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Abstract: The suspension stage of copper flash smelting was examined by roasting a high arsenic copper smelting feed 
mixture at 500−900 °C for 0−20 s in nitrogen and air atmospheres. The enrichment of copper, lead, zinc, arsenic, and 
sulfur in the quenched calcine was determined via chemical analyses. Pyrite and chalcopyrite were the main minerals in 
the feed mixture, and about 55 wt.% of arsenic was in tennantite. The stability of the feed and the formation of S2 and 
SO2 during roasting were surveyed by thermal analysis combined with mass spectrometry. Selected pure impurity 
sulfides were studied for reference purposes. Results indicated that arsenic was released more easily in inert atmosphere 
compared to air, in which oxidation products of sulfides captured the released gaseous arsenic. Kinetics analyses 
showed that the third-order chemical reaction and three-dimensional diffusion models were found as the most suitable 
mechanism functions of arsenic volatilization in inert and air atmospheres, respectively. 
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1 Introduction 
 

The copper content in the Earth’s crust is 
approximately 0.01 wt.% [1], occurring mainly in 
various sulfide minerals, such as CuFeS2 and Cu−S 
compounds. Arsenic-containing minerals are 
commonly found in copper, lead, zinc, and gold 
ores. Complex copper concentrates containing 
arsenic include minerals such as arsenopyrite 
(FeAsS), enargite (Cu3AsS4), tennantite 
((Cu,Fe)12As4S12), and lautite (CuAsS) [2−4]. The 

clean high-grade copper concentrates have been 
declining over decades [5−7]. With the growing 
demand for copper, various concentrates with high 
contents of harmful elements have gradually 
become common in copper extracting processes. 
Among these, high arsenic copper concentrates  
are particularly common, leading to an increase   
in arsenic-containing pollutants and by-products 
[8−11]. 

Two major methods are used to extract copper 
from ores: hydrometallurgy and pyrometallurgy. 
Hydrometallurgy is performed at or near room 
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temperature, offering advantages such as saving fuel 
and no slag generation. However, hydrometallurgy 
also has several inherent limitations, including 
equipment corrosion, challenging solid−liquid 
separation, and low leaching efficiency [12,13]. 
Therefore, the extraction of copper is 
predominantly based on pyrometallurgy [14−17]. 
Bath smelting and suspension smelting are the 
dominant modern copper smelting technologies 
[18,19]. 

During smelting, most arsenic in the feed 
volatilizes into the gas phase and reports to the flue 
dust. Because of the high copper grade in flue dusts, 
the arsenic-containing flue dusts are mixed back to 
the feed-mixture, which increases the arsenic 
content in the smelting furnace [20]. Several studies 
have investigated the effects of arsenic on copper 
smelting [21,22], its distribution behavior [23−25], 
and its speciation in copper flue dusts [20,26−28]. 
However, there is limited information available on 
the thermal behavior of arsenic during the 
suspension stage in the smelting vessel [29]. 

When the smelting feed is introduced into 
suspension smelting or bath smelting furnace, the 
feed particulates are rapidly heated before 
contacting the molten bath. Once the temperature 
reaches the boiling point of arsenic-containing 
phases [30], these phases volatilize into the gas 
phase and are discharged from the smelting furnace 
with the off-gas, forming arsenic-containing flue 
dust. Therefore, it is of great significance for the 
copper smelting industry to understand the thermal 
behavior of arsenic in the copper smelting feed 
within gas-particle suspensions. 

The aim of this work is to simulate the 
suspension oxidation process by roasting a high 
arsenic copper smelting feed under nitrogen and  
air atmospheres at temperatures of 500−900 oC.  
The quenched calcines were analyzed to examine 
the enrichment degrees of elements and the 
volatilization kinetics of arsenic in the high-  
arsenic smelting feed in the suspension smelting 
process. 

 
2 Experimental 
 
2.1 Materials 

The high-arsenic copper smelting feed (HB) 
used in this study was obtained from a copper 
smelter employing the bottom-blowing bath 
smelting process in Shandong province, China.  
The elemental composition was analyzed using 
inductively coupled plasma-optical emission 
spectroscopy 5100 (ICP-OES, Agilent, USA), an 
elemental analyzer Vario EL Cube (EA, Elementar, 
Germany), and an X-ray fluorescence spectrometer 
1800 (XRF; Jindao, Japan) with Rh anode radiation 
and a standard slit at 36.5 °C. Copper, iron, sulfur 
and silicon were the major elements (Table 1), 
collectively accounting for more than 65 wt.% of 
the feed. In addition, arsenic, lead and zinc 
accounted for 2.0, 2.3, and 2.1 wt.% of the feed, 
respectively. 

Mineralogical characteristics of HB were 
analyzed by a Mineral Liberation Analyzer FEI 
MLA 650 (Thermo Fischer Scientific, USA) 
equipped with a FEI Quanta 650 scanning electron 
microscope (SEM, Thermo Fischer Scientific,  
USA) and an energy dispersive spectrum analyzer 
Quantax 200 with Dual XFlash 5010 (EDS; Bruker, 
Germany). The FEI MLA 3.1 software package 
(Thermo Fischer Scientific, USA) [20] and its 
mineral standards library were used to determine 
the distribution of copper, iron and arsenic in the 
feed. The mineral liberation results are presented in 
Fig. 1 and Table S1 of Supplementary Material 
(SM), respectively. 

As shown in Fig. 1, the HB particles exhibited 
irregular shapes and a non-uniform size distribution. 
Large particles contained multiple minerals, such as 
chalcopyrite, quartz, covellite, and sphalerite. 
Tennantite and tetrahedrite were not liberated from 
each other, while quartz and galena were found 
associated with pyrite. Table S1 in SM shows the 
mineral composition of HB. The main minerals 
were pyrite (27.3 wt.%) and chalcopyrite (17.3 wt.%), 

 
Table 1 Elemental composition of high-arsenic copper smelting feed (wt.%) 

Cu1 Fe1 As1 Zn1 Pb1 Sb1 Bi1 Al1 S2 Si3 Na3 Mg3 K3 Ca3 Others 

17.0 25.3 2.0 2.3 2.1 0.6 0.1 1.0 26.5 9.5 0.5 1.8 0.6 1.8 8.9 
1: ICP-OES; 2: EA; 3: XRF 
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Fig. 1 Mineral liberation characteristics of HB: (a) Backscattered electron (BSE) image; (b) Analysis chart of final 
mineral liberation analyzer (MLA)  
 
and the content of other minerals was less than 
6 wt.%. 

The distributions of copper, iron and arsenic in 
HB (analyzed by MLA) are shown in Table S2 of 
SM. More than 91 wt.% of copper was distributed 
in chalcopyrite (29.6 wt.%), chalcocite (21.0 wt.%), 
bornite (17.7 wt.%), tennantite (9.6 wt.%), covellite 
(7.9 wt.%), and native copper (6.0 wt.%). Iron 
mainly existed in pyrite, chalcopyrite, and magnetite. 
The main arsenic carrier in HB was tennantite, with 
additional arsenic present in arsenopyrite and 
reverts. Pure sulfide minerals (pyrite (FeS2), 
arsenopyrite (FeAsS), chalcocite (Cu2S), chalcopyrite 
(CuFeS2) and bornite (Cu5FeS4)) used as reference 
materials were obtained from a Chinese industrial 
company, with a purity of >95%. The minerals were 
identified by a D/Max 2500 VB + 18 kW X-ray 
diffractometer (XRD; Rigaku, Japan) with Cu 
radiation (40 kV, 300 mA), a step size of 0.02°, and 
a scanning speed of 10 (°)/min over the 2θ range 
from 10° to 80°, as shown in Fig. S1 of SM. 

Thermogravimetric analysis (TG) was performed 
using a NETZSCH-449F3 instrument (Netzsch, 
Germany) coupled online with a mass spectrometer 
(MS, NETZSCH-QMS403, Netzsch, Germany) to 
analyze the thermal behavior of HB and the 
composition of off-gases. Thermal analysis of   
the pure sulfides was performed using a 
thermogravimetry-differential scanning calorimetry 
(TG-DSC, NETZSCH-STA449C, Netzsch, Germany). 
Approximately 10 mg of each sample was placed in 
an alumina crucible. Measurements were conducted 
under a flow of air or argon (50 mL/min) at a 
heating rate of 10 °C/min. 
 
2.2 Apparatus 

The suspension process was simulated using a 

vertical furnace (Lenton PTF 15/45/450, UK), as 
illustrated in Fig. 2. The furnace was equipped with 
SiC heating elements and an impervious alumina 
working tube. The internal temperature was divided 
into three heating zones, which were controlled by 
Eurotherm 3216 proportional-integral-derivative 
(PID) controllers. A calibrated S-type Pt/90 pct Pt- 
10 pct Rh thermocouple (Johnson-Matthey Noble 
Metals, UK) with a maximum deviation from the 
standard of ±3°C was inserted into the working tube 
from the top to monitor the sample temperature. 
The thermocouple was connected to a 2010 DMM 
multimeter (Keithley, USA). The cold junction 
temperature was measured by a PT100 resistance 
thermometer (SKS Group, Finland) connected to a 
2000 DMM multimeter (Keithley, USA). A 
National Instruments (NI) LabVIEW data logging 
program was used to collect temperature data 
throughout the experiments. Gas flow rates were 
regulated by DFC26 digital mass-flow controllers 
(Aalborg, USA). 
 
2.3 Procedure 

HB was dried in an oven in air at 90 °C for 
24 h. Prior to the experiments, the temperature 
profile inside the working tube was measured to 
identify the hot zone within the range of 
500−900 °C. 

For each experiment, approximately 0.2 g of 
HB powder was placed into a platinum crucible. 
The crucible containing the sample was then placed 
in a platinum basket, which was suspended in the 
center of the furnace tube using a platinum wire. 
Initially, the crucible−sample−basket was inserted 
into the cold zone of the furnace. The lower end  
of the furnace working tube was sealed with a 
rubber plug, and the exhaust gas was directed to an 
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Fig. 2 Schematic diagram of vertical tube furnace (a, d) and detail of zone (b, c) used for experiments 
 
absorption bottle filled with an alkali absorbent 
(Fig. 2(a)). Argon (Aga Linde, Finland, 99.999% 
purity) was introduced at a specified flow rate for 
30 min to stabilize the atmosphere. 

Subsequently, the platinum basket was lifted 
up to the hot zone and held there for a preset 
duration of 0−20 s. Before lifting, the rubber plug 
was removed in the ice−water mixture in the 
quenching vessel (Fig. 2(d)). After that, the 
specimen was dropped into the ice−water mixture 
for rapid quenching. 

When investigating the influence of air 
atmosphere, the furnace tube was kept open, and a 
water quenching vessel was placed under the low 
temperature zone without direct contact with the 
furnace tube. The sample was then processed 
following the same procedure as described above. 
Each group of experiments was repeated 6−9 times 
to minimize random errors. 
 
2.4 Kinetic analysis 

Kinetic data obtained at 500 and 900 °C were 
analyzed to investigate the changes in copper, iron, 
zinc, arsenic and lead contents under air and inert 
atmospheres, and to determine the associated 
kinetic model parameters. 

The kinetic parameters were evaluated 
employing a model-fitting method [31,32] based on 
the Arrhenius formula, which can be expressed in 
the following forms, as shown in Eqs. (1)−(3):  

= exp[ /( )]k A E RT−                        (1) 
 

ln = ln Ek A
RT

−                           (2) 
 

2
d ln
d

k E
T RT

=                             (3) 
 
where T is the thermodynamic temperature; k   
and A represent the reaction rate constant and    
the pre-exponential factor (frequency factor) at 
temperature T, respectively; E stands for the 
activation energy; R is the molar gas constant, 
8.314 J/(mol·K). 

The enrichment degree of each element in the 
calcine under different conditions was calculated 
using Eq. (4). Since iron is non-volatile under the 
experimental conditions, the element concentrations 
in the calcine were normalized using Eqs. (5) and 
(6). Consequently, the volatilization degree of 
arsenic from the feed, denoted as α, was defined by 
Eq. (7) and calculated according to Eq. (8). By 
combining Eqs. (4)−(6), the relationship between 
the arsenic enrichment degree (ηAs) and its 
volatilization degree (α) was derived, as presented 
in Eq. (9):  

1 1

0 0

i
i

i

m C
m C

η =                               (4) 
 
m0CFe0=m1CFe1                                           (5)  

Fe0 1

Fe1 0

i
i

i

C C
C C

η =                             (6) 
 
d = ( )= exp[ /( )] ( )
d
α kf α A E RT f α
t

− ⋅          (7) 
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1 As1

0 As0
=1 m Cα

m C
−                            (8) 

 
α=1−ηAs                                                   (9) 
 
where ηi is the enrichment degree of element i in 
the quenched calcine; m0, m1, Ci0 and Ci1 represent 
the mass and the mass fraction of element i of HB 
before and after calcination, respectively; f(α) 
stands for the differential form of the reaction 
model; t is the time. 

The total concentrations of copper, iron, zinc, 
arsenic, and lead in the quenched calcines were 
determined using a wet digestion technique 
following US Environmental Protection Agency 
guidelines (USEPA, Method 3052). The metal 
concentrations were determined by ICP-OES and 
the sulfur content was measured by EA. To 
minimize random errors, each specimen was 
divided into three subsamples for independent 
analysis, and the average values are reported.  

0 0

d( ) exp d =
( )

α tα EG α A t kt
f α RT

 = = − 
 ∫ ∫       (10) 

 
The integral form of the reaction model, G(α), 

can be obtained by integrating the reciprocal of the 
reaction model function f(α) with respect to α based 
on the reaction rate equation in Eq. (7), as shown in 
Eq. (10). 

The gas−solid reaction kinetic models and 
their corresponding G(α) functions tested in this 
work are listed in Table 2. For isothermal conditions, 
G(α) and k can be determined by linear fitting of the 
experimental data. The corresponding values of E/T 
and ln A can be calculated from the slope and 
intercept of the fitted linear regression of ln k versus 
T 

−1, in accordance with Eqs. (1) and (2). This 
procedure allows for the determination of the 
kinetic parameters E and A. 
 
3 Results and discussion 
 
3.1 Thermal behavior of pure sulfide minerals 
3.1.1 Sulfide minerals in inert atmosphere 

The TG-DSC curves of pure pyrite, chalcocite, 
bornite, chalcopyrite, and arsenopyrite minerals 
under a flowing argon atmosphere (50 mL/min) are 
shown in Fig. 3. These minerals represent the major 
mineral phases identified in the HB, as presented in 
Table S1 of SM. 

Table 2 Gas−solid reaction kinetic models [33−36] 
Reaction  

model Code G(α) 

Nucleation 
 and  

growth 
model 

Power law (P2) α1/2 

Power law (P3) α1/3 

Avrami-Erofe’ev 
 Eq. (1) (A2) [−ln(1−α)]1/2 

Avrami-Erofe’ev 
 Eq. (2) (A3) [−ln(1−α)]1/3 

Avrami-Erofe’ev 
 Eq. (3) (A4) [−ln(1−α)]1/4 

Geometrical 
contraction 

 model 

Contraction area (R2) 1−(1−α)1/2 

Contraction area (R3) 1−(1−α)1/3 

Diffusion 
model 

1D Diffusion (D1) α2 

2 D Diffusion (D2) α+(1−α)]ln(1−α) 

3 D Diffusion (D3) [1−(1−α)1/3]2 

4 D Diffusion (D4) (1−2α/3)−(1−α)2/3 

Reaction- 
order 

 model 

Zero-order (F0/R1) α 

First-order (F1) −ln(1−α) 

Second-order (F2) (1−α)−1−1 

Third-order (F3) 0.5[(1−α)−2−1] 

 
As shown in Fig. 3(a), the thermal decompo- 

sition of pyrite in argon initiated when the 
temperature exceeded 460 °C [37]. The first 
decomposition stage of pyrite completed at 
approximately 551 °C, accompanied by an 
endothermic peak at 521 °C in the DSC curve and a 
mass loss of 3.5 wt.%. This can be assigned to the 
conversion of pyrite to pyrrhotite, as described by 
Eq. (11) [38]. The second endothermic peak at 
640 °C can be ascribed to the secondary 
decomposition of pyrite forming the stoichiometric 
iron sulfide (FeS), i.e., pyrrhotite, according to 
Eq. (12). With further increase in temperature, FeS 
released S2(g) and formed elemental iron, as 
represented by Eq. (13):  
(1−x)FeS2=Fe1−xS+(0.5−x)S2(g)             (11)  
Fe1−xS=(1−x)FeS+0.5xS2(g)                         (12)  
2FeS=2Fe+S2(g)                                       (13)  

TG-DSC curves of chalcocite are presented in 
Fig. 3(b). The DSC trace exhibited four small 
endothermic peaks at 99, 423, 506, and 860 °C. 
Correspondingly, the TG curve showed a total  
mass loss of 4.7 wt.% in the temperature range of  
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Fig. 3 Thermal analyses of pyrite (a), chalcocite (b), bornite (c), chalcopyrite (d), and arsenopyrite (e) minerals in argon 
 
30−623 °C, followed by an additional 1.3 wt.% 
mass loss up to 900 °C. The endothermic peak at 
99 °C can be attributed to the release of H2O (g). As 
indicated by the XRD pattern of the pure chalcocite 
mineral (Fig. S1(e) of SM), a small amount of 
pyrite was present. Therefore, the endothermic 
peaks at 423 and 506 °C can be assigned to the first 
two decomposition stages of pyrite (Eqs. (11) and 
(12)). The second mass-loss stage, observed at 
660−900 °C, is consistent with the behavior of 
pyrite shown in Fig. 3(a). 

As seen in Fig. 3(c), bornite underwent a slight 
mass loss at 30−900 °C, which can be attributed to 
release both of H2O (g) and a small amount of 
S2(g). 

Figure 3(d) shows the TG-DSC results for 
chalcopyrite. The TG curve indicated a continuous 

mass loss in the temperature range of 400−900 °C, 
which can be divided into two distinct steps. The 
first step, with a mass loss of 3.5 wt.%, was 
attributed to the release of S2(g) due to the 
transformation of chalcopyrite to β-chalcopyrite, as 
represented by Eq. (14) [39]. The second mass loss 
can be explained by the decomposition of 
β-chalcopyrite (Eq. (15)) and the evaporation of 
sulfur from bornite and FeS.  
2CuFeS2=2CuFeS2−x+xS2(g)               (14)  
10CuFeS2−x=2Cu5FeS4+8FeS+(2−5x)S2(g)    (15)  

As shown in Fig. 3(e), the TG curve of 
arsenopyrite exhibited a significant mass loss at 
390−710 °C, followed by a gradual mass loss up to 
900 °C. An endothermic peak appeared at 698 °C in 
the DSC curve can be assigned to the 
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decomposition of arsenopyrite and the release of 
As2(g) (Eq. (16)). The second stage of mass loss 
was consistent with the behavior observed for pyrite 
(Fig. 3(a)). 
 
2FeAsS=2FeS+As2(g)                    (16) 
 
3.1.2 Sulfide minerals in air 

Typical TG-DSC curves for the oxidation of 
pyrite, chalcocite, bornite, chalcopyrite, and 
arsenopyrite in air are shown in Fig. 4. It can be 
seen in Fig. 4(a) that pyrite continued to lose mass 
in the ranges of 427−559 °C and 559−694 °C, with 
corresponding mass losses of 11.9 wt.% and 
19.7 wt.%, respectively. The DSC curve exhibited  
a distinct exothermic peak at 474 °C. Therefore,  
the mass loss at 427−559 °C can be attributed to  
the oxidation of pyrite, forming hematite and 

releasing SO2(g), as described by Eq. (17). In the 
temperature range of 559−694 °C, intermediate 
products such as pyrrhotite, hematite, and ferric 
sulfate were formed and subsequently converted 
into hematite [40,41]. 
 
4FeS2+11O2(g)=2Fe2O3+8SO2(g)           (17) 
 

The TG curve of chalcocite in air from 30 to 
1200 °C (Fig. 4(b)) shows an mass increase at 
334−685 °C, followed by a decrease from 685 to 
1200 °C. The mass increasing stage can be divided 
into two parts. The first stage (334−531 °C) was 
assigned to surface oxidation of chalcocite particles, 
forming copper (I) oxide and copper sulfate. The 
second stage (548−685 °C) can be linked with 
continuous oxidation of the residual sulfide, 
generating copper oxide and copper sulfate. 

 

 
Fig. 4 Thermal analyses of pyrite (a), chalcocite (b), bornite (c), chalcopyrite (d), and arsenopyrite (e) minerals in air     
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Two exothermic peaks appeared in the DSC 

curve at 459 and 549 °C, both associated with 
oxidation processes. Nevertheless, a momentary 
mass loss accompanied by an exothermic process 
occurred at 531−548 °C, indicating complete 
oxidation of the chalcocite surfaces. The formed 
copper sulfate scale covered the chalcocite surface, 
preventing the penetration of air into the chalcocite 
core. This led to slightly more SO3(g) released from 
decomposition of copper sulfate (Eq. (18)) than 
absorbed O2(g) [39]. The mass loss at 685−839 °C 
was due to decomposition of copper sulfate [42], 
and the mass change from 839 to 1000 °C was 
minimal. 
 
2CuSO4=CuO·CuSO4+SO3(g)              (18) 
 

The TG curves of bornite (Fig. 4(c)), 
chalcopyrite (Fig. 4(d)) and covellite [43] in air at 
30−1200 °C exhibited trends similar to that of 
chalcocite (Fig. 4(b)). In air, the oxidation reactivity 
of these minerals followed the order of chalcocite, 
covellite, chalcopyrite and bornite [3]. 

As shown in Fig. 4(e), arsenopyrite underwent 
a significant mass loss of 36.7 wt.% during heating. 
An exothermic peak was observed in the DSC 
curve at 495 °C, with an onset temperature of 
468 °C. This can be attributed to the oxidation of 
arsenic in arsenopyrite releasing As2O3(g) and 
SO2(g). 
 
3.2 Thermal behavior of high-arsenic copper 

smelting feed 
3.2.1 HB in nitrogen 

The TG-DSC curves of HB in nitrogen at 
30−1300 °C are shown in Fig. 5(a), and the mass 
spectrum of the off-gas (monitoring 〈S2+SO2〉) is 
shown in Fig. 5(b). HB exhibited continuous mass 
from 30 to 1300 °C, which can be divided into three 
steps. The first stage, occurring at 30−380 °C, 
resulted in a mass loss of 1.7 wt.%. A weak 
endothermic peak appeared at 379 °C in the DSC 
curve, indicating that this mass loss can be ascribed 
to the removal of crystalline water. 

The second stage, from 380 to 800 °C, 
exhibited a mass loss of 12.3 wt.%. The 
corresponding DSC curve showed endothermic 
peaks at 499, 543, 608 and 649 °C. According to the 
TG-DSC curve of pyrite in nitrogen atmosphere 
(Fig. 3(a)), the endothermic peaks at 499 and 
649 °C were assigned to the two-stage 

decomposition of pyrite. From Figs. 3(a, b), it can 
be affirmed that the endothermic peak at 543 °C in 
Fig. 5(a) can be attributed to the decomposition of 
chalcopyrite, and the peaks at 608 and 649 °C were 
ascribed to chalcopyrite decomposition and the 
secondary decomposition of pyrite. These reactions 
resulted in the release of 〈S2+SO2〉 at 380−680 °C. 
 

 
Fig. 5 TG-DSC curves of HB in N2 (a) and in-suit mass 
spectra of S2 and SO2 released from HB in N2 (b) 
 

It can be seen in Fig. 5(b) that a certain amount 
of 〈S2+SO2〉 was released from HB at 680−710 °C. 
This phenomenon can be attributed to the release of 
S2(g) and As2(g) in the decomposition of 
arsenopyrite forming AsxS(g). After the complete 
decomposition of arsenopyrite, the continuous 
release of S2(g) resulted in a distinct peak at 774 °C, 
as evident in Fig. 5(b). 

The third mass loss stage (6.9 wt.%) occurred 
at 800−1200 °C. No significant endothermic or 
exothermic peaks were observed in the DSC curve. 
3.2.2 HB in air 

The TG-DSC curves of HB in air from 30 to 
1300 °C are shown in Fig. 6(a), and the mass 
spectrometry data for 〈S2+SO2〉 in the off-gas are 
presented in Fig. 6(b). 

As observed in Fig. 6(a), the mass change of 
HB with increasing temperature can be divided into 
four steps. In contrast to the behavior in nitrogen 
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atmosphere, HB did not lose mass but gained mass 
in the second stage (580−676 °C) in air. The DSC 
curve displayed two exothermic peaks at 520 and 
598 °C, and two endothermic peaks at 742 and 
976 °C. Figure 6(b) indicates that 〈S2+SO2〉 is 
released in two temperature ranges of 280−570 °C 
and 640−900 °C, with two prominent peaks in the 
MS curve at 463 and 758 °C, suggesting that 
maximum release occurred at 463 °C. 
 

 
Fig. 6 TG-DSC curves of HB in air (a) and in-suit mass 
spectra of S2 and SO2 released from HB in air (b) 
 

It can be inferred from Fig. 6 that the mass loss 
of HB in air (30−580 °C) was attributed to greater 
mass loss from sulfur release (from pyrite and 
arsenopyrite) than mass gain from oxidation of 
copper-bearing minerals. The mass gain at 580 and 
676 °C was assigned to sulfation of oxidation 
products. The mass loss from 676 to 1000 °C was 
due to the release of sulfur trioxide during the 
decomposition of sulfates. The exothermic peaks at 
520 and 598 °C, as well as endothermic peak at 
742 °C, were associated with sulfation and 
decomposition reactions. The endothermic peak at 
976 °C, which did not involve significant mass 
change, may be assigned to a phase transformation 
or melting process [44]. 

The residence time of concentrate in the 
reaction shaft of a flash smelting furnace is in the 

range of 2−3 s [45,46]. In single particle studies on 
sulfide minerals under residence time of similar 
magnitude to those in industrial furnaces, no sulfate 
formation was detected on partially oxidized and 
desulfurized grains [47]. This indicates that the 
formation kinetics of copper sulfates (within their 
thermal stability range of 500−1000 °C) is slower 
than the sulfide oxidation processes and formation 
of magnetite scales. 
 
3.3 Enrichment of elements in calcine 
3.3.1 Effect of temperature 

The contents of copper, iron, arsenic, lead, zinc 
and sulfur in the quenched calcines of HB roasted 
in air at 500, 600, 700, 800 and 900 °C for 5, 10 and 
20 s were analyzed, and their enrichment degrees 
were calculated using Eq. (6). The results are 
presented in Fig. 7. 

As shown in Figs. 7(a, c, e), the enrichment 
degrees of arsenic in the quenched calcines 
decreased as the temperature increased from 500 to 
900 °C in air. This indicates that a larger fraction of 
arsenic evaporated into the gas phase at higher 
temperatures. A similar trend was observed for 
sulfur. Based on these results, arsenic is more 
volatile than sulfur under the studied suspension 
oxidation process. 

In the experiments, the volatilization of low- 
boiling-point elements such as arsenic and sulfur 
will increase the enrichment degrees of 
high-boiling-point phases to some extent i.e., 
copper, lead and zinc. As shown in Figs. 7(b, d, f), 
the enrichment degrees of copper, lead, and zinc 
exhibited increasing trends with rising temperature. 
After roasting at 900 °C for 20 s, the enrichment 
degrees reached approximately 107% for copper, 
105% for lead, and 103% for zinc. 

It can be concluded that during rapid heating 
process in suspension, less than 5 % of copper, lead 
and zinc volatilized and entered flue dust. 
3.3.2 Effect of residence time 

The enrichment degrees of copper, arsenic, 
lead, zinc and sulfur in the calcines roasted at 700, 
800, and 900 °C under different residence time in 
air are shown in Fig. 8. 

Figures 8(a, c, e) show that the enrichment 
degrees of arsenic in the calcines gradually 
decreased with extending time from 0 to 20 s, 
resulting in reductions of 12% at 700 °C, 14% at 
800 °C, and 25% at 900 °C relative to the initial 
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Fig. 7 Effect of roasting temperature on enrichment degrees of elements in quenched HB calcines in air: (a, c, e) As and 
S; (b, d, f) Cu, Pb and Zn 
 

 
Fig. 8 Effect of residence time on enrichment degree of elements in quenched HB calcines in air: (a, c, e) As and S;   
(b, d, f) Cu, Pb and Zn 
 
arsenic content. When HB was held in air at 900 °C 
for 20 s, the arsenic enrichment degree reached 
72%. It can be inferred that extending the in-flight 
time enhances arsenic volatilization, thereby 
reducing arsenic content in the condensed smelting 
products. Similar to arsenic, the enrichment degree 
of sulfur tended to decrease with extending the 
residence time. 

Notably, the enrichment degrees of arsenic and 
sulfur cannot reach 100% at 0 s, as complete 
dearsenification and desulfurization require 
sufficient time. When the platinum basket was 

manually lifted from the furnace bottom to the 
constant temperature zone, particles in HB 
underwent rapid heating. During this process, some 
low-boiling-point phases evaporated into the gas 
phases, causing localized fluctuations in element 
distribution. Thus, when HB was held at the 
designed temperatures for 0 s, the enrichment 
degrees of arsenic and sulfur remained below 
100%. 

As shown in Figs. 8(b, d, f), the enrichment 
degrees of copper, lead and zinc exhibited basically 
the same trend within the temperature range of 
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700−900 °C under oxidizing conditions. This 
consistency can be attributed to the use of an 
oxidative atmosphere, in which the oxidation 
products of these three elements, such as Cu2O, 
PbO, and ZnO, had low vapor pressures at the 
experimental temperatures. The enrichment degree 
of zinc fluctuated slightly between 96% and 103%. 
The enrichment degrees of copper and lead varied 
within the ranges of 97%−112% and 95%−105%, 
respectively. 
3.3.3 Effect of atmosphere 

The enrichment degrees of copper, arsenic, 
lead, and zinc in the calcines at 500, 700, and 
900 °C in air and argon are compared in Fig. 9. 
 

 
Fig. 9 Enrichment degrees of Cu, As, Pb, and Zn      
in quenched HB calcines: (a) 500 °C; (b) 700 °C;      
(c) 900 °C 

Figure 9 shows that arsenic enrichment 
degrees in air are higher than those in argon at 500, 
700, and 900 °C. This indicates that undecomposed 
arsenopyrite was gradually oxidized by oxygen in 
air, forming non-volatile arsenates. At elevated 
temperatures in an oxidative environment, the 
generated arsenic oxide reacted with oxidation 
products of metal sulfides i.e., magnetite, copper 
oxide, and sulfates to form arsenates. These 
subsequently blocked the pores of the calcines, 
thereby inhibiting arsenic volatilization. The 
relevant reactions are represented by Eqs. (19)−(24) 
[22,37,44].  
FeAsS+3O2(g)=FeAsO4+SO2(g)            (19)  
4FeAsS+3O2(g)=4FeS+2As2O3(g)           (20)  
Fe2O3+As2O3(g)+O2(g)=2FeAsO4                 (21)  
4Fe3O4+6As2O3(g)+7O2(g)=12FeAsO4           (22)  
39CuO+11As2O3(g)=4Cu3As+9Cu3(AsO4)2     (23)  
6CuSO4+2As2O3(g)=2Cu3(AsO4)2+6SO2(g)+O2(g) 

                                  (24) 
Nevertheless, an argon atmosphere was more 

favorable for the decomposition of arsenic- 
containing sulfide minerals i.e., tennantite and 
arsenopyrite, and promoted the conversion of 
arsenic into low-boiling-point sulfides, as shown in 
Eqs. (25)−(27) [48−51]. Therefore, arsenic is more 
easily volatilized in the inert atmosphere.  
2Cu12As4S13=12Cu2S+2As4S4(g)+3S2(g)      (25)  
2FeAsS=2FeS+As2(g)                    (26)  
As2(g)+S2(g)=2AsS(g)                    (27)  

As shown in Fig. 9, the enrichment degrees of 
copper in air were slightly higher than those in 
argon, and the same trend was observed for lead. 
The enrichment degree of zinc in argon at 500 °C 
exceeded that in air. In contrast, at 700 and 900 °C, 
the enrichment degree of zinc in air became slightly 
higher than that in argon. 
 
3.4 Arsenic volatilization kinetics 
3.4.1 In inert atmosphere 

The arsenic volatilization rates of HB in argon 
at temperatures ranging from 500 to 900 °C for 
different residence time were calculated using 
Eqs. (6) and (9). The results are shown in 
Fig. 10(a).The arsenic volatilization rates obtained 
at 900 °C in argon (Fig. 10(a)) were applied to the 
reaction kinetic models listed in Table 2 to establish 
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relationships between G(α) and t. The data were 
subjected to linear fitting, and the results are 
provided in Table S3 of SM. As shown in Table S3 
of SM, the experimental arsenic volatilization rates 
at 900 °C in argon exhibited the highest correlation 
coefficient (R2=0.9535) with the third-order 
chemical reaction model (F3) from Table 2. The 
slope of the fitted equation was 8.881×10−2. 
Therefore, the integral kinetic function G(α)= 
0.5[(1−α)−2−1] presents the arsenic volatilization 
kinetic model of HB at 900 °C in argon, with a rate 
constant of kHB−Ar,900=8.88×10−2. 
 

 
Fig. 10 Volatilization rate of arsenic in HB (a) and ln k vs 
1/T plot for linear fitting (b) of arsenic volatilization in 
argon 
 

The experimental arsenic volatilization data of 
HB at 500, 600, and 800 °C were substituted into 
the rate equation G(α)=0.5[(1−α)−2−1]. By linearly 
fitting the relationship between G(α) and t, the rate 
constants of kHB−Ar,500, kHB−Ar,600, and kHB−Ar,800 were 
obtained as 3.64×10−3, 1.05×10−2, and 5.11×10−2, 
respectively. 

Equation (2) corresponds to the Arrhenius 
equation, which describes a linear relationship 
between ln k and 1/T. Thus, the calculated ln k and 

the corresponding 1/T were linearly fitted, as shown 
in Fig. 10(b). From the slope and intercept of the 
fitting line, the values of −E/R and ln A were 
determined to be −7273 and 3.8, respectively. Using 
these values, E and A were calculated as 
60.5 kJ/mol and 44.2 s−1, respectively. Combining 
Eqs. (1) and (10), the kinetic mechanism function 
for arsenic volatilization from HB under 
non-oxidizing conditions was derived as   
0.5[(1−α)−2−1]=44.189exp[−60467/(RT)]·t    (28)  
3.4.2 In air atmosphere 

The arsenic volatilization rates of HB in air at 
temperatures ranging from 500 to 900 °C for 
different residence time were calculated using 
Eqs. (6) and (9), with the results presented 
graphically in Fig. 11(a). The method for 
determining the volatilization kinetic mechanism 
function of arsenic in HB in air followed the same 
procedure as described in Section 3.4.1. 

The linearly fitted results for arsenic 
volatilization in air and at 900 °C, based on the 
 

 

Fig. 11 Volatilization rate of arsenic in HB (a) and ln k vs 
1/T plots for linear fitting (b) of arsenic volatilization in 
air 
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reaction kinetic models, are listed in Table S4 of 
SM. As shown in Table S4 of SM, the mechanism 
function of the three-dimensional diffusion model 
(D3) exhibited the best match, with a correlation 
coefficient of 0.9475. The slope of the fitted 
equation was 4.71×10−4, corresponding to the rate 
constant kHB−air,900=4.71×10−4. Similarly, the rate 
constants kHB−air,500, kHB−air,700, and kHB−air,800 were 
determined as 1.11×10−5, 1.29×10−4, and 1.86×10−4, 
respectively. 

Figure 11(b) presents the linear relationship 
between ln k and 1/T at 500, 700, 800, and 900 °C. 
E and A were derived from the slope and intercept 
of the fitted line. The volatilization kinetic of 
arsenic in HB in air is thus described by Eq. (29).  
[1−(1−α)1/3]2=0.518exp[−68821/(RT)]·t      (29) 
 
4 Conclusions 
 

(1) In an inert atmosphere, the feed mixture 
exhibited continuous mass loss. In air, however, an 
initial mass gain occurred due to sulfide oxidation 
to sulfates and subsequent sulfate decomposition 
into oxides. Oxidation products also interacted with 
arsenic released at lower temperatures. 

(2) Online mass spectrometry analysis of the 
off-gases confirmed that the release of 〈S2+SO2〉 
from the feed was lower in inert atmosphere than in 
air. 

(3) In air, arsenic was more volatile than sulfur 
during the suspension oxidation. Copper and lead 
showed slightly higher volatilization in air than in 
argon, similar to zinc except at 500 °C, where zinc 
volatilization in argon was slightly higher than that 
in air within 10 s. 

(4) The arsenic volatilization rate from the 
feed can be enhanced by increasing temperature, 
extending the in-flight time, and reducing the 
oxygen potential. The kinetic mechanism functions 
for arsenic volatilization followed the third-order 
chemical model under inert atmosphere, and the 
three-dimensional diffusion model in air. 
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摘  要：通过在氮气和空气气氛下，将高砷铜熔炼原料混合物在 500~900 ℃下煅烧 0~20 s，对铜闪速熔炼的悬浮

阶段展开研究。采用化学分析方法测定水淬煅烧产物中铜、铅、锌、砷和硫的富集行为。炉料以黄铁矿和黄铜矿

为主要矿物，约 55% (质量分数)的砷以砷黝铜矿形式存在。通过热重和质谱联用技术，研究原料的热稳定性及煅

烧过程中 S2 和 SO2 的生成情况，并对选定的单一硫化物的热力学行为进行研究，为实验结果提供参考依据。结果

表明，相较于空气气氛，惰性气氛更有利于砷的释放，这是因为在空气中硫化物的氧化产物会捕获释放出的气态

砷。动力学分析表明，三级化学反应机理和三维扩散模型分别被确定为惰性气氛和空气气氛下砷挥发的最优机理

函数。 

关键词：复杂精矿；铜熔炼；闪速熔炼；挥发；动力学模型 
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