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Abstract: Physicochemical properties of arsenic sulfide sludge (ASS) from copper smelter (ASS-I) and lead−zinc 
smelter (ASS-II) were examined by XRD, Raman spectroscopy, SEM−EDS, TG−DTA, XPS and chemical phase 
analysis method. The toxicity characteristic leaching procedure (TCLP), Chinese standard leaching tests (CSLT), 
three-stage sequential extraction procedure (BCR) and batch leaching experiments (BLE) were used to investigate the 
environmental stability. The ASSs from different smelters had obviously different physicochemical and environmental 
properties. The phase composition and micrograph analysis indicate that ASS-I mainly consists of super refined 
flocculent particles including amorphous arsenic sulfide adhered with amorphous sulfur and that ASS-II mainly consists 
of amorphous arsenic sulfide. The valence state of arsenic in both sludges is trivalent, but the valence composition of 
sulfur is quite different. The ASSs have thermal instability properties. The results of TCLP and CSLT indicate that the 
concentrations of As and Pd in the leaching solution exceed the standard limits. More than 5% and 90% of arsenic are in 
the form of acid soluble and oxidizable fractions, respectively, which explains the high arsenic leaching toxicity and 
environmental activity of ASS. This research provides comprehensive information for the disposal of ASS from copper 
and lead−zinc smelter. 
Key words: arsenic sulfide sludge; heavy metals; physicochemical properties; environmental availability; leaching 
toxicity 
                                                                                                             

 

 

1 Introduction 
 

Arsenic pollution is widely generated from 
anthropogenic activities, especially in mining and 
mineral processing operations [1−3]. The non- 
ferrous metal extraction process is generally 
believed to produce large amounts of arsenic- 
containing acid wastewater [4,5]. In particular, 
copper or lead−zinc smelting processing produces a 
large amount of acidic wastewater containing 

arsenic and metallic elements [6]. Various treatment 
processes such as precipitation, adsorption, and 
biological methods were employed for the removal 
of arsenic from water [7−9]. To realize the 
recycling of valuable metals and to minimize the 
amount of arsenic waste, precipitation by sodium 
sulfide, sodium hydrosulfide or hydrogen sulphide 
is one of the most commonly used treatment 
methods, which generates arsenic sulfide sludge 
(ASS) [10]. It is estimated that hundreds of 
thousands of tons of ASS are generated annually in 
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China; ASS leads to serious environmental 
pollution risks due to heavy metals leaching in 
disposal [11]. 

The physicochemical properties including 
chemical composition, structural features and 
mineralogical phase composition directly affect the 
environmental characteristics and the final disposal 
methods of the sludge. Our previous studies 
determined the mineralogy characteristics of zinc 
leaching residue [12], activity and potential 
ecological risks of heavy metals in zinc leaching 
residue [13], the physicochemical and leaching 
properties of the arsenic-bearing lime−ferrate 
sludge [14], the release behaviours of arsenic from 
ASS during simulated storage [11] and the 
behaviour of arsenic during pyro-metallurgical 
processing in typical lead smelter [15]. In recent 
decades, many techniques have been developed to 
recover heavy metals or arsenic compounds from 
ASS and to stabilize/solidify harmful elements, 
including direct extraction [6], roasting [16], 
crystallization [17,18], vacuum methods [19], 
hydrothermal methods [20], cement curing [21,22], 
etc. The choice of recovery or stabilization/ 
solidification (S/S) strongly depends on the sludge 
characteristics, including the physicochemical and 
environmental properties. Therefore, in order to 
find an effective, economical and satisfactory 
technology, it is necessary to have a detailed and 
complicated understanding of the characterization 
of ASS. During the previous decades, some  
studies have reported the properties of arsenic- 
containing waste sludge, such as calcium arsenate 
sludge [14,23,24] and arsenic-bearing iron   
sludge [25,26]. However, a systematic introduction 
to the characteristics of ASS has been rarely 
reported. Some critical technological information 
on ASS remains unclear, especially for the surface 
valence distribution of arsenic and sulfur, leaching 
behaviours, the arsenic phase composition and 
thermal properties. 

The objective of this work was to determine 
the characteristics of ASS collected from copper 
and lead−zinc smelter in China, including chemical 
composition, phase composition, microstructure, 
thermal properties and leaching toxicity and the 
relationship between physicochemical properties 
and arsenic leaching behaviours. This research will 
introduce reasonable proposals to minimize arsenic 
leaching concentrations and to provide information 

to develop appropriate technologies for the 
harmless treatment and disposal of this type of 
sludge.  
 
2 Experimental 
 
2.1 Materials 

The arsenic sulphide sludge used in the 
experiments was obtained from copper and 
lead−zinc smelting companies and was named as 
ASS-I and ASS-II, respectively. The ASSs were 
precipitated and filtered sludge generated during the 
treatment of acidic wastewater with sodium sulfide. 
The collected ASSs were stored and protected from 
light and oxygen by HDPE film at the companies’ 
hazardous waste yard for several years. The process 
flow scheme of arsenic production is shown in  
Fig. 1. 
 

 

Fig. 1 Flow scheme for ASS production 

 
2.2 Leaching tests 
2.2.1 Toxicity characteristic leaching procedure 

(TCLP) and China standard leaching test 
(CSLT) 

The TCLP method is the most commonly used 
method to evaluate the metal mobility in a sanitary 
landfill. This test attempts to simulate a worst-case 
scenario where the waste is co-disposed with 
municipal solid waste. The detailed procedure of 
the TCLP tests can be found elsewhere [20]. The 
CSLT method (GB 5085.3—2007; HJ/T 299—2007) 
used a mixed solution of sulphuric and nitric acid as 
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a leaching agent and simulated the process of acid 
rain leaching of harmful components into the 
environment. The extraction solution was prepared 
by the addition of solution (mass ratio of H2SO4 to 
HNO3 is 2:1) to adjust the pH (3.20±0.05). The 
extraction solution was added with a liquid-to-solid 
ratio of 10:1 (L/kg) [11]. 
2.2.2 Batch leaching tests 

The effects of pH, contact time, temperature 
and L/S ratio on the leaching behaviours of the 
arsenic in the ASSs were investigated in the batch 
leaching experiments. These experiments were 
performed in batches (250 mL Erlenmeyer) 
containing 5.0 g of sample and 100 mL of solutions 
with different pH values (adjusted by diluting a 
mixture of sulfuric and nitric acids with mass ratio 
of 3:2). The batches were shaken at 150 r/min using 
a flask shaker for 24 h. The final filtrates were 
acidified and analyzed. 
2.2.3 Multiple extraction procedure (MEP) 

The MEP (USEPA, 1986) method simulated 
leaching conditions that occurred when a waste 
undergoes repetitive acid rain on an improperly 
designed sanitary landfill. It is commonly used to 
estimate the potential long-term leachability of 
contaminants from solid wastes [27]. In the first 
step, the waste sample was extracted with acetic 
acid solution at an L/S ratio of 20:1 for 24 h. The 
suspension pH was maintained at 5 by the addition 
of 0.5 mol/L acetic acid during the extraction. The 
residual solids after the extraction were 
consecutively re-extracted four times using 
synthetic acid rain extraction fluid with pH 3.0±0.2, 
which was a dilute mixture of sulfuric and nitric 
acids with mass ratio of 3:2 (or a suitable dilution). 
Each extraction step was performed at L/S ratio of 
20:1 for 24 h. The final metal ion concentrations 
were determined for each extraction. 
2.2.4 Sequential extraction scheme 

A three-step extraction procedure was 
proposed by the Community Bureau of Reference 
(BCR). In this work, Davidson’s three-stage BCR 
sequential extraction procedure was used to analyze 
the effective combination forms of heavy metals in 
the sludges. The detailed procedure of the BCR 
tests can be found elsewhere [13]. 

 
2.3 Analysis 
2.3.1 Determination of elemental composition 

The contents of heavy metals such as As, Cd, 

Cr, Pb, Cu and Zn in the raw material were 
determined using ICP-OES (Agilent 5100). Prior to 
the ICP-OES tests, the sample was digested through 
microwave- assisted acid digestion according to the 
procedure described in our previous study [28]. 
2.3.2 Determination of phase composition 

The arsenic-containing compound was 
analyzed by a chemical phase analysis method to 
obtain the phase composition of arsenic in the 
sludge [11]. The arsenic phases were obtained by 
extraction and separation of different reagents. 
2.3.3 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) 
measurements were carried out on a Thermo Fisher 
Scientific ESCALAB 250Xi using Al Kα X-ray as 
the excitation source. The base pressure in the 
analysis chamber was 133.3×10−9 Pa. Peak shifts 
due to surface charging were taken into account by 
normalizing energies based on the adventitious 
carbon peak at 284.5 eV. Survey and narrow-scan 
XPS spectra were obtained using pass energies of 
100 and 30 eV, respectively. Survey scans were 
used to determine the average composition of the 
surface. The semi-quantitative composition of the 
near-surface samples was calculated from the peak 
areas of the S 2p and As 3d peaks and normalized 
by their respective sensitivity factor [29]. Narrow- 
scan spectra were obtained in order to determine the 
S and As surface species. 
2.3.4 Others analysis 

The crystallographic composition of the 
samples was characterized by X-ray diffraction 
(XRD, D/max2550VB+18 kW) with steps of 0.02° 
at 10 (°)/min in a 2θ range from 10° to 80°. The 
morphological change of the samples was observed 
with a scanning electron microscope (SEM−EDS, 
Nova NanoSEM 230, Brno, Czech Republic). 
Thermal stability of sludges are evaluated by 
TG−DTA test (a STA 449 F3 A-0488M instrument 
in flowing argon at a heating rate of 10 °C/min). 
Raman spectra (LABRAM-HR 800 spectrometer, 
Renishaw inVia, Gloucestershire, UK) were 
recorded with a 513 nm-wavelength He−Le laser 
and an acquisition time of 10 s. 
 
3 Results and discussion 
 
3.1 Physicochemical properties 
3.1.1 Chemical compositions of ASSs 

The chemical compositions of ASSs are given 
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in Table 1. ASS-I contains S (50.4%) and As 
(35.1%) as the major elements. Varying amounts of 
other minor elements such as Cu (0.36%) and Na 
(0.34%) also occur in the ASS-I. The contents of  
Pb, Zn and Cd in the sludge are very low (less than 
0.1%). The major elements of ASS-II are also As 
(43.7%) and S (30.9%). The content of As is 
significantly higher than that of ASS-I. The contents 
of other minor elements such as Cd (4.14%), Pb 
(0.23%), Zn (0.725%), Sb (2.13%), Fe (0.67%) and 
K (0.143%) are also higher than those of ASS-I. 
From this result, it was found that the pollutant 
elemental content of ASS from lead−zinc smelter is 
significantly higher than that of copper smelter. The 
chemical compositions are essentially consistent 
with our previous studies and other related   
studies [6,11,19,20]. 
3.1.2 Phase and chemical speciation of arsenic 

The chemical composition results show that 
the sludge is mainly composed of S and As, 
indicating that the particles may be As−S 
compounds. The XRD patterns (Fig. 2) of the    
two sludges exhibit weak and broad diffraction 
peaks, confirming that they are mostly 
non-crystalline. The three broad peaks occur at 2θ 
values near 18°, 31° and 57°, similar to amorphous 
As2S3 [11,20,30−32]. The CdS crystal structures are 
found in ASS-II. The Raman technique is further 
applied to investigating the structure of ASSs. In 

ASS-I, four peaks located at ~153, ~218, ~340, and 
~473 cm−1 are found from Fig. 2. The peak at  
~340 cm−1 indicates the existence of As2S3, while 
the others (~153, ~218, and ~473 cm−1) suggest the 
presence of S [20], which means that there may be 
some amorphous sulfur in the ASS-I when 
combined with the XRD patterns and chemical 
composition results. However, there is one distinct 
peak of ~340 cm−1 in ASS-II, indicating that there is 
As2S3 in the sludge and less elemental S. 

Table 2 also shows the phase compositions of 
arsenic which were analyzed by a chemical phase 
analysis method. The result indicates that 18.07% 
and 20.93% of the arsenic exist in the form of 
arsenic oxides, compared with 80.94% and 77.41% 
in the form of As−S compounds for ASS-I and 
ASS-II, respectively. It is obvious that arsenic is 
mainly in the sulfide state, but the oxidized state 
cannot be ignored and its impact on environmental 
properties is critical. In our previous study, the 
oxide phase compositions of the arsenic were 
79.9% for the Cu−As-containing filter cake [6] and 
49.56% for the ASS from a copper smelting plant  
in Yunnan Province, China [11]. This difference   
is possibly attributed to the oxidation of arsenic 
sulfide during the storage period and drying process. 
Our previous study showed that the ASS would be 
oxidized to As2O3 in the presence of oxygen or 
oxygen-free during the storage process [11]. 

 
Table 1 Main elemental compositions of ASSs (wt. %) 

Sludge As Cd Pb Cr Hg Cu Zn Sb Fe Na K S 

ASS-I 35.1 0.001 0.08 <0.001 0.029 0.36 <0.001 0.03 0.02 0.34 0.006 50.4

ASS-II 43.7 4.14 0.23 0.06 0.015 0.02 0.725 2.13 0.67 0.37 0.143 30.9

 

 

Fig. 2 XRD patterns (a) and Raman spectra (b) of ASSs 
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Table 2 Arsenic phase composition of ASSs obtained by 

chemical analysis method 

Composition 
Mass fraction/% 

ASS-I ASS-II 

Arsenic oxides 18.07 20.93 

Arsenate & arsenite 0.01 0.02 

Arsenic sulfide 80.94 77.41 

Others 0.98 1.64 

Total 100 100 

 
3.1.3 Morphological and particle size features 

Figure 3 shows a wide range of the particle 
size distribution from 0.2 to 500 μm. The size of the 
ASS-I particles is distributed in four concentrated 
areas of approximately 0.52, 5.13, 16.11 and  
28.56 μm. The median particle size (D50) of    
5.80 μm indirectly reflects that most small particles 
are adhered into large particles. However, the 
agglomeration of particles in the ASS-II sludge is 
more pronounced. The size of the ASS-II particles 
is distributed in three concentrated areas of 
approximately 0.52, 4.24 and 108.63 μm. The 
median particle size (D50) of 26.25 μm indirectly 
reflects that most small particles are agglomerated 
into larger particles. The particle agglomeration of 
the ASS-II is more obvious than that of ASS-I. In 
the arsenic-bearing water treatment process, the 
dosing of PAM (polyacrylamide) has an important 
influence on the agglomeration of the particles. 

The morphological features play an important 
role for the environmental characteristics and 
treatments of solid waste. Figure 4 shows the 
morphology of the two sludges, and it is clear that 

there is a significant difference between the two 
granules. As seen in Figs. 4(a, b, c), the large 
particles are adhered and aggregated by irregularly 
sized particles of various sizes. It can be seen that 
some amorphous tiny particles are adsorbed on the 
surface of big irregular bulk shaped substances. 
Combined with the XRD, EDS and Raman results, 
the tiny particles that are adsorbed on the outer 
layer may be As2S3, and the large internal  
substance may be elemental S. It can be seen from 
Figs. 4(d−f) that the particles in the sludge are very 
fine, the size of the particles is relatively uniform 
and the amorphous tiny particles agglomerate into 
large particles. Compared with ASS-I, granulation 
is not obvious as there is no phenomenon of large 
and small particles being wrapped, and the overall 
shape is fluffy and cotton-like. The S particles 
generated in an irradiated As2S3 system can 
efficiently coalesce into As2S3 particles and the 
formation of [As2S2-S-S-S2As2]

2+ results in the 
aggregation of the sulfide particles [32]. The 
presence of S has an important influence on the 
particle morphology and particle characteristics. 
3.1.4 Surface composition of arsenic and sulfur 

XPS survey-spectra of the ASSs are shown in 
Fig. 5(a). These data indicate the presence of S, As 
and O. It can be seen that the intensity of peak   
As 3d for ASS-I is lower than that of ASS-II, but 
the peak of S 2p is higher. Table 3 shows the atom 
ratio of the As and S species by XPS survey-spectra. 
The atom ratios of S and As species are 69:31 for 
ASS-I, and 62:38 for ASS-II, respectively. The 
content of S in ASS-I is obviously higher than that 
in ASS-II. The result is basically consistent with the 
conclusions of Raman (Fig. 2) and EDS (Fig. 5(b)). 

 

 

Fig. 3 Particle size distribution of ASS-I (a) and ASS-II (b) 
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Fig. 4 SEM images of ASS-I (a, b, c) and ASS-II (d, e, f) 

 

 
Fig. 5 XPS spectra at high pass energy of 100 eV (a) and EDS analysis (b) of ASSs 
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The elemental spectra are fitted using a 
least-squares procedure with peaks of convoluted 
Gaussian (80%) and Lorentzian (20%) peak shape 
after subtraction of a Shirley baseline. The As 3d 
spectra are modelled as doublets of 3d3/2 and 3d5/2, 
separated by 0.7 eV. The area of the As 3d3/2 peak is 
two-thirds that of the As 3d5/2 peak. The peaks of As 
3d5/2 at 43.4 eV are attributed to As(III)—S. The 
major peaks of S 2p spectra contain peaks at 162.7, 
163.7 and 164.7 eV for ASS, which are assigned to 
monosulfide (S2−), disulfide (S2

2−) and sulphur (S0). 
According to Table 3 and Fig. 6, the binding energy 
of the As 3d5/2 peaks is fitted with one As 

component of As(III). This phenomenon is 
consistent with the results of Raman analysis. As 
shown in Table 3, the component of As(III) 
predominates the As speciation and reaches 100%. 
As(V) and As(II) are not found to be related to the 
redox characteristics of the sulfurization reaction 
process. It has been reported that As(V) is first 
reduced to As(III) by sulfur ions, and then As2S3 is 
precipitated [30]. Since As(III) and S can form 
precipitates rapidly, it is less likely that As would 
continue to be reduced to As(II) under normal 
conditions to form As4S4. It is clear that the contents 
of S0 and S2

2− for ASS-I are 7% and 4% higher than 
 
Table 3 Analysis results of XPS spectra of As 3d and S 2p for ASSs 

Sample As 3d S 2p As(III) S0 S2
2− S2− 

ASS-I 
Eb/eV 43.7(1.40) 163.6(2.18) 43.49(0.93) 164.82(1.08) 163.77(1.08) 162.77(0.98) 

Percent/% 31 69 100 17 50 33 

ASS-II 
Eb/eV 43.75(1.41) 163.04(2.27) 43.54(0.91) 164.63(1.26) 163.73(1.17) 162.650(0.99)

Percent/% 38 62 100 10 46 44 
Eb: Binding energy (FWHM) 

 

 

Fig. 6 XPS spectra of As 3d (a, b) and S 2p (c, d) peaks for ASSs at low pass energy of 30 eV 
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those for ASS-II, respectively. However, the S2− for 
ASS-I is 11% lower than that of ASS-II. The 
difference may be related to the valence state of 
arsenic in the acidic arsenic-containing wastewater 
and the redox characteristics of the solution before 
the sulfide precipitation. 
3.1.5 Thermal characteristics 

TG−DTA is performed to confirm the thermal 
stability of the sludge, and the TG−DTG−DSC 
curves of the ASSs are shown in Fig. 7. As shown 
in Fig. 6, two broad and four sharp mass loss stages 
are observed for ASS-I. In the first stage (step 1), a 
heavy mass loss of 6% is observed from 
approximately 50 to 150 °C. This is attributed to the 
volatilization of adsorbed and bounded water. The 
DTG also reflects the dehydration peak in the 
temperature range. In the next stage at 150−225 °C 
(step 2), a heavy mass loss of 7% is ascribed to the 
oxidization of As2S3 and S to SO2 by concentrated 
sulfuric acid. The phenomenon was also observed 
in our research [11]. The acid may attack metal- 
bearing phases and promote further exposure of 
other sulfides encapsulated [33,34]. The next sharp 
peaks may be caused by the volatilization of S and 
 

 
Fig. 7 TG−DTG−DSC curves of ASS-I (a) and   

ASS-II (b) 

sulfide. However, one broad mass loss stage is 
found for ASS-II, and the mass loss is obviously 
accelerated after 225 °C. The first stage from 50 to 
150 °C is similar to ASS-I; a heavy mass loss of 
1.4% due to volatilization of adsorbed and bounded 
water. In the next stage of 150−225 °C, the heavy 
mass loss is 0.9%. The mass loss after 250 °C may 
be the result of volatilization of sulfides. The 
thermal stability of ASS-I is significantly worse 
than ASS-II. The presence of sulfuric acid and 
elemental S may have a significant effect on the 
thermal stability of the ASSs. 
 
3.2 Environmental properties 
3.2.1 Leaching behaviours 

The release of pollutants in solid waste can be 
affected by changes of landfill and storage 
conditions. The effects of pH, contact time, 
liquid/solid ratio and temperature on the dissolution 
of As in the ASSs were investigated. The results are 
presented in Fig. 8. Figure 8(a) shows that the 
leaching concentration of As decreased rapidly and 
then slowly with the increase of L/S ratio. With the 
variation of pH, the change trends of As leaching 
concentration for the two ASSs are similar     
(Fig. 8(b)). The As leaching concentrations of 
ASS-I and ASS-II first increase and then decrease. 
Although the pH of the extract liquor is 
continuously increased to 13, the leached solution is 
still acidic (pH<3) after the leaching test because 
the sludge contained a bit of sulfuric acid solution. 
The leaching of heavy metals in many copper  
slags has a strong relationship with pH, but the 
sulphides are the least stable phases regardless of 
conditions [35]. As shown in Fig. 8(c), the effect of 
leaching time on leaching concentration of As is 
significant. With the extension of time, the leaching 
concentration of As increases rapidly and   
remains stable for ASS-I, whereas the leaching 
concentration of As for ASS-II increase rapidly in 
the entire time range investigated. Temperature has 
a great influences on the leaching concentration of 
As (Fig. 8(d)). When the temperature is increased 
from 15 to 20 °C, the As leaching concentrations  
of ASS-I and ASS-II increase from 112 mg/L  
(2.24 mg/kg, 0.64%) to 808 mg/L (16.16 mg/kg, 
4.60%) and from 531 mg/L (10.62 mg/kg, 2.43%) 
to 1422 mg/L (28.44 mg/kg, 6.51%), respectively. 
As the temperature increases from 20 to 30 °C,  
the As leaching concentration increases slowly. The  
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Fig. 8 Effects of leaching factors on concentration of arsenic 

 

ASSs are sensitive to external factors, probably due 
to the strong interfacial interaction of the 
amorphous nano-particles. 
3.2.2 Leaching toxicity 

To determine whether the sample can be 
disposed in a segregated landfill, TCLP and CSLT 
tests are employed on the ASSs. The results are 
presented in Table 4. TCLP and CSLT test results 
show that both concentrations of As and Pb released 
from ASS-I exceed the threshold values of US 
Environmental Protection Agency (EPA) and 
GB 5085.3—2007. The arsenic concentration of 
ASS-I exceeded the EPA standard by 52 times and 
GB 5085.3—2007 by 268 times. The concentrations 
of As, Pb and Cd dissolved from the ASS-II 
exceeded the threshold values of the EPA      
and GB 5085.3—2007. The concentration of Zn 
exceeded the threshold value of GB 5085.3—2007 
and the Cd concentration seriously exceeded the 
standard for ASS-II. The ASSs must be considered 
hazardous pollutants and cannot be discharged with 
domestic waste unless they are stabilized and 
solidified. 

Table 4 Leaching concentrations of raw ASSs (mg/L) 

Sample Method As Pb Zn Cu Cd Cr

ASS-I
TCLP 261.0 12.90 4.5 1.20 0.6 0.05

CSLT 1344.5 1.23 7.8 0.25 2.1 0.13

ASS-II
TCLP 780.0 7.70 350.0 0.05 917.0 7.12

CSLT 1297.5 11.63 917.5 0.20 3226.018.50

EPA# ≤5 ≤5 b b ≤1 ≤5

GB 5085.3—2007* ≤5 ≤1.0 ≤100 ≤100 ≤5 b 

*The threshold of China; # The threshold of the US; b Not limited in 
the standard 
 
3.2.3 Sustainable leaching properties 

Figure 9 shows the results of multiple 
extraction procedure (MEP). The first extraction of 
the MEP was performed using leaching fluid with 
pH 2.88 adjusted by adding 0.5 mol/L acetic acid. 
The subsequent extractions were performed using 
pH 3.0±0.2 synthetic rainwater. During the first two 
leaching processes, the concentrations of As and 
heavy metals decrease rapidly, and the decreased 
trends slowly become significant in the next three 
leaching processes. The results show a relatively 
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high residual As concentration (>5 mg/L) for the 
ASSs at the end of the test. According to the MEP 
results, it can be concluded that ASS is a solid 
waste with sustainable pollution potential. Similar 
results were found by ÖZVERDİ and ERDEM [27], 
showing that the Zn, Mn and Cd concentrations 
decreased rapidly and then slowly with the 
consecutive extractions for zinc extraction residue. 
 

 

Fig. 9 Effect of extraction number on concentrations of 

heavy metals: (a) ASS-I; (b) ASS-II 

 

3.2.4 Environmental activity 
Study of the chemical special speciation of the 

arsenic and heavy metals for the sludge is important 
for analyzing environmental activity. The species 
from sequence extraction could yield the   
chemical forms, physicochemical availability, and 
mobilization of trace metals. Generally, arsenic and 
other heavy metals in the acid soluble fraction are 
classified as direct effect phases for environmental 
availability and ecological risk. The oxidizable 
fraction is identified as a potential effect fraction 
because it can be liberated or transformed into   
an acid soluble fraction under oxidizing  
conditions [11]. 

It can be seen from Fig. 10 that the acid 
soluble and oxidizable states of As and heavy 
metals are dominant. For ASS-I, the oxidizable 
states are dominant, and the oxidizable states of As, 
Pb, Zn, Cu, Cd and Cr are 94.7%, 98.9%, 98%, 
100%, 99.9% and 99.9%, respectively. The acid 
soluble states are 5.0%, 0.8%, 1.4%, 0.0%, 0.1% 
and 0.1%, respectively. For ASS-II, the acid soluble 
states of Zn and Cr are dominant. The oxidizable 
forms of As, Pb, Zn, Cu, Cd and Cr are 91.9%, 
96.5%, 25.3%, 66.6%, 69.6% and 1.3%, 
respectively. Their acid soluble states are 7.2%, 
2.4%, 74.6%, 33.3%, 30.4% and 98.7%, 
respectively. The water soluble phase and 
exchangeable phase heavy metals will be easily 
released in an acid rain environment. The results 
show that As and Pb for the two ASSs have    
high environmental activity and can be easily and 
quickly released into the environment. The acid 
soluble states of ASS-II are more than those of 
 

 

Fig. 10 Chemical fractions of heavy metals species in 

ASSs by BCR sequential extraction procedure: (a) ASS-I; 

(b) ASS-II 
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ASS-I, meaning that the risk of ASS-II is higher 
than that of ASS-I. The oxidizable forms of heavy 
metals mostly bound to sulfides can be easily 
released under oxidized conditions. This reveals 
that the sulfides of As and other heavy metals 
would be oxidized and released in an oxidizing 
environment and over along the time. 
 
3.3 Recommendation for appropriate disposal 

According to the studies above, it is clear that 
the leaching behaviours of arsenic and heavy metals 
in the ASSs are mainly related to their properties 
and that the phase composition is determined in the 
sulfuration treatment process of arsenic-containing 
wastewater and is reliant on storage conditions. It is 
beneficial to the long-term stability of residues in 
the form of arsenic combined with calcium, iron or 
aluminium [36,37]. Arsenic, mainly in the presence 
of amorphous arsenic sulfide and arsenic oxide 
phase, occupies 80.94%−77.41% and 18.07%− 
20.93%, respectively. This is the main cause of the 
high arsenic leaching toxicity and environmental 
risk of ASSs and the potential long-term 
environmental risk under oxidizing conditions. 
Arsenic in the ASS is all trivalent arsenic according 
to the XPS analysis. Since the toxicity of trivalent 
arsenic is 60 times that of pentavalent arsenic [38], 
the damage of the ASS is generally higher than that 
of calcium arsenate and iron arsenate sludge. 

Developing effective harmless disposal 
methods for ASS is an urgent requirement. Based 
on the high toxicity, poor stability, and ease of 
oxidation for acid flocculous ASS, stabilization by 
phase transformation may be a suitable method. 
ASS can be converted into a relatively stable 
calcium arsenate or iron arsenate by oxidative 
leaching, precipitation and crystallization. However, 
it requires a large amount of oxidant and 
stabilization agent, and a significant increase in 
mass and volume after conversion. The presence of 
sulfur would interfere with the conversion effect. 
The conversion of amorphous arsenic sulfide to 
crystalline As2S3 or As4S4 may be the best solution. 
However, there are currently few studies on this, 
probably because of the harsh conditions and high 
energy consumption. Our research finds that 
hydrothermal treatment of arsenic sulfide is a 
feasible technical means, but there are still many 
problems to be further studied and solved. It is 
necessary and useful to analyze the 

physicochemical properties and environmental 
characteristics to discover novel stabilization 
techniques. 
 
4 Conclusions 
 

(1) ASS-I is mainly composed of amorphous 
As2S3 and amorphous S, while ASS-II is mainly 
composed of amorphous As2S3 and crystal CdS. 
Many small particles (amorphous As2S3) are 
adhered into large particles (amorphous S) for 
ASS-I. 

(2) Arsenic phases exist as As(III) mainly in 
sulfides (80.94%−77.41%) and oxides (18.07%− 
20.93%), and disperse uniformly in amorphous 
particles. More sulfur species of S0 and S2

2− are 
observed on the surface of ASS-I than that of 
ASS-II. Both ASSs are thermally instable and can 
easily be decomposed or lose mass. The thermal 
stability of ASS-I is worse than ASS-II. 

(3) Both TCLP and CSLT assessment methods 
identified that the ASSs could be classified as 
hazardous solid waste by the EPA or Chinese 
government. The leachate concentration of As and 
Pb in the two ASSs exceeded the standard, and Cd 
in ASS-II seriously exceeded the standard. 

(4) MEP showed that the ASSs have 
sustainable release characteristics and still exceeded 
the standard limits after five leaching cycles. From 
the BCR sequential extraction results, the oxidable 
states of As, Pb, Cu and Cd are dominant for the 
ASSs, but the acid soluble states of Zn and Cr are 
dominant for ASS-II. 

(5) Crystallization of arsenic phases in ASS 
should be beneficial to decreasing arsenic leaching 
toxicity and thus reducing environmental risk. 
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摘  要：以铜冶炼和铅锌冶炼产生的硫化砷渣为研究对象，采用 XRD、Raman、SEM−EDD、TG−DTA、XPS 和

化学物相分析等检测手段研究其理化特性。采用毒性浸出程序(TCLP)、毒性浸出测试国家标准(CSLT)、三步连续

浸提程序(BCR)和批次浸出实验(BLE)分析硫化砷渣的环境稳定性。不同冶炼厂的硫化砷渣理化和环境特性具有明

显的差异。物相组成和显微分析表明，ASS-I 主要由超细的絮状颗粒组成，这种颗粒为粘附有无定型硫的无定型

硫化砷。AAS-II 主要组成为无定型硫化砷。两种来源的硫化砷渣中砷均为正三价，但是硫的价态组成则有所不同。

同时，两种来源的硫化砷渣均具有热不稳定性。TCLP 和 CSLT 结果表明，浸出液中砷和铅的浸出浓度超过了标

准限值。超过 5%和 90%的砷以酸可溶态和可氧化态赋存，这解释了硫化砷渣砷浸出毒性高、环境活性强的原因。

本研究为铜和铅锌冶炼企业的硫化砷渣的处置提供了全面的信息参考。 
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 (Edited by Xiang-qun LI) 


