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Abstract: The heat recovery steam generator (HRSG) of copper smelting generates a large number of arsenic−copper- 
containing particles, and the in-situ separation of arsenic and copper is of importance for cutting off environmental risk 
and realizing resource recovery. The formation of arsenic−copper-containing particles was simulated, the method of 
in-situ decomposition of arsenic−copper-containing particles by pyrite was proposed, and the decomposition 
mechanism was confirmed. It was found that particles with high arsenic content were formed in the simulated HRSG, 
and copper arsenate was liable for the high arsenic content. Pyrite promoted the sulfation of copper, leading to the 
in-situ decomposition of copper arsenate. In this process, gaseous arsenic was released, and thus the separation of 
arsenic and copper was realized. 
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1 Introduction 
 

Arsenic is a ubiquitous contaminant in the 
environment through geochemical migration and 
industrial production activities [1−3]. It is seen as 
the most hazardous waste material on the basis of 
the USEPA agency [4]. Arsenic contamination 
caused by copper smelting has attracted growing 
public attention due to its toxicity and potential 
health threat [5−7]. In copper smelting system, 60% 
of arsenic is oxidized to vapor phase of arsenic 
trioxide (As2O3(g)), creating arsenic-containing flue 
gas [8]. The collection of arsenic trioxide in the 
smelting flue is the key to the directional control  
of arsenic [9]. The most commonly used means is  
to set quench tower after heat recovery steam 

generator (HRSG) [10]. Considering the high copper 
content (up to 40%) [11] in the dust of HRSG, the 
arsenic−copper-containing particles are further 
formed. This arsenic-containing material in turn 
reduces the arsenic capture rate in the quench tower. 
In addition, the dust of HRSG is always recycled 
into the smelting circuit. While this method is 
appropriate for the recovery of copper, the existence 
of injurious arsenic leads to subsequent 
contamination of cathode copper products [11]. 
With increasing the content of arsenic in copper 
mineral, the issue brings about a dilemma for future 
copper industry in terms of health exposure as well 
as copper grade. Therefore, the efficient separation 
of arsenic and copper in the dust of HRSG has been 
an increasingly pressing mission in sustainable 
engineering of copper smelting. 
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However, the current pyrometallurgy 
separation of arsenic in smelting dust is mainly 
limited to open-circuit treatment, that is, to handle 
the particles that have been transported out of the 
smelting flue. The addition of reducing agents (such 
as activation carbon, elemental sulfur, and CuS)  
can release arsenic trioxide from the dust [12]. 
However, reassembly of heat treatment facility and 
management of arsenic-containing substances 
increased costs and risks of open-circuit treatment. 
Additionally, the open-circuit processing techniques 
cannot be directly applied to in-situ decomposition 
of arsenic−copper-containing particles in HRSG 
because high concentrations of sulfur dioxide (SO2) 
and oxygen (O2) in copper metallurgical gas are not 
considered. Thus, the separation of arsenic and 
copper in HRSG is a novel area that requires further 
research. 

Pyrite (FeS2) is one of the most abundant 
sulfide minerals in curst, and is widely used for 
heavy metal phase control in high temperature 
process. Therefore, pyrite has attracted widespread 
attention in improving the surface properties of 
metal oxides. For instance, ZHENG et al [13] and 
LIU et al [14] proved that surface sulfurization of 
zinc oxide could be realized by pyrite at high 
temperature. ZHENG et al [15] researched the 
surface sulfurization performance of lead oxide by 
pyrite in baking process. Moreover, pyrite could be 
oxidized to magnetite under oxidative roasting, and 
this oxidized product has less adsorption capacity 
for arsenic [16]. Based on these advantages, surface 
sulfurization of copper by pyrite may be an 
economically reasonable and scientifically feasible 
solution for separating arsenic and copper in HRSG. 
However, surface sulfurization technology is 
limited in HRSG because of its strict requirements 
on inert atmosphere or weak reducing atmosphere. 
Taking full account of the SO2−O2 atmosphere of 
the HRSG, surface sulfation of copper may be a 
suitable technology for the separation of copper and 
arsenic in HRSG. Unfortunately, the detailed 
investigation is extremely rare in literatures. 

This study aims at achieving the valid 
separation of copper and arsenic in dust of the 
simulated HRSG. To reach this goal, the influence 
of sulfur dioxide (SO2) and oxygen (O2) 
concentration on the formation of arsenic−copper- 
containing particles in the simulated HRSG is 
discussed. Then, the sulfation method based on 

pyrite is proposed for separating arsenic and copper 
in smelting dust. Furthermore, the sulfation 
decomposition mechanism of arsenic−copper- 
containing particles is explored in depth. It is 
anticipated that the study will provide an important 
theoretical reference for scientific disposal of 
arsenic-containing particles. 
 
2 Experimental 
 
2.1 Materials 

The arsenic trioxide (As2O3) was collected 
from Shandong Humon Smelting Co., Ltd., China. 
The content of arsenic trioxide (98.71%) was 
determined by the analysis of inductively coupled 
plasma optical emission spectrometry (ICP-OES). 
Pyrite (FeS2) derived from a natural mineral was 
detected by the X-ray diffractometer (XRD), which 
exhibited high crystallinity and purity (Fig. 1). The 
chemicals used in this study, including copper oxide 
(CuO), copper sulfate (CuSO4 and CuSO4ꞏ5H2O), 
hydrochloric acid (HCl), hydrogen nitrate (HNO3), 
and sodium hydroxide (NaOH) were of analytical 
grade, and were purchased from Sinopharm Group 
Chemical Reagent Co., Ltd., China. The silica filter 
(No. 88RH) was gained from Advantec Shanghai 
Office, China. Standard solution of arsenic used for 
detection was obtained from General Research 
Institute for Nonferrous Metals, China. 
 

 

Fig. 1 XRD pattern for pyrite used in experiment 

 

2.2 Simulated HRSG apparatus and batch tests 
The formation and sulfation decomposition  

of arsenic−copper-containing particles were 
investigated in a simulated HRSG apparatus, as 
shown in Fig. 2. The simulated HRSG primarily 
consisted of gasholder, mass flow meters, flow  
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Fig. 2 Schematic diagram of simulated HRSG apparatus 
 
indicator, and electrothermal furnace. The gasholder, 
mass flow meters, and flow indicator were used to 
provide a mixture of sulfur dioxide, oxygen, and 
argon (Ar). Electrothermal furnace was utilized to 
heat samples, with constant temperature zone of 
300 mm. The uniform mixture of arsenic trioxide, 
copper oxide, and pyrite was put into a quartz 
crucible. The quartz crucible containing sample and 
the silica filter referred to the literatures [17,18] 
were put into a quartz tube. Once the electrothermal 
furnace was heated up to 873 K, the quartz tube was 
quickly pushed to the constant temperature zone. 
SO2 and O2 were introduced into the quartz tube 
according to the flow rate designed in the test. 
Argon was applied as a supplementary and 
protective gas. The gas mixtures of 100 mL/min 
flowed to the quartz tube in the direction indicated 
by the arrow. In order to avert grievous 
environmental pollution caused by the off-gas, the 
silica filter and the sodium hydroxide solutions 
were adopted to collect quenched arsenic- 
containing particles and to absorb gaseous arsenic, 
respectively. The empty bottle prevented the 
sodium hydroxide solution from being sucked back. 
The reaction time at constant temperature zone was 
1 h for each test. The arsenic−copper-containing 
particles corresponding to the HRSG were 
produced in the quartz crucible. 

The influence of SO2 and O2 concentration  
on the formation of arsenic−copper-containing 
particles in the simulated HRSG was investigated. 
The pretreated sample consisting of arsenic trioxide 
and copper oxide with a mass ratio of 1:1 and a 
total of 5.00 g was required for each test. The 
influence of SO2 concentration (0%, 20%, 40%, 

60% and 80%) on arsenic content and phase 
structure was examined in the arsenic−copper- 
containing particles in 20% O2. Similarly, the effect 
of O2 was also determined by adjusting the 
concentration of oxygen (0%, 20%, 40%, 60% and 
80%) in 20% SO2. 

The sulfation separation of arsenic and copper 
in the arsenic−copper-containing particles was 
conducted to assess the effects of pyrite. The 
concentration of sulfur dioxide and oxygen was 
determined to be 20% based on the composition 
characteristics of copper pyrometallurgy off-gas. 
The mixture composition contains 2.50 g arsenic 
trioxide, 2.50 g copper oxide, and a certain amount 
of pyrite, as given in Table 1. 
 
Table 1 Composition of mixture 

Sample
m(Copper
oxide)/g 

m(Arsenic 
trioxide)/g 

m(Pyrite)/g
Pyrite

dosage/%

W0 2.50 2.50 0 0 

W1 2.50 2.50 1.00 20 

W2 2.50 2.50 2.00 40 

W3 2.50 2.50 3.00 60 

W4 2.50 2.50 4.00 80 

W5 2.50 2.50 5.00 100 

 
2.3 Characterization 

The crystal structures of arsenic−copper- 
containing particles were detected by XRD 
(Siemens D5000) using Cu Kα radiation and 
scanning speed of 10 (°)/min. The arsenic content 
was characterized by ICP-OES (ICAP7400 Radial). 
The surface microscopic morphology and chemical 
structure of the particles formed were determined 
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by scanning electron microscopy (SEM, Zeiss- 
SIGMAHD) and Fourier transform infrared 
spectroscopy (FTIR, Bruker TENSOR 27). The 
elements and valence state of sample surface were 
detected by X-ray photoelectron spectroscopy (XPS, 
Thermo Fisher Scientific) equipped with Al Kα 
X-ray as the excitation source. The C 1s peak at 
284.8 eV was used to calibrate all the obtained 
binding energies. 
 
3 Result and discussion 
 
3.1 Formation of arsenic−copper-containing 

particles 
Before designing in-situ separation scheme of 

arsenic and copper in the arsenic−copper-containing 
particles, it is necessary to understand the formation 
mechanism of particles in the smelting atmosphere 
with SO2 and O2. 

The influence of SO2 concentration on arsenic 
content and phase structure of the formed particles 
was analyzed using ICP-OES and XRD at O2 
concentration of 20%, as shown in Fig. 3. 
Figure 3(a) illustrates that the arsenic content held 
at a relatively high level of 26.33%−30.12%, larger 
than the arsenic content (5%−18%) in actual dust of 
existing HRSG. It is indicated that copper oxide 
could react with arsenic trioxide at different SO2 
concentrations. It is worthy to point out that the 
arsenic content showed a weak downward trend 
(i.e., <4% difference) as SO2 concentration 
increased from 0 to 80%. In order to reveal the 
reason for this subtle change in arsenic content, 
XRD was used to analyze the phases of arsenic− 
copper-containing particles in Fig. 3(b). Copper 
arsenate (Cu3(AsO4)2) was the only arsenic- 
containing phase, whereas there were many other 
copper-containing phases, including copper oxide 
(CuO), dolerophane (Cu2O(SO4)), copper sulfate 
(CuSO4 and CuSO4ꞏ5H2O). With the enhancement 
of SO2 concentration, the diffraction peak intensity 
of copper-containing phase changed significantly, 
that is, the peak intensity of copper arsenate 
decreased while the peak intensity of the 
dolerophane and copper sulfate increased. It can be 
concluded that SO2 promoted the formation of 
sulfation (copper sulfate and dolerophane) and 
weakened the formation of copper arsenate, 
decreasing the arsenic content of the particles. 
Unfortunately, sulfation degree caused by SO2 was 

relatively weak, which can only lead to a small 
reduction (less than 4%) of arsenic content in the 
arsenic−copper-containing particles. Therefore, 
further study on sulfation is still needed. 
 

 
Fig. 3 Arsenic content (a) and XRD patterns (b) of 

arsenic−copper-containing particles with different SO2 

concentrations 

 

Similarly, the influence of O2 concentration on 
arsenic content and phase structure of the particles 
was tested at SO2 concentration of 20%, and the 
results are shown in Fig. 4. In Fig. 4(a), the arsenic 
content in arsenic−copper-containing particles 
increased significantly from 22.42% to 43.15% 
when O2 concentration was improved from 0 to 
80%. Obviously, copper oxide could also react with 
arsenic trioxide at different O2 concentrations. 
Compared with the changes in arsenic content (i.e., 
<4% difference) caused by SO2, the variation in 
arsenic content (i.e., >20% difference) caused by  
O2 was larger. Therefore, O2 seemed to be more 
conducive to the formation of arsenic-containing 
particles than SO2. In order to reveal the reason  
for the significant increase of arsenic content,  
XRD was used to analyze the phases of arsenic−  
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Fig. 4 Arsenic content (a) and XRD patterns (b) of 

arsenic−copper-containing particles with different O2 

concentrations 

 
copper-containing particles, as shown in Fig. 4(b). 
It can be found that the characteristic peaks of 
copper arsenate and copper oxide were strengthened 
gradually when O2 concentration increased from 0 
to 80%. Although the formation of dolerophane and 
copper sulfate was also found in the presence of O2, 
these peaks were weakened gradually with the 
increment of O2 concentration. Hence, it can be 
concluded that there was a competition between the 
formation of copper-containing sulfate (i.e. 
dolerophane and copper sulfate) and copper 
arsenate under O2 atmosphere. Additionally, the 
lower concentration of O2 was beneficial to the 
sulfation of copper, thus forming particles with low 
arsenic content. Nevertheless, when O2 was not 
available, it was disadvantageous to the formation 
of copper-containing sulfation. At the same time, 
copper arsenate can be formed through the reaction 
of arsenic trioxide and copper oxide, where copper 
oxide was reduced to cuprous oxide (Cu2O) to 

provide oxygen. As a result, it was impossible to 
reach a high sulfation degree that can separate 
arsenic from arsenic−copper-containing particles by 
regulating O2 concentration. 

From the analysis above, copper arsenate was 
the only arsenic-containing phase and was 
responsible for the high arsenic content in the 
arsenic−copper-containing particles. The formation 
of copper-containing sulfate could be promoted by 
regulating the concentration of sulfur dioxide and 
oxygen, resulting in in-situ decomposition of 
copper arsenate and reducing the arsenic content in 
the arsenic−copper-containing particles. Because 
the formation of copper arsenate and copper- 
containing sulfate was a competitive process, it can 
be speculated that if the sulfation transformation of 
copper is strengthened, the formation of copper 
arsenate would be correspondingly reduced, thus 
contributing to the separation of copper and arsenic. 
However, the reduction of arsenic content is limited 
by regulating the concentrations of sulfur dioxide 
and oxygen. Hence, it is necessary to strengthen the 
sulfation of copper in order to effectively separate 
arsenic and copper in the HRSG of copper smelting 
flue. 
 
3.2 Sulfation decomposition of arsenic−copper- 

containing particles 
Pyrite has attracted widespread attention in 

surface sulfurization of heavy metals in an inert or 
reducing atmosphere, and pyrite is usually 
converted to FeS or FeSx (0<x<1) in the 
sulfurization process. However, the HRSG has 
unique and complex sulfur dioxide and oxygen 
environment, which may affect the chemical 
reaction of pyrite. Hence, the sulfation separation of 
arsenic and copper using pyrite is proposed for the 
first time, and its mechanism is confirmed in terms 
of the analyses of ICP-OES, SEM, XRD, FTIR and 
XPS. 

The impact of pyrite dosages on separation of 
arsenic and copper in the arsenic−copper- 
containing particles is displayed in Fig. 5. The 
arsenic content in the particles decreased 
significantly (i.e., from 29.31% to 4.89%) when the 
pyrite dosage was increased from 0 to 40%, and 
then decreased slightly to the minimum value of 
2.47% when the pyrite dosage was more than 40%. 
Clearly, pyrite could effectively separate the arsenic 
and copper in the particles of the simulated HRSG.  
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Fig. 5 Effect of pyrite dosages on decomposition of 

arsenic−copper-containing particles 

 
After comprehensive consideration, the optimal 
dosage of pyrite was determined to be 60%. At the 
same time, arsenic content and separation ratio were 
2.93% and 90.02%, respectively. 

Figure 6 depicts the morphologies of particles 
before and after the separation of arsenic and copper. 
Before separation, as shown in Figs. 6(a, b), Sample 
W0 consisted of a large quantity of plate-like 
particles with smooth surface, clear boundaries  
and large sizes (100−500 nm), which belonged to  

micron-sized copper arsenate particles. After 
separation of copper and arsenic (Figs. 6(c, d)), 
Sample W5 exhibited a completely different 
morphology, where sphere-like rough particles were 
observed with small diameter of about 20 nm, and 
the grain boundary became blurred, which implies 
the decomposition of copper arsenate. 

Figure 7(a) reveals the phase composition 
change of arsenic−copper-containing particles with 
different pyrite dosages. When pyrite was not 
available (Sample W0), there were three main 
phases in the particles, including copper arsenate, 
copper-containing sulfate, and copper oxide. With 
the addition of 20% pyrite, the peaks of copper 
arsenate and copper oxide were weakened rapidly; 
however, the peak intensities of copper-containing 
sulfate were increased. As shown in Sample W2 
with 40% pyrite, the peaks of copper arsenate 
disappeared while those for copper-containing 
sulfate, ferric oxide (Fe2O3) and magnetite (Fe3O4) 
were significantly enhanced. Combined with the 
separation ratio in Fig. 5, since copper was sulfated 
by pyrite, copper arsenate was in-situ decomposed, 
thereby achieving the separation of arsenic and 
copper. When pyrite dosage was increased to 60%, 
the peaks of the chalcopyrite-like product 
(Cu5Fe2S4)0.5 [19] appeared, implying the excessive 

 

 

Fig. 6 SEM images of arsenic−copper-containing particles before (a, b) and after (c, d) separation 
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Fig. 7 XRD patterns of arsenic−copper-containing 

particles (a) and arsenic-containing particles (b) formed 

by condensation with different pyrite dosages 

 
use of pyrite. Figure 7(b) illustrates the XRD 
patterns of arsenic-containing particles condensed 
in the silica filter. Only peaks of arsenolite (As2O3) 
were present after sulfation decomposition of 
copper arsenate, confirming that arsenic was 
released in the phase of arsenic trioxide, without 
oxidization further. Hence, the following reactions 
may occur: 
 
3CuO+As2O3(g)+O2(g)=Cu3(AsO4)2                (1) 
 
2CuO+2SO2(g)+O2(g)=2CuSO4                     (2) 
 
3CuO+2SO2(g)+O2(g)=2Cu2O(SO4)          (3) 
 
3FeS2+2Cu3(AsO4)2+9O2(g)= 

2As2O3(g)+6CuSO4+Fe3O4                     (4) 
 
3FeS2+4Cu3(AsO4)2+7O2(g)= 

4As2O3(g)+6Cu2O(SO4)+Fe3O4               (5) 
 
2FeS2+1.33Cu3(AsO4)2+6.17O2(g)= 

1.33As2O3(g)+4CuSO4+Fe2O3                (6)  

2FeS2+2.67Cu3(AsO4)2+4.83O2(g)= 
2.67As2O3(g)+4Cu2O(SO4)+Fe2O3            (7) 

2FeS2+1.67Cu3(AsO4)2= 
1.67As2O3(g)+4.17O2+8(Cu5Fe2S4)0.5        (8) 

 
Generally speaking, a free sulfate (SO4

2−) ion 
has Td symmetrical characteristic, and four 
fundamental vibrating modes: nondegenerate mode 
(ν1) at 965−981 cm−1, doubly degenerate mode (ν2) 
at 451−472 cm−1, and two triply degenerate modes 
(ν3 and ν4) at 1060−1200 cm−1 and 590−630 cm−1, 
respectively [20−23]. The structure of pure copper 
sulfate (CuSO4) was determined by FTIR in Fig. 8. 
 

 
Fig. 8 FTIR spectrum of pure copper sulfate 

 

The bands appearing at 1197.52, 1155.79 and 
1088.07 cm−1 on the spectrum should be resulted 
from the triply degenerate symmetric stretching 
mode (ν3) of SO4

2−. The bands at 997.09 and 
961.52 cm−1 were reasonably attributed to the 
non-degenerate mode (ν1) of SO4

2−. The bands at 
706.85, 658.47, 605.12 and 585.96 cm−1 were 
ascribed to the mode (ν4) of triply degenerate 
vibrations. No obvious doubly degenerate    
mode (ν2) of SO4

2− was found. According to the 
published literatures, the characteristic peaks of  
Fe—O usually emerge at 580−592 cm−1 [24−27], 
and the peaks of As—O usually appear at 782−  
855 cm−1 [28−31]. The FTIR spectrum showed no 
band related to stretching and bending vibrations  
of S—S. In the previous reports, the relevant 
absorption peaks of S—S were always observed in 
the wavenumber range of 414−612 cm−1 [20, 32]. 

In this study, FTIR spectra of arsenic−copper- 
containing particles with different pyrite dosages 
are displayed in Fig. 9. The peaks appearing at 
1197.61, 1151.57 and 1093.96 cm−1 were 
reasonably assigned as the triply degenerate 
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symmetric stretching mode (ν3) of SO4
2−. The bands 

situated approximately at 995.35 and 964.07 cm−1 
were all attributed to the non-degenerate mode (ν1) 
of SO4

2−. The peaks emerging at 696.32, 656.62, 
604.75, and 586.18 cm−1 should be ascribed to the 
triply degenerate mode (ν4) of SO4

2−, and the band at 
478.61 cm−1 should be assigned to the doubly 
degenerate mode (ν2) of SO4

2−. These findings were 
in good agreement with the main characteristic 
peaks of copper sulfate. According to Fig. 7, these 
characteristic peaks were related to the presence of 
dolerophane and copper sulfate. The peaks located 
at 573.05 and 809.66 cm−1 were attributed to the  
Fe—O and As—O, respectively. As—O band was 
stemmed from copper arsenate, and Fe—O band 
from ferric oxide and magnetite. The 553.53 and 
457.48 cm−1 bands belonged to the S—S functional 
group, which were assigned to the chalcopyrite-like 
product. The FTIR band of As—O was obvious as 
pyrite was absent, but disappeared as pyrite dosage 
was enhanced to 40% or more. Meanwhile, the 
absorbance of bands of Fe—O and SO4

2− increased 
gradually. These all demonstrated that pyrite 
achieved the separation of arsenic and copper by 
promoting the sulfation of copper and the in-situ 
decomposition of copper arsenate, while iron atoms 
were oxidized to ferric oxide or magnetite. The 
presence of S—S bond of the chalcopyrite-like 
product implied an excess use of pyrite. 
 

 

Fig. 9 FTIR spectra of arsenic−copper-containing 

particles with different pyrite dosages 

 
Figure 10 shows the XPS spectra of arsenic− 

copper-containing particles with different pyrite 
dosages. As can be seen from Fig. 10(a), the 
arsenic−copper-containing particles mainly 
contained Cu, Fe, O, S and As elements, being 

consistent with XRD results. In Fig. 10(b), Cu 2p3/2 
was fitted with two characteristic peaks located at 
935.15 and 932.74 eV, respectively. According to 
the Cu 2p3/2 spectra in copper oxide, synthetic 
copper arsenate and dolerophane in Fig. 11, the 
binding energies at 935.46, 935.40, 934.08 and 
932.59 eV in Cu 2p3/2 scan corresponded to copper 
sulfate, copper arsenate, copper oxide, and 
dolerophane, respectively [33−36]. Thus, the 
935.15 eV peak corresponded to copper sulfate, 
copper arsenate, and copper oxide, while the 
932.74 eV peak was assigned to dolerophane and 
chalcopyrite-like product. As pyrite dosage 
increased from 0 to 40%, the peak at 935.15 eV 
experienced no shift and was weakened gradually. 
Combined with the XPS analyses of S 2p in 
Fig. 10(e) and As 3d in Fig. 10(f), this trend was 
attributed to the presence of copper sulfate and the 
reduction of copper arsenate and copper oxide. 
When pyrite dosage was 40%, copper arsenate 
disappeared completely, leaving copper sulfate and 
dolerophane. This result indicated that sulfation of 
copper mainly occurred under the action of pyrite, 
while copper arsenate was decomposed. Moreover, 
the peak at 932.74 eV showed a significant 
improvement as pyrite dosage increased from 60% 
to 100%, which was related to the appearance of the 
chalcopyrite-like product. 

After adding pyrite, the peak appearing at 
710.88 eV in Fig. 10(c) corresponded to the Fe 2p3/2, 
thereby showing the formation of ferric oxide and 
magnetite, which were consistent with the 
literatures [26,37−39]. However, these spectra 
never exhibited characteristic peak (at 708.2 eV) of 
bulk pyrite, indicating that pyrite was completely 
oxidized to ferric oxide and magnetite [16,40,41]. 

The O 1s peak at 531.93 eV in Fig. 10(d) was 
ascribed to the copper sulfate, copper arsenate and 
dolerophane, while the peak at 530.03 eV was 
assigned to the metallic oxide, such as copper oxide, 
ferric oxide and magnetite [42,43]. The peak at 
530.03 eV got stronger with pyrite dosage 
increasing from 0 to 100%, which was linked to the 
increase of ferric oxide and magnetite contents. 

According to the previous studies [38,44,45], 
the bands at 162.22 and 168.80 eV in Fig. 10(e) 
corresponded to the S—S functional group of the 
chalcopyrite-like product and the SO4

2− functional 
group of copper sulfate, respectively. The band   
at 169.98 eV was ascribed to the SO4

2− functional 
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Fig. 10 XPS spectra for survey (a), Cu 2p3/2 (b), Fe 2p3/2 (c), O 1s (d), S 2p (e) and As 3d (f) of arsenic−copper- 

containing particles with different pyrite dosages 

 
group of dolerophane. This showed that both copper 
sulfate and dolerophane coexisted, and the mass 
ratio of the two phases was relatively stable. With 
the increment of pyrite dosage, both copper sulfate 
and dolerophane increased in almost the same 
proportion. For instance, the content of copper 
sulfate increased from 60.59% to 63.95% and the 
content of dolerophane was from 36.05% to  

39.41%, with pyrite dosage increasing from 0 to 
60%. Besides, S2− functional group of the 
chalcopyrite-like product appeared with pyrite 
dosage increasing from 80% to 100%, and its peak 
intensity increased with the increasing pyrite 
dosage [46]. This tendency was consistent with that 
of Cu 2p3/2. The reason for this change was the 
excessive use of pyrite. 
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Fig. 11 XPS spectra for Cu 2p3/2 of copper oxide (a), 

synthetic copper arsenate (b) and dolerophane (c) 

 

4 Conclusions 
 

(1) The arsenic−copper-containing particles 
with high arsenic content were formed in a 
simulated HRSG. Copper arsenate (Cu3(AsO4)2) 
was the only arsenic-containing phase in the 
particles and contributed to the high arsenic 
content. 

(2) Sulfation of copper and arsenation of 
copper was a competitive process. However, the 

separation of arsenic and copper cannot be realized 
by SO2−O2 regulation in terms of sulfation degree 
of copper and the reduction of arsenic in particles. 

(3) The pyrite dosage enhanced the sulfation 
degree of copper and promoted the in-situ 
decomposition of copper arsenate, achieving the 
separation of copper and arsenic in the simulated 
HRSG. Simultaneously, pyrite was oxidized to 
ferric oxide and magnetite. 

(4) With the excessive use of pyrite, however, 
the chalcopyrite-like product (Cu5Fe2S4)0.5 was 
formed, so pyrite dosage should be controlled 
within a reasonable range. 
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摘  要：铜冶炼余热回收锅炉中含有大量的砷铜颗粒物，其砷和铜的原位分离对环境风险控制和有价资源回收至

关重要。模拟含砷铜颗粒物的形成，提出黄铁矿原位分解含砷铜颗粒物的新方法，并证实其分解机理。结果表明，

在模拟余热锅炉中形成砷含量较高的颗粒物，且以砷酸铜物相为主。黄铁矿促进铜的硫酸盐化，导致砷酸铜的原

位分解。在此过程中，砷以气态形式得以释放，从而实现颗粒物中砷和铜的分离。 

关键词：铜冶炼烟气；颗粒物；硫酸盐化分解；砷酸铜；黄铁矿 
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