by a weakening of the 
elemental Pb peak at 2θ value of 31.4°. These 
results indicate that high temperature promotes the 
transformation from Pb to PbSO4. From the 
enlarged data at 2θ values from 26.5° to 28.5°, the 
characteristic diffraction peaks of PbSO4 exhibit   
a leftward shift, especially at high roasting 
temperatures, probably due to the formation of the 
basic sulphates such as 3PbO·PbSO4·H2O [36]. 

As shown in Fig. 5(d), the dominant species in 
the leaching residue is PbSO4 at all roasting 
temperatures. When the roasting temperature was 
150 °C, a characteristic peak of metallic Sn at 2θ 
value of 23.6° was observed. This peak disappeared 
at a roasting temperature of 200 °C. This result 
suggests the oxidation of tin at high roasting 
temperatures. Some peaks ascribed to stannous 
oxide and tin subsulfate emerged at roasting 
temperatures below 250 °C. The reason for the 
formation of tin subsulfate is probably the 
hydrolytic precipitation of soluble tin during the 
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water leaching process, which is also consistent 
with the leaching results for Sn shown in Fig. 5(c). 
The peaks of SnO2 at 2θ value of approximately  
51° gradually shift rightward with increasing 
temperature, potentially due to the incorporation of 
other elements [37]. The XRD results show that 
high temperatures promote the formation of metal 
sulfates and improve their conversion levels. 

A thermal analysis of the SCS dust and 
concentrated sulfuric acid mixture was conducted 
using the TG−DSC−MS technique (shown in 
Supplementary Materials), and the corresponding 
compositions in the pyrolysis exhaust were 
recorded in situ using mass spectrometry to further 
explore the volatilization behaviour of F and Cl in 
the roasting process. The TG curve in Fig. 6(a) 
displays three apparent mass loss stages, with 
temperature ranges of 25−315 °C, 315−650 °C and 
650−800 °C, respectively. The DSC results show 
that the first stage is exothermic, and the latter two 
stages are endothermic. The in situ MS results for 
the evolved gas suggest two distinct signals of HF 
and HCl when the temperature is below 300 °C, and 
the maximum volatilization rates occur at 190   
and 210 °C, respectively. Based on these results,  
the first mass loss is mainly attributed to the 
volatilization of HF and HCl. This result also 
confirms the feasibility of halogen removal for a 
sulfating roasting temperature of higher than 200 °C. 
In the second mass loss stage, the peaks of H2O, 
SO2 and SO3 appear at approximately 390 °C (see 
Figs. 6(d) and (e) and Fig. S5 in Supplementary 
Materials), confirming the decomposition of 
unreacted H2SO4. When the roasting temperature 
reaches over 700 °C, the decomposition of metal 
sulfate may occur, resulting in the formation of  
SO2 at high temperatures. The roasting temperature 

should be less than 300 °C to avoid the subsequent 
disposal of SO2 acid gas. 

The roasting products obtained at different 
temperatures were characterized using XPS to 
obtain a deeper understanding of the effect of 
roasting temperature on the sulphation reaction 
behaviour. As shown in Figs. 7(a) and (b), the 
characteristic peak intensities of Pb 4f and    
Zn 2p which are ascribed to Pb(II) and Zn(II) 
species [38,39] respectively remain unchanged, 
suggesting the impregnability of the Pb and Zn 
valence states at different roasting temperatures. 

The Sn 3d spectra in Fig. 7(c) are split into two 
peaks at 486.7 and.487.5 eV, which are attributed  
to Sn(II) and Sn(IV) [40], respectively. The 
proportions of Sn(II) and Sn(IV) on the surface of 
the roasting products were obviously weakened 
compared with those of the raw dust, and their 
proportions further decreased as the roasting 
temperature increased from 150 to 350 °C, 
suggesting that the roasting temperature benefits the 
oxidation of Sn(II) species to Sn(IV) species. 

After the deconvolution of the Cu 2p spectra, 
two peaks at 934.2 and 955.2 eV are ascribed to 
Cu(II) species, and two other peaks at 932.1 and 
952.6 eV are attributed to Cu species in the low 
valence states [41]. The Auger copper line (Cu 
LMM) was used to identify and distinguish Cu 
species with the low valence states [42,43]. As 
presented in Fig. S6 of Supplementary Materials, 
one main peak at a kinetic energy of 915.5 eV in the 
Cu LMM spectrum, which is ascribed to Cu(I) 
species, was observed at roasting temperatures 
lower than 150 °C. Upon further increasing the 
roasting temperature, the characteristic peaks of 
Cu(I) disappeared (see Fig. 7(d)), suggesting that 
Cu(I) species such as CuCl are completely oxidized 

 

 
Fig. 6 TG−DSC curves of thermal analysis of SCS dust and sulfuric acid mixture in air at heating rate of 10 °C/min (a), 
and corresponding MS traces for HF (b), HCl (c), and H2O (d) and SO2 (e) in evolved gas 
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Fig. 7 High-resolution XPS spectra of raw secondary copper smelting dust and roasting products obtained at different 
roasting temperatures over spectral regions of Pb 4f (a), Zn 2p (b), Sn 3d (c), Cu 2p (d), Cl 2p (e) and F 1s (f) 
 
to Cu(II) species at high temperatures. Combined 
with the results for the Cu leaching, we conclude 
that the presence of insoluble Cu(I) species at low 
roasting temperatures is a major contributor to the 
low leaching efficiency. 

The analysis of the Cl 2p spectrum shown in 
Fig. 7(e) reveals the presence of peaks for metal 
chloride at 198.6 and 199.9 eV in the raw dust [44]. 
Their peak intensities were noticeably reduced   
for the roasting product obtained at 150 °C and 
completely disappeared for the roasting products 
obtained at 250 and 350 °C. In the F 1s spectrum in 
Fig. 7(f), two characteristic peaks at 485.3 and 
489.2 eV emerged for the raw samples, which are 
ascribed to metal fluoride and fluorinated organic 

compounds [45]. These characteristic peaks were 
not detected in all roasting products. The Cl 2p  
and F 1s spectra obtained at different roasting 
temperatures indicate that halogens are easily and 
efficiently removed, especially at high roasting 
temperatures. Therefore, sulfating roasting is a 
simple and high-efficiency technology for the 
efficient separation of halogens from SCS dust. 
 
3.6 Evaluation of feasibility of proposed process 

As shown in Fig. 8, the flow sheet of this 
proposed technology mainly involves four steps, 
namely, sulfating roasting, water leaching, solvent 
extraction and mechanochemical reduction. After 
sulfating roasting and water leaching process, the 
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Fig. 8 Flow sheet of proposed technology in this study for treatment of SCS dust 
 
solvent extraction technique was applied to 
separating Cu and Zn from leaching solution. Two 
solutions with a Cu concentration of 32.3 g/L and a 
Zn concentration of 46.8 g/L were finally obtained 
respectively, which is suitable for yielding metal Zn 
and Cu products by the electrowinning technique. 
Finally, mechanochemical reduction was applied to 
recovering Pb and Sn from the leaching residue in 
the form of alloy, where the iron powders were  
used as reducing reagent. The Pb−Sn alloy can be 
obtained after the removal of residual iron by acid 
leaching. The total content of Pb and Sn in the 
obtained alloy is greater than 99.9%. The above 
analyses suggest the feasibility of this proposed 
process for the efficient recycle of valuable metals. 

A comparison between this proposed process 
and other technologies reported in literature is 
presented in Table S4 of Supplementary Materials 
to further evaluate the overall performance. The 
results suggest that the proposed technique in this 
study shows some advantages such as high yield, 
simple operation, low-cost and high value-added 
product. Acid leaching is an effective technology 
for the recovery of copper smelter dust. Cu and Zn 
can be extracted into leaching solution, while Pb 
and Bi are enriched in the leaching residue. 
However, the sulfuric acid leaching results in 
Table S5 of Supplementary Materials indicate that 
the Zn and Cu leaching efficiencies are only ~92% 

and 3.3%, respectively. Meanwhile, approximately 
65% of Sn is also leached into solution. The 
inefficient separation in the acid leaching process 
brings difficulties to the subsequent metal recovery. 
The difference of metal species between primary 
copper smelter dust and secondary copper smelter 
dust may be the root for the performance difference 
of acid leaching. Therefore, acid leaching is 
unsuitable for SCS disposal. Some studies also 
developed alkaline leaching techniques using 
NaOH or Na2CO3 as leaching agent to recover 
valuable component from industrial dust. Alkaline 
leaching techniques require a high alkali charge, 
namely large leaching solution volume, which will 
reduce ion concentration in the leaching solution 
and hence increase the evaporation cost for 
halogens disposal. A relatively high price of alkali 
also raises the operating cost. By comparison, 
sulphating roasting−water leaching is more cost- 
effective due to the excellent recovery performance 
and low reagent consumption. What’s more, a 
selective separation of halogens from SCS dust was 
achieved by this proposed method, which further 
benefits the subsequent metal separation. Overall, 
the proposed method is a practicable strategy for 
the comprehensive recovery of heavy metals and 
the selective separation of halogens, which also 
provides a new insight for the recycle of industrial 
dust containing high-concentration halogen. 
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4 Conclusions 
 

(1) The thermodynamic calculations confirm 
the feasibility of transforming various heavy metal 
species to metal sulfate and harmful halogen 
elements to gaseous HF and HCl during the 
sulfating roasting process. 

(2) More than 74 wt.% of F and 98 wt.% of 
Cl evaporate into flue gas during the sulfating 
roasting process under the optimal conditions 
(sulfuric acid excess coefficient 1.6, roasting 
temperature 250 °C, roasting time 30 min and 
oxygen concentration 20 vol.%). 

(3) Water leaching step was used to separate 
heavy metals, where the leaching efficiencies of  
Zn and Cu reached higher than 98.6 wt.% and 
96.5 wt.% and more than 99.7 wt.% of Pb and Sn 
remained in the leaching residue. 

(4) The mechanism studies show that the 
roasting temperature accelerates the sulphation 
reactions from various metal species to metal 
sulfates and the salting out reactions from various 
metal halides to gaseous hydrogen halides. 
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摘  要：采用硫酸化焙烧−水浸工艺对再生铜烟灰中卤素分离和重金属回收进行研究。热力学结果证实了物相向

硫酸盐和气态 HF 和 HCl 转化的可行性。在硫酸化焙烧温度 250 ℃和硫酸过量系数 1.8 的反应条件下，超过 74%  

(质量分数)的 F 和 98%(质量分数)的 Cl 挥发进入烟气。经过水浸后，焙烧产物中约 98.6%(质量分数)的 Zn 和 96.5% 

(质量分数)的 Cu 溶解到浸出液中，而 Pb 和 Sn 的浸出率分别仅为 0.12%和 0.22%。机制研究结果表明，焙烧温度

对金属化合物向金属硫酸盐的硫酸化反应和金属卤化物向气态卤化氢的盐析反应起到重要作用。 

关键词：再生铜烟灰；硫酸化焙烧；水浸；卤素挥发；重金属分离 

 (Edited by Wei-ping CHEN) 


