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Abstract: In order to reduce the environmental risks caused by arsenic in copper smelting slag, a method of 
dearsenisation from molten slag based on gas injection was proposed. It was expected to enrich arsenic in the form of 
dust prior to copper recovery process. The effects of inert, oxidising, and reducing gas on the removal of arsenic from 
molten slag were compared. When CO2 was injected, the removal of arsenic was mainly attributed to the oxidation of 
Cu–As inclusions and arsenic sulphide in the slag. Based on the injection of CO, the removal rate of arsenic reached 
more than 60%. Based on the injection of reducing gas, arsenic oxide in the FeOx−SiO2 slag was reduced and volatilised 
into the gas phase, resulting in the removal of arsenic. This study provides a reference with respect to the establishment 
of strategies for the mitigation of arsenic pollution caused by smelting slag. 
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1 Introduction 
 

Copper smelting slag (smelting slag) is a solid 
waste produced during copper smelting. It contains 
a large number of metals and thus has a high 
recycling value [1,2]. Based on the widespread  
use of copper concentrates, a large number of 
arsenic-containing pollutants and by-products are 
produced [3−7]. During copper smelting, a large 
amount of arsenic is enriched in the slag. Because 
of the different compositions of copper concentrates, 
the arsenic concentration in smelting slag generally 
ranges from 0.1% to 1% [8,9]. 

After flotation, the copper content can be 
reduced to less than 0.35%. However, it is difficult 
to simultaneously separate copper and arsenic in the 
flotation process. When copper is recovered, a large 
amount of arsenic is concentrated in the slag, which 
cannot be effectively separated [10−12]. The trace 
element arsenic is dissolved in multiple phases of 
the copper slag; therefore, the affinity of different 
arsenic compounds to solvents makes it difficult to 
reduce its content to a very low value [13,14]. The 
environmental risk of arsenic in tailings cannot be 
ignored. 

The pyrometallurgical reduction smelting is 
another effective method to treat copper slag. Based  
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on this method, the copper content in the slag can 
be reduced to 0.5%. Although the copper recovery 
efficiency in pyrometallurgical reduction is lower 
than that of the flotation process, it can be used to 
directly treat molten copper slag with greater   
raw material adaptability [15−17]. During the 
pyrometallurgical reduction, arsenic in the slag is 
enriched in reduction products or volatilised in  
the form of dust and stripped from the slag [18]. 
However, many problems can occur during the 
reduction. Most of the arsenic is recycled based on 
the reuse of products (matte, metal) [14], which 
leads to the accumulation in the process. 

For arsenic in dust, both roasting and hydro- 
extraction are cost-effective and have a high 
separation ability [19−25]. If arsenic in the copper 
slag is enriched in dust, arsenic can be separated 
from the slag, the arsenic recovery can be  
improved, and the arsenic content in tailings    
and environmental risk can be reduced. The 
volatilisation and enrichment of elements in molten 
copper slag are generally studied together with the 
pyrometallurgical smelting reduction process. 

A pretreatment method can be proposed to 
remove arsenic from the molten slag in the form of 
dust prior to flotation or smelting reduction in the 
recovery process. The pretreatment can be 
connected with the slag discharge process of the 
smelting furnace and carried out in an electric 
furnace [2], but it must be separated from the 
pyrometallurgical process (reduction and melting 
separation). This assumption is illustrated in Fig. 1. 
Combined with the above-mentioned analysis, the 
use of gas injection should be considered to enrich 
arsenic from molten copper slag as dust via 
pretreatment. Inert, oxidising, and reducing gas can 
be used for the predearsenisation process. 

At present, the selection of gas and the effect 
of various gases on the arsenic removal have not 
 

 

Fig. 1 Process overview of predearsenisation 

been analysed in detail. Inert gas, oxidizing gas, and 
reducing gas can be considered as arsenic removal 
media. However, the oxidation of air is strong, and 
a large amount of magnetite precipitation, which 
affects the fluidity of molten pool, may have an 
adverse impact on the removal of arsenic. In this 
study, in order to avoid metal formation as much as 
possible and maintain good fluidity of slag during 
injection, CO2 and CO were selected as oxidizing 
gas and reducing gas, respectively. The effects of 
different gases on the arsenic removal are discussed. 
The XRD, EPMA, and XPS were used to analyse 
the distribution and morphology of arsenic in 
silicate, matte, and dust. The removal mechanism, 
arsenic volatilisation, is discussed. Based on our 
findings, we proposed the subsequent methods for 
utilisation of molten copper slag. 
 
2 Experimental 
 
2.1 Raw material  

Copper slag from flash smelting was selected 
for the experiment. Its chemical composition is 
listed in Table 1. The Fe/SiO2 ratio of the slag    
is 1.86 and the copper content is high. The 
composition is complex, and the slag contains many 
impurities. Therefore, it can be used as a typical 
sample for experimental studies. Because the 
composition of industrial slag varies, the test copper 
slag was crushed in advance and fully mixed and 
the average value of three measurements was used. 
 
Table 1 Chemical composition of copper slag (wt.%) 

Cu Fe As S CaO MgO 

4.83 42.16 0.69 2.38 1.96 2.09 

SiO2 Al2O3 Pb Zn Sb 

22.66 3.93 0.91 3.56 1.05 

 
The microstructure of the copper slag was 

analysed using SEM−EDS. Figure 2 shows that 
there is a small amount of matte in the copper slag, 
which is the main form of copper. The Fe3O4 
precipitation is evenly distributed in the copper slag 
because the reaction of industrial copper slag is 
incomplete and in a non-equilibrium state. Figure 2 
shows that the copper slag mainly includes an 
iron-rich phase and a small amount of a copper-rich 
phase. Large iron-rich phases are mainly composed 
of magnetite [26] with diameters ranging from 10 to 
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30 μm. The excellent fluidity of molten pool is 
expected in the process of arsenic removal. A large 
amount of magnetite in the copper slag leads to   
an increase in the melting point (This refers 
specifically to the melting point of the complete 
liquid phase). Referring to our previous research, 
1400 °C was selected as the experimental 
temperature [27]. In addition, the slag has a better 
fluidity at this temperature, ensuring the efficient 
removal of arsenic. 
 

 
Fig. 2 BSD image (a) and EDS mapping (b) of copper 
slag  
 
2.2 Experimental procedure 

The main experiment equipment was a 
high-temperature tube furnace with a controlled 
atmosphere and temperature control accuracy of 
±1 °C (Fig. 3). When the temperature reached the 
target temperature of 1400 °C, the gas injection was 
initiated after holding for 30 min. This time was 
regarded as the zero point of the injection. After the 
injection, the crucible was removed for water 
cooling (the molten sample has not been quenched 
with water, and phase precipitation still occurred 
during the cooling process). After the crucible was 
broken into large pieces, the matte at the bottom of 
the crucible was separated from the slag [27]. 
Following the physical separation, the matte and 
slag were tested. As the slag surface of the upper 
part of the crucible might be oxidised in a small 
amount during cooling, the slag in the middle of the 

crucible was selected for subsequent analysis and 
characterization. During the experiment, the method 
of quench filter screen filtration was used to collect 
dust, and the collected dust was directly used for 
the subsequent characterization and analysis. 
 

 
Fig. 3 Schematic diagram of experimental equipment 
 

Arsenic volatilization is inevitable in the 
process of temperature rise, gas injection, and heat 
preservation [28]. To control the injection time of 
CO2 and CO as unique variables, it is necessary to 
maintain a fixed heating rate and protective gas 
flow during the heating process. To distinguish the 
effects of different gases on the arsenic removal and 
eliminate uncertainty due to the injection time, it is 
necessary to ensure a fixed injection time after 
insulation. To ensure a total injection time of 
40 min, after the injection of different oxidising and 
reducing gases, argon was injected to retain the 
total injection time unchanged. This experimental 
method is different from the previous experimental 
method used by the scholars to discuss the kinetic 
mechanism of a single species of gas [29]. The 
relationship of the temperature increase to the 
injection time is illustrated in Fig. 4. The injection 
time of CO2 (CO) varied from 0 to 40 min. At the 
end of the gas injection period, argon was 
introduced to maintain the total injection time at 
40 min. This injection experiment was carried out 
three times and the average value was used for the 
data analysis. It should be noted that the initial 
experimental results were the results from the argon 
injection for 40 min. Hereinafter, injection time 
refers to the actual injection time of CO2 or CO. 

The methods of analysis and characterization 
are provided in detail in the supplementary 
materials. 
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Fig. 4 Experimental operation 
 
3 Results and analysis 
 
3.1 Arsenic distribution and removal rate 

The arsenic content of the slag changes 
depending on the injection of different gases, as 
shown in Fig. 5(a). During CO2 injection, the 
arsenic content of the slag slowly and linearly 
decreases. In contrast, the arsenic content of the 
slag rapidly decreases during CO injection. When 
the arsenic content reaches ~0.13%, it remains 
unchanged. At this time, As2O3 reaches the removal 
limit and it is difficult to remove arsenic from the 
slag. Figure 5(b) shows that the arsenic content in 
the matte gradually decreases with increasing 
amount of injected CO2, presenting a linear trend. 
The linear decrease of arsenic in the matte indicates 
that arsenic can be removed by the injection of CO2. 
In contrast, with the increase in the amount of 
injected CO, the arsenic content of the matte 
increases and remains almost unchanged under 
excessive injection conditions. 

The distributed mass of arsenic in each phase 
can be predicted by conversion, as shown in Fig. 6. 
With the increase in the CO2 injection, the mass of 
arsenic in the slag and matte continuously decreases 
and shows a linear trend. The CO2 injection 
promotes the removal of arsenic from the slag and 
matte. During CO injection, the proportion of 
arsenic entering the matte phase linearly increases, 
whereas the mass of arsenic removed by 
gasification slowly changes with the injection time 
and hardly enters the gas phase in the later stage. It 
can be concluded that a large amount of reduced 
arsenic in the slag is removed by the gas phase in 
the early stage of CO injection and a small amount 
of reduced arsenic is dissolved in the matte phase. 
However, as the reaction proceeds, As hardly enters 
the gas phase system by reducing after 24 min. The 

 

 
Fig. 5 Correlation between arsenic content of slag and 
injection time (a) and correlation between arsenic content 
of matte and injection time (b) 
 

 
Fig. 6 Mass distribution of arsenic in various phases 
 
As in the slag is reduced and dissolves in the matte 
phase in 24−32 min. When the injection time 
exceeds 32 min, CO cannot react with arsenic oxide 
in the copper slag continuously, and arsenic neither 
transfers to the gas phase nor dissolves in the matte 
phase. 
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As shown in Fig. 7, the removal rate of arsenic 
from the copper slag was calculated as a function of 
the gas injection time. Compared with pure argon 
injection, the removal rate of arsenic linearly 
increases with the CO2 injection time and 51% of 
arsenic can be effectively removed. In contrast, 
under the action of CO, the removal rate of arsenic 
is significantly higher than that based on CO2 
injection and up to 62% of As is removed. In 
contrast to the linear growth of CO2, the increase in 
the arsenic removal rate is notably slower after a 
CO injection time of 16 min. After 32 min, it is 
difficult to continue arsenic removal. 

The arsenic distribution between the matte and 
slag varies depending on the injection time, as 
shown in Fig. 8. Based on the distribution ratio of 
arsenic, the removal efficiency decreases during CO 
injection, but the dissolution of arsenic in the matte 
phase is not inhibited. The distribution ratio of   
As (LAs) decreases during CO2 injection, which 
 

 
Fig. 7 Correlation between arsenic removal rate and 
injection time 
 

 
Fig. 8 Correlation between arsenic distribution ratio (LAs) 
and injection time 

indicates that residual arsenic accumulates in the 
FeOx−SiO2 slag. 

During CO injection, the transfer of arsenic to 
the matte is coupled with Cu, Fe, S, and other 
elements. The solubility of As and correlations 
between arsenic and other elements must be 
discussed. Based on the analysis of Cu, Fe, and S, 
the basic correlation between the slag and matte can 
be obtained under different gas injection conditions. 
Figure 9 shows that the Cu and S contents of the 
slag decrease with the increase in the gas injection 
time during CO2 and CO injection, but the reaction 
mechanisms of these two processes completely 
differ. During CO2 injection, the decrease in the Cu 
content is mainly caused by the following reaction:  
Cu2S+O2=2Cu+SO2                                   (1)  

The decrease in the Cu content during CO 
injection is caused by   
Cu2O+CO=2Cu+CO2                                  (2)  

In the process of CO2 injection, the reduction 
of S is mainly due to the oxidation of sulphur, 
whereas S is transferred from the slag to the matte 
during CO injection. 
 

 
Fig. 9 Variation of Cu and S contents of slag as function 
of injection time 

 
The distribution ratios of Cu and Fe change 

based on the injection of different gases, as shown 
in Fig. 10. During CO2 injection, the distribution 
ratio of Cu increases. During oxidation and the 
removal of sulphur, part of the copper sulphide is 
oxidised to form metal and enters the matte phase. 
The removal of sulphur during the oxidation 
reduces the solubility of Cu in the slag, as reported 
by scholars [8,30]. In contrast, with the increase in 
the CO2 injection time, the distribution ratio of Fe 
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sharply decreases. During the oxidation, Fe in the 
matte is oxidised and enters the slag. During CO 
injection, the distribution ratio of Cu first rapidly 
increases and then stabilises, whereas the 
distribution ratio of Fe slowly increases and then 
remains unchanged. Because the reducibility of CO 
is relatively weak, CO can reduce a large amount of 
Cu2O in the copper slag in the early stage of 
injection, which leads to a sharp increase in the Cu 
distribution ratio. Because of the reaction priority of 
Cu2O and FeO, a large reduction of iron oxide does 
not occur in the case of a small amount of injected 
CO. However, when CO is injected for more than 
12 min, the reduction of ferrous oxide starts and the 
distribution ratio of Cu decreases. After 32 min, the 
Cu and Fe in the slag are no longer reduced and 
transferred to the matte. 
 

 
Fig. 10 Distribution ratios of Cu (LCu) and Fe (LFe) 
depending on injection time 
 

The mass of Cu + Fe in the matte and the 
distribution ratio of arsenic show certain trends 
(Fig. 11). When large amounts of Fe and Cu enter 
the matte phase, arsenic is transferred to the matte. 
The correlation between the distribution ratio of 
arsenic and the formation mass of Fe + Cu during 
the reduction is discussed. When Cu and Fe enter 
the liquid phase, the sulphur content in the matte 
changes. Figure 11 shows the correlation between 
the arsenic distribution ratio and the (Cu + Fe) mass 
fraction. The distribution ratio of arsenic linearly 
correlates with the mass fraction of (Cu + Fe), 
which indicates that the dissolution of arsenic into 
the matte depends on the transport of Cu and Fe 
during the reduction. In the reduction process, part 
of the arsenic is absorbed by Cu and Fe and then 
enters the matte phase, which cannot be removed by 
gas. The other part of As2O3 directly combines with 

the reactive gas and enters the gas phase. In this 
process, the reaction and binding species of arsenic 
in the slag determine its fate. The dissolution of 
arsenic by Cu–Fe due to the reduction cannot be 
avoided. YANG et al [31] showed that the 
volatilization of arsenic was suppressed by a high 
carbon addition, and the arsenic would be retained 
in matte. 
 

 
Fig. 11 Correlation between mass fraction of Cu + Fe 
and distribution ratio of arsenic during CO injection 
 

The increase in the arsenic removal rate 
through the addition of CO2 could occur due to the 
removal of arsenic in the matte phase. Previous 
studies have observed a slight increase in the 
arsenic content of the slag when the arsenic is 
removed from matte during blowing [32]. The 
dissolution of copper in slag is related to sulphur 
content [30], and sulphur content improves the 
sulphide dissolution in slag. These experimental 
findings indicate several assumptions. First, under 
the action of CO2, the sulphur in the molten pool is 
removed [33]. Second, when the sulphur content is 
high, arsenic sulphide still dissolves in the slag,  
and arsenic oxide volatilizes under the action of 
oxidising gas. This conjecture still needs to be 
proven by rigorous thermodynamic assessment. At 
the same time, some scholars have proposed that 
the content of FeO and oxygen partial pressure in 
slag has a certain correlation with the activity 
coefficient of arsenic oxide [34−36], so as to 
improve the activity coefficient of AsO1.5 in slag. 
This promotes the volatilization of arsenic in the 
form of oxides. 
 
3.2 Mineral difference of cooled slag 

The cooling rate of slag has a substantial 
impact on the mineralogy and phase composition of 
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slag. In this study, under the same cooling mode, 
the mineralogy and phase composition of slag with 
different gas interventions were compared laterally. 
Under different gas injection conditions, the phases 
of the cooled slag sample differ. Figure 12 and 
Figure 13 show the XRD pattern and morphology 
of the slag sample, respectively. A large amount of 
ferric oxide in the molten pool reacts with sulphide 
or metal under Ar injection, resulting in the 
transformation of ferric oxide to ferrous oxide. 
After cooling, magnetite precipitates from the slag. 
Olivine (Fayalite) is the main phase in the cooling 
slag and the precipitated magnetite exhibits a 
connected wedge shape. Many magnetite oxides are  
 

 
Fig. 12 XRD patterns of slag sample: (a) CO2 injection, 
40 min; (b) CO injection, 40 min; (c) Ar injection, 
40 min 

formed in the slag and magnetite is precipitated in 
the form of needle leaves due to the oxidation of 
CO2. It is densely dispersed in the ore phase of the 
cooling slag. Based on the FeO−Fe2O3−SiO2 
diagram, the main reason for the precipitation of 
acicular magnetite may be the generation of solid 
precipitates at 1400 °C, which were uniformly and 
densely dispersed in the molten pool. With the 
increase in the ferric oxide content, the melting 
point of the molten pool increases. During the 
cooling process, magnetite precipitation cannot 
nucleate. Under CO injection, magnetite disappears 
completely. Olivine (Fayalite) is the main phase in 
the cooled slag. However, there is still a small 
amount of matte in the slag, which cannot be 
completely separated in the molten state. The BSD 
results show that the inclusion of arsenic in the 
matte causes errors in the experimental data, with 
the exception of analysis and measurement. 
 
3.3 Dissolved forms of arsenic in matte 

The distribution of elements in the matte was 
analysed with EPMA. Subsequently, the formation 
of arsenic was investigated. As shown in Fig. 14, 
the dissolution of arsenic in the matte depends on 
Cu and arsenic is dispersed in the matte as a Cu−As 
melt. Furthermore, the association of arsenic with 
sulphur is poor. The transport capacity of copper 
with respect to arsenic cannot be ignored in the 
gasification of arsenic in the reducing gas. 
 
3.4 Embedding characteristics of arsenic in slag 

after different gas injections 
The distribution of arsenic in each phase of the 

slag was measured using EPMA, as shown in 
Fig. 15. Excluding the Cu−As−S alloy that cannot 
be separated, the distributions of arsenic and iron in 
the slag phase have high coincidence, and some 
studies have similar conclusions [37]. Combined 
with the distribution of As, Fe, and Si, it could be 
concluded that arsenic was mainly bound to phases 
with high iron content, including fayalite, magnetite, 
and zinc ferrite. Moreover, there was negligible 
differences in the arsenic content of magnetite, 
fayalite and silicate (Table S1 in Supplementary 
materials). In silicate system, the aggregation of 
lead, antimony and sulphur repelled arsenic, which 
might be related to the affinity between the 
elements. 
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Fig. 13 Morphologies of slag sample by SEM: (a) CO2 injection, 40 min; (b) CO injection, 40 min; (c) Ar injection, 
40 min 
 

 
Fig. 14 Morphologies and distributions of elements in obtained matte by EPMA: (a) In low magnification; (b) In high 
magnification 
 
3.5 Chemical speciation and valence state of 

arsenic after different gas injections 
The XPS data of the experimental slag samples 

are shown in Fig. 16. XPS peak fitting data are 
provided in Supplementary materials (Table S2). 
The main components in the slag were As(V)—O, 
As(III)—O, arsenic sulphide, and metallic arsenic, 
similar to the reported studies [8,38,39]. Different 
scholars have different perspectives about the 
chemical forms of arsenic in copper slag [14]. The 
As(V)—O and As(III)—O have notable peaks in 
the Ar atmosphere. The As(III)—O intensity ratio 
significantly decreases compared with that of the 
smelting slag, which is mainly due to the large 
amount of volatilisation of As2O3 from the molten 
bath due to heating and stirring. The As(V)—O is 
less volatile. It is more concentrated in the slag in 
the form of a solid or exists as an arsenate. The 
intensity ratio of As(V)—O/As(III)—O increases 

with the injection of CO2, but the change range   
is limited. Based on the oxidation ability of CO2,  
it cannot infinitely oxidise trivalent arsenic to 
pentavalent arsenic. Arsenate generally accumulates 
in magnetite that was formed by the reaction, 
whereas the ratio of As5+/As3+ in the FeOx−SiO2 slag 
system is related to the corresponding oxygen partial 
pressure (P(O2)/P0) of the slag system. Arsenic 
sulphide, As(V)—O, and As(III)—O are the main 
species under CO injection. Compared with Ar and 
CO2, less sulphur is removed, the P(S2)/P0 ratio of 
the molten pool system is higher, and parts of the 
arsenic are present in the form of sulphide in minerals. 
It is worth noting that although arsenic sulphide is 
very volatile, arsenic sulphide is still retained in the 
slag under the action of Ar and CO injection. This 
may be related to the dissolution of arsenic sulphide 
in slag or the retention of Cu—As—S compounds 
in matte without complete separation. 
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Fig. 15 Distributions of various elements in slag based on EPMA: (a) Ar injection, 40 min; (b) CO2 injection, 40 min;  
(c) CO injection, 40 min 
 

 
Fig. 16 XPS results for experimental samples: (a) Chemical speciation and valence state of arsenic; (b) Intensity ratio 
(X) 
 
3.6 Phase composition and morphological 

characteristics of dust 
The XRD data and morphology of dust are 

shown in Figs. 17 and 18, respectively (Energy 

spectra are provided in Supplementary materials, 
Table S3). The volatilisation of arsenic during the 
heating process cannot be ignored [40,41]. The dust 
that is generated during gas injection and during the  
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Fig. 17 XRD pattern of received dust: (a) CO injection, 
40 min; (b) Ar injection, 40 min; (c) CO2 injection, 
40 min; (d) Solid to melt 
 
heating to the molten state must be collected 
separately. In the Ar atmosphere, the major  
volatile phases of arsenic from room temperature 
to1400 °C are As2O3 and As2S3. After condensation, 

 

 

Fig. 18 Micromorphologies of received dust: (a, b) CO 
injection, 40 min; (c, d) Ar injection, 40 min; (e, f) CO2 
injection, 40 min; (g, h) Solid to melt 
 
arsenic aggregates with graininess and filiform 
morphology form. After heating to the molten state 
and stirring with gas, a large amount of ZnO in the 
molten pool volatilises into the dust. Based on the 
action of different gases, the ZnO peak can be 
detected in the XRD data. Under Ar stirring, the 
main species of arsenic in the dust are arsenic oxide 
and arsenic sulphide, in addition to minor amounts 
of elemental arsenic, which is generally composed 
of volatile Sb. Due to the volatilisation of a large 
amount of Pb and Sb in the stirring process, several 
oxides aggregate to form complex compounds, 
which mostly exist as SbxAsyOz and PbAs2O4 
polymerised oxides. Note that the volatiles of 
arsenic are surrounded by ZnO oxide with a 
filiform morphology under the action of Ar and the 
volatiles of arsenic do not have a good nucleation 
ability. Large amounts of Pb and Sb are removed 
from the molten pool by the injection of CO gas 
and Pb and Sb are enriched in the dust. The main 
volatile products of arsenic are As, As2O3, and  
AsxSy. Because of the volatilisation of Sb, As−Sb 
compounds are generated during dust nucleation. 
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Arsenic also has a filiform morphology. Most of the 
arsenic in the dust collected by condensation 
nucleates and exhibits a filiform morphology,  
with diameter below 1 μm and slender shape. The 
accumulation of arsenic leads to adhesion. 
 
4 Discussion of industrial applications 
 

The predearsenisation of molten copper slag 
after the smelting process proposed in this study 
would result in the enrichment of arsenic in the 
form of dust. Because of the volatility of arsenic, 
arsenic can be removed from the molten pool based 
on the stirring effect of inert, oxidising, or reducing 
gas. When inert gas is used, the arsenic removal 
simultaneously occurs in the slag system and   
Cu–As alloy. Therefore, the arsenic content in the 
tailings and that generated in the raw material 
recycling process can be reduced. When oxidising 
gas is injected, the arsenic removal is mainly based 
on the oxidation and removal of arsenic in Cu–As 
alloy. The arsenic recycling during matte reuse    
is inhibited. However, the effect on the arsenic 
content in tailings is insignificant. The weakly 
reducing gas plays an important role in the removal 
of arsenic from the ore phase, greatly reducing the 
environmental risk of arsenic. After pretreatment, 
the slag cannot achieve an ideal copper recovery. 
After the pretreatment, a reducing agent (carbon,  
oil, etc) is directly added to the molten state to 
recover copper from the slag. The original one-step 
smelting reduction method is changed to a two-step 
process of dearsenisation–copper extraction based 
on which arsenic can be removed and copper can be 
simultaneously recovered [42]. Figure 19 shows the 
method of this process in which we conducted a 
pilot validation experiment. 
 

 
Fig. 19 Pyrometallurgical process for copper recovery 
based on two-step method 

 
5 Conclusions 
 

(1) The findings of the experiments showed 
that CO2 and CO could be used to remove arsenic 
from molten copper slag. The removal of arsenic by 
CO2 mainly occurred in the matte inclusions in the 
copper slag. The removal of arsenic by CO was 
mainly related to the arsenic oxides in the slag. The 
partial pressure of oxygen required for the reduction 
of arsenic oxides was not low and the reduction 
reaction occurred readily. Compared with pure Ar 
injection, the removal rate of arsenic linearly 
increased with the CO2 injection time and 51% of 
arsenic was effectively removed. In contrast, under 
the action of CO, the removal rate of arsenic was 
considerably higher and up to 62% of arsenic was 
removed. 

(2) The arsenic removal mechanism differed 
depending on the gas used for the injection. Arsenic 
in matte was oxidised and removed by oxidising 
gas injection and it was difficult for arsenic oxides 
to dissolve in the slag and directly enter the gas 
phase. During the injection of reducing gas, the 
arsenic removal mainly occurred in the slag  
system. Compared with Ar, the arsenic content in 
the slag considerably decreased. The injection of 
different gases led to different compositions and 
morphologies of the cooled slag samples. It was 
mainly concentrated in magnetite, fayalite, and zinc 
ferrite. 

(3) The transformation of the arsenic valence 
state depending on the injection of different gases 
could be determined. Intensity ratio of As(V)—O/ 
As(III)—O varied depending on the gas used for 
the injection. Compared with the injection of Ar and 
CO2, the arsenic sulphide peak could be observed 
during the CO injection. Without oxidising gas 
injection, arsenic sulphide was dispersed in the slag. 

(4) The composition of dust differed 
depending on the gas, but the morphology of 
arsenic was similar. Arsenic products had a poor 
nucleation ability and adhered to various 
compounds with filiform morphology. 

(5) Compared to inert gases, if oxidising gas is 
used for arsenic removal, a large amount of arsenic 
originally enriched in matte will be removed. After 
flotation, the arsenic returned to the smelting 
process will be drastically reduced. If reducing gas 
is used for dearsenisation, a large amount of arsenic 
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in the tailings will be removed. When improving 
the safety of the tailings, it will inevitably increase 
the arsenic entering the process through matte 
recovery. 
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摘  要：为了减少铜熔炼渣中砷所带来的环境问题，提出一种基于气体喷吹脱除熔融铜渣中砷的方法，期望在铜

回收工艺前将铜熔炼渣中的砷尽可能以粉尘的形式富集。对比惰性气体、氧化性气体和还原性气体对熔渣中砷脱

除的影响。氧化性气体 CO2 氧化夹杂冰铜中的砷及砷硫化物，并充当气体载体将砷氧化物带出熔池。还原性气体

CO 可以将 FeOx−SiO2 熔渣中的砷氧化物还原，并使其挥发至气相，可以实现 60%以上的砷脱除率。该研究为熔

炼渣中砷脱除提供指导。 
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