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The separation of Cu, Pb, Zn, and As from copper smelting dust through
oxidative alkali leaching and sulfide precipitation, as well as the subsequent
recovery of As through calcification precipitation and carbothermal reduction,
were realized in this study to utilize resources from and safely treat copper
smelting dust. The binding behavior of As(V) to As(III) with S ions in the
solution was analyzed through thermodynamic calculations. The separation
rates of Cu, Pb, Zn, and As after oxidative alkali leaching and sulfide pre-
cipitation were 98.22%, 82%, 94.6%, and 99.27%, respectively, and the resid-
ual rate of S ions in the solution was only 3.6%. X-ray diffraction and scanning
electron microscopy/energy-dispersive X-ray spectroscopy were employed to
characterize the phase transformation and surface morphology of the metals
during leaching. It was determined that Cu existed in the alkaline leaching
residue in the form of Cu(OH)2, and that Pb and Zn existed in the sulfide
residue as sulfides. As was deposited from the As solution in the simplest form
as elemental As through calcification precipitation and the reduction of the As
residue, and there was no residual CaS in the reduction residue, making it
recyclable.

INTRODUCTION

Approximately 85% of the global Cu production is
achieved through pyrometallurgical processes,
which produce approximately 2.3 million tons of
hazardous copper smelting dust annually.1–3 Cop-
per smelting dust contains valuable metals, such as
Cu, Zn, Bi, and In, as well as toxic metals, such as
As, Pb, and Cd, which have significant recovery
values.4–8 The yield of hazardous smelting dust is
currently approximately 10% that of refined Cu.9

As is the main hazardous element in smelting
dust waste. Owing to its high toxicity, carcinogenic-
ity, and diffusion rate, copper smelting dust poses a
significant risk to the global ecosystem, human
health, and sustainable development.10–14 The safe
treatment and resource utilization of copper smelt-
ing dust are imperative considerations when recy-
cling it. Therefore, the development of a process
that can not only recover valuable metals but also
safely treat toxic As is vital.

The phase composition of the dust produced
during copper smelting is complex and fluctuates
considerably.15 Nevertheless, valuable metals can
be recovered from copper smelting dust and recy-
cled. In general, the processes for the comprehen-
sive utilization and treatment of copper smelting
dust resources can be classified into pyrometallur-
gical and hydrometallurgical. Pyrometallurgical
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treatments are mainly used to separate valuable
elements in copper smelting dust by exploiting the
different boiling points of its components and
recover valuable metals by oxidation and reduc-
tion.16–18 However, because of the fire treatment,
high energy consumption, incomplete collection of
As-containing dust, and other shortcomings of
pyrometallurgical treatments, most copper smelting
dust is treated through hydrometallurgical meth-
ods. For example, H2SO4,19,20 HCl,21 NaHS–
NaOH,22 Na2S–NaOH,23,24 NaOH–S,25 and other
chemicals have been used to leach Cu soot so that
the valuable metals are transferred into solutions or
slags for subsequent recovery. The precipitation
method is mainly used to treat As through the
formation of As-containing waste residues.25–27

However, the large volume of As-containing waste
residues generated requires a large amount of land
for accumulation, and carries the risk of As leakage
and subsequent secondary pollution. In acidic sys-
tems, the formation and volatilization of highly toxic
AsH3 should always be prevented during As sepa-
ration. In comparison, As concentration can be
achieved more safely in alkaline systems. Guo
et al.23 used an NaOH–Na2S system to treat high-
As dust. Under the conditions of an alkali/dust mass
ratio of 0.5, sodium sulfide of 0.25 g/g, leaching
temperature of 90�C, leaching time of 2 h, and
liquid/solid (L/S) ratio of 5:1, the leaching rate of As
could reach 92.75%, and the obtained residue
constituted an available Pb resource. Zhang
et al.25 studied the removal of As from high-As
copper smelting soot using a NaOH–S system, in
which the leaching of Pd, Cu, Sb, and other
elements in the soot was inhibited by introducing
elemental S. The leaching rate of As reached 99.8%
under optimal conditions. Despite the ability of
these alkaline system treatments to separate As
from valuable metals, Cu, Pb, Zn, and other valu-
able metals enter the slag and can only be used after
subsequent treatment and separation; further, the
consumption of Na2S or S is higher. Some scholars
usually use high-temperature, high-pressure assis-
tance, or mechanical activation to enhance the
utilization rate of leaching agents and enhance the
leaching rate.23,28–30

In this paper, a process is proposed for the
resource recovery of Cu, Pb, Zn, and As in an
alkaline system. In the first step, Cu is separated by
oxidative alkali leaching; in the second step, Pb and
Zn are recovered through sulfide precipitation; and,
in the last step, As is treated safely by precipitation
and reduction. This process can not only recover Cu,
Pb, Zn, and other valuable metals in a stepwise
manner but also consumes less Na2S and recycles
As. The optimum conditions were determined by
evaluating the process performance. The relation-
ship between the leaching behaviors of Cu, As, Pb,
and Zn was studied, and X-ray diffraction (XRD)
and scanning electron microscopy/energy-dispersive

X-ray spectroscopy (SEM/EDS) were used to char-
acterize the phase transformation and surface mor-
phology of the metals during leaching.

EXPERIMENTAL

Materials

Copper smelting dust samples were collected from
the blast furnace smelting of copper dross in a
copper smelter in Henan Province, China. The
collected samples were dried, ground, and sieved
using a 100-mesh sieve. Their XRD patterns and
chemical compositions are shown in Fig. 1 and
Table I, respectively. Cu, Pb, Zn, and As were
detected using inductively coupled plasma (ICP)
spectrometry. They constituted more than 40% of
the samples, indicating the high recovery value for
these valuable metals. The XRD results showed that
the copper smelting dust was mainly composed of
CuSO4, PbSO4, ZnSO4, As2O3, and Fe2(SO4)3.

Experimental

In the first step of this experiment, Cu was
separated from Pb, Zn, and As by oxidative alkali
leaching. Cu entered the alkali leaching residue in
the form of copper hydroxide. In the second step, Pb
and Zn were separated from As by sulfide precipi-
tation and deposited in the slag in the form of
sulfides. Finally, the As-containing solution was
treated with calcium oxide for As removal, and the
resulting As residue was reduced to obtain elemen-
tal As, which can be used as a resource. The
flowchart of the process is shown in Fig. 2.

The oxidative alkali leaching, sulfide precipita-
tion, and As deposition experiments were performed
in an atmospheric-pressure stirring leaching device,
and the fire reduction experiments were performed
in a tube furnace. Before each experiment, a sodium
hydroxide (NaOH) solution was prepared in the
desired concentration and volume and placed in a
beaker. Then 20 g of Cu soot were mixed with the

Fig. 1. XRD pattern of copper smelting dust.
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NaOH solution and heated in a water bath at a
constant temperature and set stirring speed. During
leaching, hydrogen peroxide was slowly dropped
into the solution, and 200 mL of the alkali leaching
solution was used for the sulfide precipitation
experiment. The required amount of Na2SÆ9H2O
was added to the alkali leaching solution, following
which the stirring speed and required temperature
were set for the subsequent experiments. For the As
sedimentation experiment, 200 mL of the vulcan-
ized liquid was used, and the required amount of
CaO was added. The stirring rate and reaction
temperature were set for the subsequent experi-
ments. A total of 5 g of As sediment and the
required amount of toner were thoroughly mixed,
added to a crucible, and placed in a tube furnace for
reaction. At the end of each experiment, the residue
from the reaction was dried, weighed, and ground,
and its chemical composition was analyzed. The
leached liquid was measured by a measuring cylin-
der and analyzed using ICP spectrometry.

Evaluation Factors and Characterization

The main evaluation factors for the leaching
behavior of Cu, Pb, Zn, and As in Cu soot are the

leaching and precipitation rates, as expressed in
Eqs. 1 and 2, respectively. The leaching and precip-
itation rates of the elements during the oxidative
alkali leaching and sulfide precipitation processes
were calculated as:

(1) Element leaching rate

u ¼ C� V

m� x
� 100% ð1Þ

where u is the leaching rate of Cu, Pb, Zn or As, C is
the metal concentration in g/L, V is the volume of
the leaching solution in L, m is the quantity of the
materials in g, and x is the metal content in the
materials in %.

(2) Element precipitation rate

e ¼ C1 � V0 � C2 � Vt

C1 � V0
� 100% ð2Þ

where e is the precipitation rate of Pb or Zn, C1 and
C2 are the element concentrations before and after
sulfide precipitation in g/L, respectively, and V0 and
Vt are the volumes of the solution before and after
sulfide precipitation in L, respectively.

The chemical compositions of the samples were
determined using ICP spectrometry. XRD and SEM/
EDS were employed to characterize the phase
composition and surface morphology of the raw
materials and leached residues, respectively.

Table I. Main chemical components of copper
smelting dust (wt.%)

As Pb Zn Cu Fe S O Other

10.74 19.92 2.64 9.6 0.48 11.32 40.16 5.14

Fig. 2. Process flow chart.
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RESULTS AND DISCUSSION

Separation of Cu by Oxidative Alkaline
Leaching

As exists in the form of arsenic trioxide in Cu soot
and mainly in the form of arsenite in the alkaline
system, although oxidized arsenite has a higher
solubility in the latter.31,32 As can exist under
alkaline conditions, Pb and Zn need to have a pH
greater than 12 to exist under alkaline conditions,
while Cu cannot exist under this condition.33,34 The
differences between the leaching behaviors of Cu,
Pb, Zn, and As under alkaline conditions were
exploited to separate these elements through the
following chemical reactions:

As2O3 þ 2H2O2 ¼ As2O5 þ 2H2O ð3Þ

As2O5 þ 2NaOH ¼ Na3AsO4 þ H2O ð4Þ

CuSO4 þ 2NaOH ¼ Cu OHð Þ2þNa2SO4 ð5Þ

PbSO4 þ 4NaOH ¼ Na2PbO2 þ Na2SO4 ð6Þ

ZnSO4 þ NaOH ¼ Na2ZnO2 þ Na2SO4 ð7Þ

Effect of Leaching Temperature

The effect of the leaching temperature from 30�C
to 90�C was studied at a NaOH concentration of
3.0 mol/L, leaching time of 60 min, L/S ratio of 6:1,
H2O2 addition of 1.2 times the molar ratio of H2O2/
As2O3, and agitation speed of 300 rpm. The results
are shown in Fig. 3a. As, Pb, and Zn leached slowly
as the temperature increased from 30�C to 60�C. As
the temperature exceeded 60�C and increased to
90�C, the leaching rates of As, Pb, and Zn increased.
The main reasons for this increase are the decrease
in the slurry viscosity and the increase in the
diffusion of the reactant species as the leaching
temperature increased. However, the leaching rate
of Cu stabilized at a low level with increasing
temperature. The optimal leaching temperature
was therefore determined as 90�C.

Effect of Leaching Time

The effect of the leaching time from 20 min to
60 min was studied under a NaOH concentration of
3.0 mol/L, leaching temperature of 90�C, L/S ratio of
6:1, H2O2 addition of 1.2 times the molar ratio of
H2O2/As2O3, and agitation speed of 300 rpm. The
results presented in Fig. 3b show that the leaching
rates of As, Pb, and Zn increased with the leaching
time, especially from 20 min to 60 min. Beyond
60 min, the leaching rates of As, Pb, and Zn
changed slightly as the leaching temperature
increased. However, the Cu leaching rate remained

low. The optimum leaching time was therefore
determined as 90 min.

Effect of Liquid/Solid Ratio

The effect of the L/S ratio from 4:1 to 8:1 min was
studied under a NaOH concentration of 3.0 mol/L,
leaching temperature of 90�C, leaching time of
60 min, H2O2 addition of 1.2 times the molar ratio
of H2O2/As2O3, and agitation speed of 300 rpm. The
results are shown in Fig. 3c. As the L/S ratio
increased from 4:1 to 8:1, the leaching rates of As,
Pb, and Zn gradually increased. The leaching rates
did not change significantly with further increases
in the L/S ratio. The As, Pb, and Zn leaching rates
increased with the L/S ratio because, as the ratio
increased, the fluidity of the solution increased,
which increased the contact area between the solid
and liquid phases and caused more reactants to
come into contact with the leaching solution. The Cu
leaching rate was stable at a low level, as before.
The optimal L/S ratio was thus determined to be 8:1.

Effect of NaOH Concentration

The NaOH concentration plays an important role
in the separation of As. The effect of the NaOH
concentration from 1.5 mol/L to 3.0 mol/L min was
studied under a L/S ratio of 6:1, leaching temper-
ature of 90�C, leaching time of 60 min, H2O2

addition of 1.2 times the molar ratio of H2O2/
As2O3, and agitation speed of 300 rpm. The results
are shown in Fig. 3d. Increasing the NaOH concen-
tration from 1.5 mol/L to 3 mol/L had a particularly
notable effect on increasing the leaching rates of As,
Pb, and Zn. The leaching rate of As reached its
highest value at the concentration of 3.5 mol/L.
Further increases in the alkali concentration had
little effect on the leaching rate of As. Although the
leaching rates of Pb and Zn increased with increas-
ing alkali concentration, the increases were small
and the leaching rate of Cu remained low. Signif-
icantly increasing the NaOH concentration can
further improve the leaching rate, but at this point,
the leaching rate of copper will increase signifi-
cantly. The optimal alkali concentration was there-
fore 3.5 mol/L.

Based on the above experiments, the optimum
conditions were determined as a NaOH concentra-
tion of 3.0 mol/L, leaching temperature of 90�C,
leaching time of 60 min, L/S ratio of 8:1, H2O2

addition of 1.2 times the molar ratio of H2O2/As2O3,
and agitation speed of 300 rpm. Under these condi-
tions, the leaching rates of As, Pb, Zn, and Cu were
99.27%, 82.82%, 95.60%, and 1.78%, respectively.
The XRD pattern of the alkali leaching residue is
shown in Fig. 4a. The results show that Cu exists in
the alkaline leaching residue in the form of Cu(OH)2

with poor grain crystallinity. The SEM/EDS results
for the alkali leaching residue are shown in Fig. 4b.
The SEM image shows that the particles in the
alkali leaching residue are irregularly distributed
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and uneven in shape, and it can be seen from points
1 and 2 in the EDS profile that the alkali leaching
residue is mainly composed of Cu, H, and O, with a
high Cu content.

Separation of Pb Zn by Sulfide Precipitation

Thermodynamic Analysis

As exists in alkaline systems in the form of
arsenite or arsenate, both of which combine with
added S ions to form thioarsenite and thioarsenate.
However, when excess S ions are subsequently used
to precipitate As with calcium oxide, calcium sulfide
is precipitated.35 The resultant precipitate cannot
be removed during the subsequent fire reduction,
which inhibits the recycling of the reduction slag
(calcium oxide). Therefore, to mitigate the combi-
nation of excess S ions with As in the solution, it is
necessary to determine the ability of As (III) and As

(V) to combine with S ions under alkaline condi-
tions. The optimal form of As in solution was
therefore determined.

The equilibrium relationship (298 K) between
As(III)-S-H2O and As(V)-S-H2O is presented in
Tables II and III. By calculating the concentrations
of thioarsenate and thioarsenious acid in systems
with different S/As ratios under alkaline conditions,
the binding ability of As(III) and As(V) to S ions
under alkaline conditions can be determined.
Because of the complexity of thioarsenate, its bind-
ing ability was calculated from [S] ([S] = [HS�] +
[S2�] + [H2S]) in solution. In alkaline systems,
As(III) may exist as HxAsO3

x�3, HxAsO2Sx�3,
HxAsOS2

x�3, and HxAsS3
x�3(x 1, 2, 3). Therefore,

based on the substance conservation rule, the
relationships between the concentrations of As in
various forms in the As(III)-S-H2O system can be
obtained as

Fig. 3. (a) Effect of leaching temperature on leaching rates of As, Pb, Zn, and Cu, (b) effect of leaching time on leaching rates of As, Pb, Zn, and
Cu, (c) effect of liquid/solid ratio on leaching rates of As, Pb, Zn, and Cu, and (d) effect of NaOH concentration on leaching rates of As, Pb, Zn,
and Cu.
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S½ �T¼ HxAsO2Sx�3 þ 2HxAsOSx�3
2 þ 3HxAsSx�3

3

þ H2S þ HS� þ S2� x ¼ 1; 2; 3ð Þ ð8Þ

AsIII
h i

T
¼ HxAsOx�3

3 þ HxAsO2Sx�3 þ HxAsOSx�3
2

þ HxAsSx�3
3 x ¼ 1; 2; 3ð Þ

ð9Þ

Similarly, the relationships between the concen-
trations of As in various forms in the As(V)-S-H2O
system can be obtained as:

S½ �T¼ HxAsO3Sx�3 þ 2HxAsO2Sx�3
2 þ 3HxAsOSx�3

3

þ 4HxAsSx�3
4 þ H2S þ HS�

þ S2� x ¼ 0; 1; 2; 3ð Þ
ð10Þ

AsV
h i

T
¼ HxAsOx�3

4 þ HxAsO3Sx�3 þ HxAsO2Sx�3
2

þ HxAsOSx�3
3 þ HxAsSx�3

4 x ¼ 0; 1;2; 3ð Þ
ð11Þ

The concentrations of the ions at each given pH
level and S/As ratio (molar ratios) can be solved
simultaneously, based on the concentration rela-
tionships mentioned above. Because the S/As ratios

Fig. 4. (a) XRD pattern of alkali leaching residue, (b) SEM/EDS results for alkali leaching residue.
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were generally low during the vulcanization exper-
iment, only S/As ratios lower than or equal to 4 were
considered. The relationships between [S]/[S]T in
the As(V)-S-H2O and As(III)-S-H2O systems under
different pH conditions are shown in Fig. 5, from
which it can be seen that, under the same condi-
tions, the proportion of [S] in the As(III) system is
smaller than that in the As(V) system. This implies
that the binding capacity of As(III) to S2� is stronger
than that of As(V). Therefore, the use of hydrogen
peroxide to oxidize As(III) to As(V) in the alkaline
leaching process cannot only increase the leaching
rate of As in the alkaline system but also mitigate
the subsequent combination of excess S ions with
the As in the solution.

Alkali leaching solutions were used as the raw
material and Na2S as the precipitant in the sulfide
precipitation experiment for separating Pb and Zn.
The influence of three factors, namely, the amount
of Na2S added, reaction temperature, and reaction
time, was investigated. The relevant chemical equa-
tions are:

Na2PbO2 þ Na2S þ 2H2O ¼ PbS þ 4NaOH ð12Þ

Na2ZnO2 þ Na2S þ 2H2O ¼ ZnS þ 4NaOH ð13Þ

Table II. Equilibrium relationships in the As(V)-S-H2O system

Equilibrium relationship Concentration relationship

1 H3AsO4 + H2S(aq) = H3AsSO3 + H2O [H3AsSO3] = 100.4[H3AsO4][H2S]
2 H3AsSO3 + H2S(aq) = H3AsS2O2 + H2O [H3AsS2O2] = 100.1[H3AsSO3] [H2S]
3 H3AsS2O2 + H2S(aq) = H3AsS3O + H2O [H3AsS3O] = 103.5[H3AsS2O2][H2S]
4 H3AsS3O + H2S(aq) = H3AsS4 + H2O [H3AsS4] = 102.6[H3AsS3O][H2S]
5 H2S(aq) = HS� + H+ [HS�][H+] = 10�7[H2S]
6 HS� = S2� + H+ [S�][H+] = 10�17[HS�]
7 H3AsO4 = H2AsO4

� + H+ [H2AsO4
�][H+] = 10�2.3[H3AsO4]

8 H2AsO4
� = HAsO4

2� + H+ [HAsO4
2�][H+] = 10�7[H2AsO4

�]
9 HAsO4

2� = AsO4
3� + H+ [AsO43�][H+] = 10�11.8[HAsO4

2�]
10 H3AsSO3 = H2AsSO3

� + H+ [H2AsSO3
�][H+] = 10�3.3[H3AsSO3]

11 H2AsSO3
� = HAsSO3

2� + H+ [HAsSO3
2�][H+] = 10�7.2[H2AsSO3

�]
12 HAsSO3

2� = AsSO3
3� + H+ [AsSO3

3�] [H+] = 10�11[HAsSO3
2�]

13 H3AsS2O2 = H2AsS2O2
� + H+ [H2AsS2O2�][H+] = 102.4[H3AsS2O2]

14 H2AsS2O2
� = HAsS2O2

2� + H+ [HAsS2O2
2�][H+] = 10�7.1[H2AsS2O2

�]
15 HAsS2O2

2� = AsS2O2
3� + H+ [AsS2O2

3�][H+] = 10�10.8[HAsS2O2
2�]

16 H3AsS3O = H2AsS3O� + H+ [H2AsS3O�][H+] = 101.7[H3AsS3O]
17 H2AsS3O� = HAsS3O2

� + H+ [HAsS3O2�][H+] = 10�1.5[H2AsS3O�]
18 HAsS3O2� = AsS3O3� + H+ [AsS3O3�][H+] = 10�10.8[HAsS3O2�]
19 H3AsS4 = H2AsS4

� + H+ [H2AsS4
�][H+] = 102.3[H3AsS4]

20 H2AsS4
� = HAsS4

2� + H+ [HAsS4
2�][H+] = 10�1.5[H2AsS4

�]
21 HAsS4

2� = AsS4
3� + H+ [AsS4

3�][H+] = 10�5.2[HAsS4
2�]

Table III. Equilibrium relationships in the As(III)-S-H2O system

Equilibrium relationship Concentration relationship

1 H3AsO3 + H2S(aq) = H3AsSO2 + H2O [H3AsSO2] = 1011[H3AsO3] [H2S]
2 H3AsSO2 + H2S(aq) = H3AsS2O + H2O [H3AsS2O] = 103.8[H3AsSO2] [H2S]
3 H3AsS2O + H2S(aq) = H3AsS3 + H2O [H3AsS3] = 105.6[H3AsS2O] [H2S]
4 H2S(aq) = HS� + H+ [HS�][H+] = 10�7[H2S]
5 HS� = S2� + H+ [S2�][H+] = 10�17[HS�]
6 H3AsO3 = H2AsO3

� + H+ [H2AsO3
�][H+] = 10�9.17[H3AsO3]

7 H2AsO3
� = HAsO3

� + H+ [HAsO3
2�][H+] = 10�14.1[H2AsO3

�]
8 H3AsSO2 = H2AsSO2

� + H+ [H2AsSO2
�][H+] = 10�3.7[H3AsSO2]

9 H2AsSO2
� = HAsSO2

2� + H+ [HAsSO2
2�][H+] = 10�14.1[H2AsSO2

�]
10 H3AsS2O = H2AsS2O� + H+ [H2AsS2O�][H+] = 10�3.7[H3AsS2O]
11 H2AsS2O� = HAsS2O2� + H+ [HAsS2O2�][H+] = 10�8.6[H2AsS2O�]
12 H3AsS3 = H2AsS3

� + H+ [H2AsS3
�][H+] = 10�3.7[H3AsS3]

13 H2AsS3
� = HAsS3

2� + H+ [HAsS3
2�][H+] = 10�8.6[H2AsS3

�]
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Effect of Na2S Addition

The effect of Na2S addition was studied at a
temperature of 80�C for a precipitation time of
60 min and agitation speed of 300 rpm. The results
in Fig. 6a indicate that the precipitation rates of Pb
and Zn change notably with the addition of Na2S.
The precipitation rates of Pb and Zn increased from
73.92% to 99.78% and from 2.20% to 99.5%, respec-
tively, as the amount of Na2S added increased from
0.8 to 1.2 times the theoretical quantity. Because
the activity of lead sulfide is lower than that of zinc
sulfide, Pb precipitates preferentially from the
alkali leachate over Zn. All the Pb and Zn ions in
the alkali leachate can be precipitated completely if
Na2S is fed continuously, although more S ions will
be required. When the amount of added Na2S is 1.2

times the theoretical quantity, the precipitation
rates of Pb and Zn exceeded 99%, and the residual S
ion concentration in the solution was only 3.6%.
Therefore, the appropriate amount of Na2S is
approximately 1.2 times the theoretical quantity.

Effect of Precipitation Time

Figure 6b shows the effect of the precipitation
time on the sulfide precipitation of Pb and Zn and
the residual S ions in the solution with the addition
of 1.2 times the theoretical quantity of Na2S at a
temperature of 80�C and an agitation speed of
300 rpm. The precipitation rates of Pb and Zn
gradually increased with the precipitation time. At
the precipitation time of 60 min, the precipitation
rate exceeded 99% and a good precipitation effect

Fig. 5. (a) S/As = 1, (b) S/As = 2, (c) S/As = 3, and (d) S/As = 4.
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was achieved. The residual S ion content in the
solution also decreased as the reaction proceeded.
The optimum precipitation time was therefore
determined to be 60 min.

Effect of Temperature

The effect of temperature was studied under the
addition of 1.2 times the theoretical quantity of
Na2S, a precipitation time of 60 min, and agitation
speed of 300 rpm. The results are shown in Fig. 6c.
The precipitation rates of Pb and Zn increased from
88.14% to 99.78% and from 84.06% to 99.5%,
respectively, as the temperature increased from
40 C to 50 C. At 50�C, Pb and Zn were separated
and there were no notable changes when the
temperature was increased further. As the temper-
ature increased, the sulfide precipitation reaction
occurred completely and the content of residual S
ions in the solution was gradually reduced. There-
fore, the temperature was set to 50�C.

Based on the experimental results, the optimum
conditions were determined to be a temperature of
50�C, precipitation time of 60 min, agitation speed
of 300 rpm, and the addition of 1.2 times the
theoretical quantity of Na2S. Compared with a
system in which NaOH and Na2S are added simul-
taneously, less Na2S was used. Under these condi-
tions, the precipitation rates of Pb and Zn exceeded
99%, and the residual rate of S ions was only 3.6%.
The XRD and SEM/EDS results for the vulcanized
slag are shown in Fig. 7a and b, respectively. The
XRD results show that the main phases of the
sulfide slag are PbS and ZnS. As can be seen from
the SEM image, the sulfide slag has an inhomoge-
neous morphology and uneven distribution, and
most of the slag particles are needle- or oval-shaped.
The EDS profile shows that the elemental contents
at three different points are mainly Pb, Zn, and S.
The Pb content is the highest in the sulfide slag
while the Zn content is lower, indicating that the

Fig. 6. (a) Effect of Na2S addition on sulfide precipitation, (b) effect of precipitation time on sulfide precipitation, (c) effect of temperature on
sulfide precipitation.
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sulfide slag is primarily composed of Pb and S
compounds and contains small amounts of Zn–S
compounds.

Resource Utilization of As

The As solution obtained after sulfide precipita-
tion was converted to As via calcium oxide precip-
itation and carbonation reduction. Compared to the
As solution obtained by treating copper smelting
dust with NaOH–Na2S (Method 1), the As solution
obtained by the oxidative alkaline leaching and

sulfide precipitation method (Method 2) proposed in
this study contained fewer S ions and required less
Na2S. The As precipitation experiments were per-
formed under the same process conditions. Method
1 was additionally supplemented with hydrogen
peroxide for oxidation under the experimental con-
ditions of a reaction temperature of 80�C, reaction
time of 90 min, Ca/As molar ratio of 9, and stirring
rate of 300 rpm.36 The XRD patterns of the obtained
As-precipitated slags are shown in Fig. 8a.

Figure 8a shows that the slags from Methods 1
and 2 contain Ca5(AsO4)3OH, Ca5(AsO4)3OHÆH2O,

Fig. 7. (a) XRD pattern of sulfide residue, (b) SEM/EDS results for sulfide residue.
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and Ca(OH)2. The As precipitation slag obtained
using Method 1 contains CaS, while that obtained
using Method 2 does not. This indicates that
calcium oxide reacts with the As solution that
contains more S ions to produce CaS via calcium
oxide precipitation.

Carbon thermal reduction was performed on the
As precipitation slag obtained using Methods 1 and
2 with the process conditions of a reaction temper-
ature of 1000�C, reaction time of 60 min, carbon
allotment factor of 1.4, and Ar flow rate of
300 mLÆmin�1. The XRD patterns of the reduction
slag and collected volatile products are shown in
Fig. 8b and c, respectively. Figure 8b shows that the
physical phases of the reduction slag obtained using
Method 1 are CaO and CaS, while that of the slag
obtained using Method 2 is CaO, indicating that
CaS remains in the reduction slag during the carbon
reduction process and cannot be consumed. This
reduces the efficiency of As precipitation, for which
the reduction slag is subsequently. Toxic H2S gas is

also produced when CaS reacts in the solution
during recycling, which renders the process unsuit-
able for continuous use. The SEM images and EDS
profiles of the reduction slags are shown in Fig. 9.
The SEM images show that the agglomeration of
the reduction slag obtained using Method 1 is more
pronounced than that of the reduction slag obtained
using Method 2. The EDS profiles at points 1 and 2
show that the S content in Method 1 is significantly
higher than that in Method 2. This result indicates
that excess S cannot be removed in the fire reduc-
tion of the slag obtained using Method 1. Quantita-
tive analysis was conducted on the reduction slag of
Method 1 using a carbon sulfur analyzer, and the
results showed that the S content was only 0.95%,
consistent with the comprehensive SEM/EDS
results. The accumulation of this excess S in the
reduction slag affects the suitability of the process
for continuous use.

Fig. 8. (a) XRD patterns of As precipitation slags, (b) XRD patterns of reduction slags, (c) XRD pattern of volatile products.
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CONCLUSION

The separation of Cu from Pb, Zn, and As was
realized by oxidative alkali leaching and sulfide
precipitation, and As was subsequently recycled by
calcification precipitation and carbothermal reduc-
tion. The following conclusions were drawn:

First, the effective separation of Cu, Pb, Zn, and
As was achieved by oxidative alkaline leaching and
sulfide precipitation. The leaching rates of As, Pb,
Zn, and Cu under the optimal conditions for oxida-
tive alkaline leaching were 99.27%, 82.82%, 95.60%,
and 1.78%, respectively. Under the optimal condi-
tions for sulfide precipitation, the precipitation
rates of Pb and Zn exceeded 99%, the residual rate
of S ions was only 3.6%, and the amount of Na2S
required was lower than that required in the
simultaneous NaOH–Na2S system. The XRD and
SEM/EDS characterization results showed that Cu
entered the alkali leaching slag as Cu(OH)2, while
Pb and Zn entered the sulfide slag as sulfides.

Second, through thermodynamic calculations, the
magnitudes of [S]/[S]T in the As(V)-S-H2O and
As(III)-S-H2O systems were obtained under the
conditions of a S/As ratio lower than or equal to 4
and a pH range between 8 and 14. The results
showed that As(V) had a weaker ability of combin-
ing with the S ions in the solution than As(III) and
formed fewer thioarsenate ions.

Third, the XRD characterization results for the
volatiles from the calcium precipitation of the As
solution and the reduction of the precipitated As

slag indicated that the reduction product was
elemental As. The recyclable reduction slag was
free of CaS. Thus, the risk of H2S generation during
subsequent recycling was mitigated.
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