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Abstract: An optimized selective sequential extraction (SSE) procedure was developed to assess the arsenic (As) 
partitioning in copper slag. The potential As species in copper slag are partitioned into the readily soluble As, 
dissolvable arsenates, sparingly soluble arsenates, As residing in sulfides, arsenopyrite and metal As, as well as As 
incorporated into glassy silicates. The inductively coupled plasma atomic emission spectrometry (ICP-AES), scanning 
electronic microscopy (SEM), transmission electron microscope (TEM), X-ray diffractometry (XRD) and Fourier 
transform infrared spectroscopy (FTIR) were used to characterize the leachates and residues produced from the 
operation scheme. The selectivity and recovery of extractants were evaluated through single-phase extraction 
procedures. Partitioning data of As in slag samples show good agreement with the reported works and the total As 
recovery of each operation is over 90%. This suggests that the optimized SEE scheme can be reliably employed for As 
partitioning in As-bearing byproducts from copper smelting. 
Key words: arsenic; copper slag; sequential extraction; waste management; copper smelting 
                                                                                                             

 

 

1 Introduction 
 

Arsenic (As), which is equivalently deemed as 
toxicants, is nowadays a common impurity in 
copper ores due to the exhaustion of high-quality 
copper ores [1,2]. The arsenic in copper ores 
usually appears as enargite (Cu3AsS4), tennantites 
(Cu12AsS13, (Cu,Fe)12As4S13) [3], arsenopyrite 
(FeAsS) [4] and sulfides (As2S3) [5−7]. During 
matte smelting and converting steps, a considerable 
proportion of arsenic would be incorporated into the 
copper slags [8,9]. According to a rough estimation, 
1 t metallic copper product was generated together 
with about 2.2 t slags. The copper manufactures in 
China discharged approximately 8×106 t slags 
annually [10,11]. The presence of arsenic in copper 
slags not only increases the difficulty for recovering 
the valuable metals, but also causes the potential 

arsenic hazard to environment [2]. 
The first step of pyrometallurgical processes 

for treating copper concentrates is matte smelting. 
During this process, the associated As will be 
distributed into matte, slag and gaseous phase. 
According to the reported works [12−21], the 
possible arsenical compounds existed in the copper 
concentrate and smelting products are summarized 
in Table 1. It can be seen that various arsenic 
compounds such as arsenates, As oxides and 
sulfides, and metal As can be embedded or 
solubilized in copper slag; meanwhile, the As 
compounds in copper concentrate and flue dust may 
also remain in copper slag. In general, copper slags 
are either discarded as waste in slag dumps or sold 
as cement raw materials after recovering residual 
metal copper [9]. 

For the purpose of better disposal of As- 
bearing copper slags, As speciation and partitioning 
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in copper slags are urged to be investigated. 
Spectroscopic methods including the X-ray 
diffractometry and vibrational spectroscopy, as well 
as analytical methods are two common kinds of 
methodologies employed for determining As 
species and identifying the chemical states [22]. 
However, the handy spectroscopic techniques, for 
example, X-ray fluorescence (XRF), X-ray 
photoelectron spectroscopy (XPS) and Raman 
spectroscopy (RS), generally suffer from the 
insufficient capability of accurately identifying As 
speciation at low concentrations [22]. The most 
fruitful X-ray absorption spectroscopy (XAS), 
which can supply detailed information on the 
speciation and coordination environment of As 
species, is also daunting due to the limited 
accessibility to instruments and the obscurity of 
data analysis technologies [23,24]. Selective 
sequential extraction (SSE) is a more operable 
approach used to determine the target phases     
by a careful selection of the suited extracting 
reagents [25]. It not only provides excellent 
quantitative elemental sensitivity, but also directly 
assesses the mobility of heavy metals [26,27]. 
Accordingly, it is widely used in the fields of 
mining, soil science, geochemistry and phytology. 

In this work, the assessment and application of 
a proposed SSE procedure were described for As 
partitioning in copper flash smelting slags. This 
SSE procedure was principally designed based on 
the dissolution behaviors of different As species. 

The used extractants and extraction order are 
chosen and amended according to the testing 
methods of known pure As-bearing compounds and 
natural minerals [28−30]. Via the characterization 
of the leaching residues and leachates, various As 
fractions with different accessibilities can be 
determined. 
 
2 Experimental 
 
2.1 Samples from copper flash smelting 

The slag and flue dust samples were collected 
from the flash smelting furnace at Tongling 
Nonferrous Metals Group, China. The slag samples 
include the smelting slag (before slag separation), 
tailings slag and slag concentrate (the recovered 
Cu-rich slag). The compositions of the samples 
used for this work are shown in Table 2. 

 
2.2 Selective sequential extraction scheme 

According to the results in Table 1, the 
potential arsenic compounds can be classified into 
six categories, that is, the readily soluble As, 
dissolvable arsenates, sparingly soluble arsenates, 
As residing in sulfides, arsenopyrite and metal As, 
as well as As incorporated into glassy silicates. 
Before the extraction experiments, the slag samples 
were firstly milled in an agate mortar in order to 
make sure that the sizes of the particles were less 
than 74 μm, and then dried to constant mass.     
A polytetrafluoroethylene (PTFE) vessel and a  

 
Table 1 Reported As-bearing compounds from copper smelting process 

Material Reported As-bearing compound 

Copper concentrate FeAsS [4], As2S3 [6,7], Cu12As4S13, Cu3AsS4 [3,12] 

Copper matte As [12], As2S3, FeAs2, Cu3As, FeAs, Cu0.85As0.15 [13] 

Copper smelter  

flue dust 
Arsenic sulfides [14], arsenates [14,15], Cu3AsS4, FeAs2, As-rich pyrite [15], As2O3 [16,17] 

Copper slag 
As2O3 [12], Fe−As, Cu−As [18], arsenic in glassy silicate [18,19],  

arsenates [19], AsO1.5[20], and AsxSy [18,21] 

 
Table 2 Compositions of smelting slag, slag concentrate, tailings slag and flue dust 

Sample 
Mass fraction/% 

Fe S SiO2 As Al Ca Mg Zn Na Pb 

Smelting slag 42.4 0.17 29.61 0.30 2.28 1.77 0.60 0.41 5.36 0.095 

Slag concentrate 24.02 3.54 22.02 1.70 2.09 1.31 0.39 0.42 6.90 0.16 

Tailings slag 39.94 2.51 33.11 0.18 2.41 1.32 1.00 1.15 6.06 0.12 

Flue dust 20.74 7.05 4.84 2.37 0.20 0.45 0.20 0.60 0.15 0.37  



Hui-bin ZHANG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2823−2835 

 

2825
 
thermostatically controlled heating block were used 
for chemical leaching. The used reaction vessels 
and glass wares were cleaned with high purity H2O 
with a resistivity higher than18.0 MΩꞏcm, and dried 
before use. All solutions were prepared with the 
high-purity water and analytical grade chemicals. 
The extractants and the operation details of SSE 
procedure are listed in Table 3. Each extraction 
started with 1 g of tailings slag. The residues after 
each leaching step were defined as Residues 1−5. 
The extracting processes were conducted with 
continuous agitation and the residues in each 
extraction step were charily rinsed. The leachates 
together with the washing liquids were diluted to a 
volume of 250 mL, and then the arsenic 
concentrations were determined. The averages  
were obtained from three duplicate runs. The 
recovery of As was assessed by comparing the  
sum of the six fractions of As with the initial As 
amount. 
 
2.3 Single-phase extraction procedures 

To assess the suitability and extraction 
efficiency of each selected leaching agent for target 

phases, some synthetic and natural arsenical 
minerals were subjected to the proposed SSE 
scheme. The synthetic methods of the arsenical 
minerals are shown in the supporting materials. As 
shown in Table 4, the readily soluble As includes As 
oxide and alkali metal arsenates, which are 
extracted by water; Mg3(AsO4)3ꞏ8H2O is selected as 
a representative of dissolvable arsenates and is 
basically leached in the second step; FeAsO4ꞏ2H2O 
is a well-known sparingly soluble arsenate and is 
indissolvable in previous steps, but can be dissolved 
with hot HCl; As sulfides are insoluble in acid, but 
can be extracted by NaOH; the arsenopyrite and 
metal As are dissolved and recovered in the 5th  
step. The As incorporated into glassy silicates is 
mostly immovable, so it is deemed to be extracted 
after completely digesting the glassy silicates in the 
last step. The As recovery of each portion in the 
SSE procedure is over 96.8%, indicating that the 
scheme is well designed. 
 
2.4 Characterization methods 

The inductively coupled plasma atomic 
emission spectrometry (ICP-AES IRIS Advantage-  

 
Table 3 Procedures of proposed selective sequential extraction  

Procedure Target phase Leaching agent 

Step 1 Readily soluble As Pure H2O, 100 mL 

Step 2 Dissolvable arsenates 0.5% citric acid solution, 100 mL, 25 °C 

Step 3 Sparingly soluble arsenates 3 mol/L HCl solution, 100 mL, 90 °C 

Step 4 As residing in sulfides 2% NaOH solution, 100 mL, 25 °C 

Step 5 Arsenopyrite and metal As 50 mL HAC+50 mL H2O, 100 °C, adding 1−2 mL H2O2 intermittently, 25 °C

Step 6 
As incorporated into glassy 

silicates 
10 mL mixed 30% HNO3+20% HF+50% 
H2O2 solution (volume fraction), 25 °C 

 

Table 4 Mean recoveries for dissolved As-bearing phases in single-phase extractions  

Target phase Material 
Recovery of As/% Total recovery

 of As/% Step 1 Step 2 Step 3 Step 4 Step 5 

Readily soluble As 
As2O3 (s) 98.54 − − − − 98.54 

Na2HAsO4 (s) 99.06 − − − − 99.06 

Dissolvable arsenates Mg3(AsO4)3ꞏ8H2O (s) 2.94 95.69 − − − 98.63 

Sparingly soluble arsenates FeAsO4ꞏ2H2O (s) 0.42 2.11 96.66 − − 99.19 

As sulfides As2S3(s) 1.16 0.82 0.94 95.74 − 98.66 

Arsenopyrite FeAsS (n) 1.15 1.24 0.97 2.71 90.80 96.87 

Metal As 
As(s) 0.07 0.92 0.90 3.94 91.19 97.02 

Cu3As(s) 0.06 2.77 0.07 0.77 95.32 98.99 
 “s” represents synthetic compounds; “n” represents natural minerals 
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1000, Thermo Electron Corporation, America) was 
employed to determine the concentration of As in 
leachates. In this work, quality assurance measures 
included analytical duplicates, check standards and 
blanks. The primary As contents in slags and flue 
dust samples were also measured by ICP-AES after 
being completely digested with mixed acids. The 
morphologies of the materials were analyzed by 
field-emission scanning microscopy (SEM, Nova 
Nano 230) coupled with energy dispersive 
spectroscopy (EDS) and transmission electron 
microscopy (TEM, JEM−2010, JEOL). The phase 
compositions of the leaching residues were 
examined with an X-ray diffractometer (XRD, 
Dmax 2500VB) using Cu Kα source (λ=0.1541 nm). 
Fourier transform infrared spectra (FTIR) of copper 
slags and the leaching residues were recorded on a 
Nicolet 6700 spectrophotometer (Thermo Nicolet, 
USA). 
 
3 Results and discussion 
 
3.1 Characterization of tailings slag 

Figure 1(a) shows the XRD pattern of tailings 
slag. As can be seen, fayalite (Fe2SiO4, PDF 
No. 99-0049) and magnetite (Fe3O4, PDF 

No. 99-0073) are the major phases; a broadened 
XRD peak with the equivalent Bragg angle at 
2θ=23° is also detected, which is related to the 
amorphous silicates. It is believed that fayalite was 
formed from the interaction of FeO and SiO2 and 
that the magnetite could be transformed from    
the oxidation−decomposition of fayalite and/or 
oxidation of Fe sulfides [10,31]. The gangue in 
copper concentrates can react with added SiO2, then 
producing the composite silicate melts which 
maintain the glassy feature after rapid cooling. 
Figures 1(b) and (c) show the cross-section SEM 
and BSE images, respectively. It is seen that the 
fayalite phase with rod-like shapes and the block 
magnetite are embedded in the glassy silicate 
substrates (Fig. 1(d)). The detailed element analysis 
results of the slag samples are displayed in Table 5. 
As can be seen, a trace amount of As is detected by 
EDS in the glassy silicates, while As is undetectable 
in fayalite phases and magnetite crystals. Other 
As-bearing minerals are hard to be investigated by 
XRD and EDS due to their relatively low detecting 
limit. Obviously, the distribution and category of As 
compounds determine the leaching kinetics of As, 
thus claiming necessary optimization for SSE 
procedures. 

 

 
Fig. 1 XRD pattern (a), SEM (b), BSE (c) images of typical copper slags and TEM images of glassy silicates in copper 

slags (d) 
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Table 5 BSE-EDS analysis results of major phases in copper tailings slag (at.%) 

Element 
Glassy silicate Fayalite  Magnetite 

G1 G2 G3 F1 F2 F3  M1 M2 

O 58.61 60.60 62.03 58.81 58.39 54.54  54.39 53.89 

As 0.14 0.13 0.20 − − −  − − 

Mg 0.56 0.72 0.63 1.11 0.58 2.70  − − 

Al 5.03 3.27 3.80 − − −  1.78 3.28 

Si 23.72 19.41 20.40 13.69 15.06 15.27  − − 

K 1.17 0.59 1.03 − − −  − − 

Ca 4.11 7.07 6.10 0.35 0.27 −  − − 

Fe 6.43 8.10 5.81 25.95 24.55 26.84  43.83 42.83 

Pb 0.15 0.05 − − − −  − − 

Zn − − − − 0.85 0.61  − − 

Cu 0.08 0.06 − 0.09 − 0.04  − − 

 

3.2 Optimization of SSE procedure 
3.2.1 Readily soluble As 

Some researchers [32,33] have found that the 
water-soluble As can readily contaminate soil and 
ground water and then be assimilated by plants, so 
the portion of readily soluble As receives the most 
urgent concern. To our knowledge, As oxides and 
some As-bearing minerals such as sodium/kalium 
arsenates have great solubility in water. The use of 
mild neutral water as leaching agent would not 
change the pH and oxidoreduction conditions 
during leaching process [26]. In this leaching 
process, the solid/liquid (w/v) ratio is 1/100 (g/mL), 
which is sufficiently low to avoid the soluble As 
getting saturated in solution [29]. In general, this 
step is performed at room temperature. Considering 
the extracting efficiency, the approximately boiling 
water was used for extraction. As can be seen  
from Fig. 2(a), the concentration of extracted   
total As increases with time at 100 °C, and an 
equilibrium can be achieved at ~100 min. For 
comparison, the extraction process carried out at 
room temperature costs about 600 min to reach the 
same equilibrium. Hence, the extraction operation 
at ~100 °C with duration of 100 min was chosen for 
this step. 
3.2.2 Dissolvable arsenates 

In this step, an aggressive reagent citric acid 
used as a complexing agent was utilized. With the 
presence of citric acid, the dissolvable metal 
arsenates such as Mg, Ca, Al, and Zn can be readily 

released into solution [34]. The usage of citric acid 
is because its occurrence in natural environment 
and organisms is extensive [35]. This also suggests 
that the dissolvable arsenates might be set free into 
environment via natural citric acid leaching and 
become bioavailable. As shown in Fig. 2(b), 
increasing the mass fraction of citric acid from 
0.2% to 0.8% leads to an increase of extracting 
efficiency of As. The citric acid solution with a 
mass fraction of 0.5% is sufficed to assure the rapid 
extraction in 80 min. Improving mass fraction of 
the citric acid up to 0.8% shows no obvious 
beneficial effect in leaching kinetics. Meanwhile, 
no re-adsorption phenomena are observed. In 
consequence, 0.5% citric acid and 80 min were 
selected as the optimal condition. 
3.2.3 Sparingly soluble arsenates 

The sparingly soluble ferric arsenates are 
excellent scavengers of As. This fraction of As is 
quite stable in water, low-molecular-mass inorganic 
acids, and inorganic acids like sulfuric acid (H2SO4), 
phosphoric acid (H3PO4), and hydrochloric acid 
(HCl) at room temperature [36]. Whereas, they are 
able to be dissolved in hot HCl solution with high 
acidity. To test this, the leaching behaviors of 
Residue 2 were investigated via optimizing the HCl 
concentration and contact time. As can be seen from 
Fig. 2(c), the contact time for full extraction is 
notably decreased with increasing the initial 
concentration of HCl solution. The leaching 
efficiency of 3 mol/L HCl is sufficiently high, 
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Fig. 2 Leaching kinetics of As at each step of SSE operations (a−e) and corresponding mass changes (f) 

 

which might be attributed to the complexing effect 
of chloridions under high acidity and chloridion 
concentration [37]. Regarding the effective and 
efficient extraction, the samples were subjected to 
60 min leaching with 3 mol/L HCl. 
3.2.4 As residing in sulfides 

During matter smelting, the sulfides of Cu, Pb, 
Fe, Zn, and As are all potential substances which 
might be generated from reactions with sulfur or 

remained from copper concentrates [38]. Some 
sulfides such as PbS, ZnS, and FeS could be 
dissolved in the previous leaching step [39], while 
the sulfides of As (i.e. As4S4 and As2S3) are difficult 
to be digested with non-oxidizing acids [40]. It is 
known that the As sulfides could be readily 
dissolved in sodium hydroxide (NaOH) solution, 
except arsenopyrite [41]. Figure 2(d) shows the 
leached As contents as a function of time in NaOH 



Hui-bin ZHANG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 2823−2835 

 

2829

solutions with different concentrations. As can be 
seen, the curves of 2% and 4% NaOH reach the 
same As equilibrium concentration. Hence, it is 
possible to believe that the glassy silicates are 
inactive in the present dilute NaOH solution in 
limited reaction time. Meanwhile, a moderate 
leaching condition for the As residing in sulfides is 
2% of NaOH and 80 min. 
3.2.5 Arsenopyrite and metal As 

Arsenopyrite and metal As are a potential 
portion of As species in copper slags. The 
extraction of this portion should change the 
leaching condition from reducing to oxidizing [41]. 
Therefore, a mixture of acetic acid (HAC) and 
hydrogen peroxide was used as the complexing 
agent and oxygenant for enhancing the extraction of 
As. Again, the leaching kinetics of two cases, which 
were performed at room temperature and boiling 
water bath, was respectively studied (Fig. 2(e)). It is 
seen that these two cases reach the same plateau but 
hot leaching contributes to much higher extraction 
efficiency, shortening the contact time from ~1400 
to 100 min. 
3.2.6 As incorporated into glassy silicates 

A considerable portion of arsenic could be 
encapsulated in glassy silicate substrate because of 
the similar sizes of AsO4

3− ions and SiO4
4− units, 

making the vitrified As species with low 
leachability [42]. Obviously, the vitric silicates 
should be digested beforehand so as to liberate and 
determine this fraction of As. Hence, the mixed 
solution of HNO3+HF+H2O2 was utilized to 
completely degrade the glassy substrates. The 
obtained solution was used to determine the last 
fraction of As after diluting. 
3.2.7 Mass loss during SSE process 

Figure 2(f) shows the mass loss of the copper 
slag sample after each leaching step. As can be  
seen, although there is merely a trace amount of As 
in copper slag, the mass loss during leaching 
operations are considerable. Apparently, the 
selective extraction operations for As species are 
accompanied by the dissolution of other minerals. 
The leaching processes with hot water, citric acid 
and HCl respectively cause mass loss values of 
3.0%, 10.1% and 34.1%, respectively, and the total 
mass change of the three operations can reach to 
47.2%. The mass variations of the last two steps 
were slight, which also suggests that leaching 
reagents (NaOH and hot HAC) will not result in the 

noteworthy dissolution of glassy silicate substrate. 
 
3.3 Evolution of solid phase during SSE 

procedure 
Figure 3 shows the XRD patterns of the 

leaching residue samples. It has been shown that the 
detectable phases in Residues 1 and 2 are fayalite, 
magnetite and amorphous silicates, which has been 
discussed in Fig. 1(a). After leaching with HCl 
solution in Step 3, the magnetite phase turns out to 
be the dominant phase while the fayalite phase 
becomes undetectable. Considering the mass 
change curve shown in Fig. 2(f), it is facile to trace 
a line between the significant mass loss and the 
digestion of fayalite. After leaching by Steps 4 and 
5, the XRD features of magnetite and silicate 
phases keep almost invariable. 
 

 

Fig. 3 XRD patterns of leaching residues obtained from 

Steps 1−5 (Residues 1−5) 

 
The overall FTIR spectra of copper slag and 

the resulting residues are shown in Fig. 4. As can be 
seen, there are two types of characteristic 
absorption bands which respectively correspond to 
the Si—O tetrahedral groups in fayalite and vitric 
silicates. The spectra of the underneath three 
samples present four absorption bands in 400−  
1400 cm−1 range. In the low-frequency part, the 
peaks at 474.4, 512 and 563.1 cm−1 are attributed to 
the asymmetric Si—O bending vibration, which 
could be activated by both fayalite and silicates [43]. 
The weak bands at around 825.4 cm−1 are due to  
Si—O symmetric stretching vibration of [SiO4]

4−
 

tetrahedral groups [44]. Due to the discrepancy   
in bond strengths of the Si — O bondings in  
[SiO4]

4−, the FTIR bands at 850−1000 cm−1 can be 
split into four peaks at around 873, 910, 951.8 and  
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Fig. 4 FTIR spectra of leaching residues obtained at 

Steps 1−5 (Residues 1−5) 

 
972.5 cm−1 [44]. The last broad weak band at 
1056.8 cm−1 is related to the Si—O asymmetric 
stretching of amorphous silicates [45]. In brief, 
before Step 3 the fayalite and amorphous silicates 
are the detected phases in FTIR spectra. After Step 
3 the FTIR spectra of the residues (Residues 3, 4 
and 5) change into the characteristic mode of 
amorphous silicates. Meanwhile, the intensities of 
the low-frequency bands at 400−600 cm−1 become 
weak and the peak widths get increased. This  

suggests that the superposed absorption peaks from 
the crystalline fayalite are removed, remaining the 
bands excited by amorphous silicates. Such result is 
in accordance with the XRD result. 

The SEM and BSE morphological evolution of 
tailings slag during the SSE procedures is displayed 
in Fig. 5. Residue 1 shows no visible change on 
surface morphology (not shown). Figures 5(a) and 
(b) show the SEM image and the cross-sectional 
BSE image of Residue 2, respectively. It has been 
shown that some pitting and crevices newly  
emerge due to the dissolution by citric acid, 
suggesting a portion of dissoluble minerals in 
tailings slag are dissociated from the slag particles 
and dissolved in solution. From a section view of 
Residue 2, the outlines of the glassy silicates are 
continuous and smooth (Fig. 5(b)), indicating that 
the silicates can withstand the corrosion of citric 
acid. A radical change of the surface morphology 
takes place in Residue 3. As shown in Figs. 5(c) and 
(d), the platy fayalite crystals are corroded 
extensively, while the magnetite particles and some 
fayalite phases enclosed in the glassy substances 
keep intact. Over the subsequent leaching steps, the 
appearance of Residues 4 and 5 almost keeps 
unchanged (not shown), which also indicates that 

 

 

Fig. 5 Surface SEM images (a, c) and cross-sectional BSE images (b, d) of Residues 2 and 4, respectively 
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the glassy silicates are capable of resisting the 
relatively aggressive leaching using hot water, citric 
acid and even dilute HCl and NaOH. As shown in 
Fig. 6, particles in Residue 5 are composed of 
magnetite phase and glassy substrate with strip-like 
bar structures which are generated after the 
digestion of fayalite phases. According to the EDS 
mapping results, the glassy substrate is a composite 
silicate containing elements such as Fe, Al, Mg, Ca, 
and K. Meanwhile, a trace amount of As also exists 
in the glassy silicates. 
 
3.4 SSE procedure assessment 

Three duplicate runs of SSE process for 
tailings slag are summarized in Table 6. As can be 
seen, the major arsenic species are extracted in Step 
2, 3 and 6, which correspond to the dissolvable 

arsenates, sparingly soluble arsenates and As 
incorporated into glassy silicates, respectively. A 
minor portion of As oxides, sulfides, arsenopyrite 
and metal As may also exist in copper tailings slag. 
Meanwhile, Sample 2 may contain a considerable 
amount of arsenopyrite and metal As. It is 
noteworthy that the last step designed to extract the 
As incorporated into glassy silicates gets the  
largest fraction of As. Actually, this portion of As 
could be composed of two kinds of As species, that 
is, the AsO4

3− incorporated into the silicates at 
molecular-scale and the As compounds physically 
or structurally encompassed by glassy silicates. In 
the MO−SiO2 slag system [20], reactions of 
arsenates during slagging could be described as  
3/2MO(l) + As(l) + 5/4O2(1) M3/2AsO4(l). Then, 
the formed 3

4AsO   can be dissolved in silicate 
 

 

Fig. 6 BSE images of Residue 5 (a, b) and EDS mapping results of glassy silicates (c−i) 

 

Table 6 As fractionations and recoveries of copper tailings slag in SSE processes 

No. As amount/mg 
Content of extracted As/(mgꞏkg−1) Total recovered As 

amount/mg 
Recovery/%

Step 1 Step 2 Step 3 Step 4 Step 5 Step 6

1 1.98 97.27 287.63 212.25 37.44 50.32 1197.32 1.88 94.76 

2 2.65 77.36 360.53 350.6 55.91 180.62 1452.57 2.47 93.35 

3 3.02 107.85 440.18 295.73 62.52 60.17 1770.28 2.74 90.59 
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melts due to the similarity of [SiO4]

4− units and 
AsO4

3− ions in size. The MO−SiO2 melts tend to 
produce polymeric species, with which AsO4

3− could 
be integrated to form chain-structures without free 
O2− ions. As such, it indicates that the arsenates are 
the major form of As consolidated in copper slags 
during copper smelting. In addition, partial tiny As 
compounds can be possibly enclosed in the glassy 
silicates, so they are released until the encapsulated 
glassy silicates are digested in Step 6. This portion 
of As is also quite stable upon chemical leaching, 
but may be affected by the size of copper slags. The 
recoveries of the three SSE operations are found to 
be acceptable with values between 90.59% and 
94.76%. 

The As fractionation results with the proposed 
SSE method are depicted in Fig. 7. The percentages 
of As leached from Steps 1 and 2 account for 
17.67%−20.44%. These As species are readily 
dissolved in water or organic acids, so they are 
considered to have the highest mobility. The 
remaining As partitions can reach up to 
79.55%−82.32%, which are quite torpid in natural 
environment. It is noted that approximately 60%  
total As with low leachability is incorporated in the 
 

 

Fig. 7 As partitioning in studied tailing slag samples at 

different leaching steps 

glassy silicates. Accordingly, the solidification/ 
stabilization treatment of copper slag should 
actually give special attention to the approximately 
20% of relatively mobilizable As in copper slag. 
 

3.5 Application of SSE procedure to by-products 
from copper smelting 
The proposed SSE method is also applied to 

determining the As fractionations of copper 
smelting slag, slag concentrate and flue dust  
(Table 7). As compared with tailings slag, the total 
As content in smelting slag is higher, and higher 
contents of As are extracted in Steps 1−5. It is noted 
that the contents of As in the leachates obtained in 
Steps 4 and 5 are high, indicating maybe there are 
more As sulfides and metal As in the smelting slag. 
Moreover, it is found that in the slag concentrate 
sample the Steps 4 and 5 extract particularly high 
proportions of As, suggesting that the As sulfides 
and metal As are the major As species in slag 
concentrate. The slag concentrate is actually the 
Cu-rich slag recovered from the smelting slag. 
Hence, during the slag separation these As species 
may be recovered together with Cu. The SSE 
procedure conducted for flue dusts reveals that a 
considerable content of As exists as oxides, 
arsenates and sulfides in flue dusts, which is in line 
with the reported results [14,15]. The recoveries of 
the three SSE experiments are also as high as 
94.18%−96.90%, indicating good applicability and 
reliability. 

As partitioning results shown in Fig. 8 reveals 
that the As redistribution takes place during slag 
separation. To be specific, most of As sulfides and 
metal As in smelting slags are separated with Cu 
and then enriched as the major phases of As in slag 
concentrate. As a result, the remained tailings slag 
has lower hazard. The slag concentrates with high 
content of As are usually returned to the     
copper smelting process. Likewise, the flue dusts 

 
Table 7 As fractionations and recoveries of some by-products from copper smelting 

Sample 
As  

amount/mg

Content of extracted As/(mgꞏkg−1) Total recovered

As amount/mg 

Recovery/

% Step 1 Step 2 Step 3 Step 4 Step 5 Step 6

Tailings slag 2.25 68.23 229.34 429.95 91.56 238.99 1031.37 2.09 92.86 

Smelting slag 3.26 102.71 398.82 665.77 777.44 528.16 597.32 3.07 94.18 

Slag concentrate 16.95 92.75 313.72 223.1 6689.48 8534.98 570.28 16.42 96.90 

Flue dusts 46.48 5934.8 16450.05 18550.25 3678.45 38.45 169.24 44.82 96.43 
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Fig. 8 As partitioning in some As-bearing by-products 

from copper smelting 

 
containing high proportions of As oxides and 
arsenates should also be cautiously treated. 
 
4 Conclusions 
 

(1) A selectively sequential extraction 
procedure, which partitions the As species into the 
readily soluble As, dissolvable arsenates, sparingly 
soluble arsenates, As residing in sulfides, 
arsenopyrite and metal As, as well as As 
incorporated into glassy silicates, was proposed for 
As partitioning in copper flash smelting slags. 

(2) Single-phase extraction procedures using 
some synthetic and natural arsenical minerals show 
that the SSE method has high selectivity and 
recovery for various As species. 

(3) The extraction kinetics of copper tailings 
slag mainly composed of fayalite, magnetite and 
glassy silicates was investigated. It is found that 
approximately 60% of total As with low 
leachability is incorporated in the glassy silicates. 
The total As recoveries of SSE procedure for tailing 
slag samples are in the range of 90.54%−94.76%. 

(4) The SSE method was employed to reveal 
the As partitioning in copper smelting slags, slag 
concentrate and flue dusts and the corresponding As 
recoveries are as high as 94.18%−96.90%. 
 
Supporting materials 

Supporting materials to this article can be 
found online at http://qr.csupress.com.cn/Public/ 
ResourceList/Detail/22522. 
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用于测定铜熔炼渣中含砷物相的 
选择性逐级提取方法及其评价 
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摘  要：开发一种优化的选择性逐级提取方法并用于评价铜熔炼渣中含砷物相组成。该方法将铜熔炼渣中的含砷

物相归类为水溶性砷、可溶性砷酸盐、难溶性砷酸盐、含砷硫化物、毒砂和金属砷以及固化于玻璃相中的砷。采

用电感耦合等离子体原子发射光谱、扫描电镜、透射电镜、X 射线衍射和红外光谱等手段对各级提取液和渣进行

表征。采用单一物相提取实验评价提取试剂的选择性和砷回收率。结果表明，炉渣中各组分砷的比例与文献报道

具有较好的一致性，且总砷回收率保持在 90%以上。这表明，此研究优化的选择性逐级提取方法能可靠地应用于

铜冶炼含砷副产物中含砷物相的成分评价。 

关键词：砷；铜炉渣；逐级提取；固废管理；铜冶炼 
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