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Abstract: A process using soda roasting—alkaline leaching—acid leaching to remove selenium, tellurium and copper sequentially
from the copper anode slime with high content of Ni was tested. The mechanism of this process was outlined based on
thermodynamic analysis and the change in the XRD patterns of different intermediate products. During soda roasting, copper which
occurs as CuySeTe in the slime was oxidized to CuO and Cu;TeOg, while selenium and tellurium were oxidized to Ag,SeO, and
Cu3TeOg, respectively. Ag,SeO,in the calcine is easily leached in the subsequent alkaline leaching, but CuTeO; resulted from the
decomposition of CuzTeO4 remains inactive in this process through which selenium is leached out in preference to tellurium. The
CuTeO; and CuO in the alkaline leaching residue can be leached in the following sulfuric acid leaching process. More than 97% of
selenium was leached with little tellurium leached under the optimal condition. Then, more than 96% of copper and almost all the
tellurium were leached out in the following acid leaching process.

Key words: copper anode slime; tellurium; selenium; soda roasting; alkaline leaching; acid leaching

1 Introduction

Selenium and tellurium play important roles in the
emerging thin film solar energy technology which is
expected to have a larger share in the world’s future
energy portfolio [1,2]. They are primarily by-products of
electrolytic copper refining [3,4]. Approximately 90% of
selenium and tellurium are obtained from anode slimes
formed during the electrolytic refining of copper [1,5].
Copper anode slime is also an important raw material for
recovering Au, Ag and platinum group metals. A variety
of technologies for treating copper anode slimes have
been developed. However, since copper, selenium and
tellurium are chemically more active than Au, Ag and
platinum group metals, they always bring troubles for the
recovery of those precious metals. So they are usually
removed from anode slime before the recovery of
precious metals. Different methods for removing
seleuium, tellurium and copper from copper anode slime
have been reported, either through pyrometallurgical or
hydrometallurgical processes. Typical pyrometallurgical
processes are mostly based on sulfate-roasting,
oxidation-converting, alkaline-roasting or direct-roasting

in air [6—10]. Hydrometallurgical processes are usually
based on acid-leaching, autoclave-leaching, or
chlorinating [11—15]. These technologies are usually
designed with the purpose to recover precious metals,
especially gold and silver with little attention on
selenium and tellurium recovery. According to a previous
survey of 56 worldwide electrolytic copper refiners, 52
plants reported that selenium was found in their anode
slimes, but only about 50% of the selenium was
recovered on average [1]. The average recovery of
tellurium is generally 70%—80% [16,17]. This is
probably because selenium and tellurium tend to disperse
into different process products and thus are difficult to
recover.

According to the properties of selenium and
tellurium, soda roasting—acid leaching process is a
cost-effective approach for recovering selenium and
tellurium from anode slimes. The disadvantage of direct
roasting in air to the environment can be avoided when
soda-roasting is used. This process has been reported and
discussed in many research works [7,15,18,19]. Na,SeO,
and Na,TeO, were believed to form during alkaline-
roasting. Na,SeO, is readily dissolved in alkaline
solution, but Na,TeOy is virtually insoluble. Thus,
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selenium can be separated from tellurium in the followed
water leaching step. After water leaching, Na,TeO, can
be leached as H,TeO, in acid solution. This process has
been simply mentioned in some researches, but no
supporting experimental data were available. In this
work, the recoveries of selenium and telurium through
soda-roasting from the copper anode slime with
relatively high content of nickel were examined. The
potential reaction mechanism of the recovering processes
was also discussed.

2 Experimental

2.1 Materials

The wet copper anode slime sample (produced in a
local copper—nickel refinery) was firstly dried at 80 °C
and then ground to below 0.125 mm. Semi—quantitative
analyses were carried out using X-ray diffraction
fluorescence analysis (ZXS100e, Rigaku Corporation).
Metals in the slime were determined by atomic
absorption spectroscopy (AAS, Table 1). The result of
the X-ray diffraction analysis (PW/3040/60, Netherlands
PANalytical B.V company) is shown in Fig. 1. Nickel
presents primarily as NiO and a part of copper as copper
alkali sulfate and arsenate. Selenium and tellurium
mainly occur as silver and copper selenides and
tellurides, respectively. Reagents used in this research are
all of analytical grade.

Table 1 Composition of copper anode slime (mass fraction, %)
Ni Cu Se Te Ag Au g/t
45.78 11.68 3.93 0.50 2.62 157.4

Pt g/t Pd g/t SiO, S As
27.6 95.5 0.92 2.34 0.77

2.2 Procedure

The soda-roasting tests were carried out with a
small scale of sample (5 g) in a corundum crucible. A
horizontal tubular electric furnace equipped with
programmable temperature controller was used to roast
fully mixed copper anode slime and soda. The roasted
product then went through alkaline-leaching to remove
selenium. The alkaline-leaching residue was dried in a
drying cabinet with forced convection and then leached
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Fig. 1 XRD pattern of copper anode slime

in the sulfuric acid solution. Both leach liquor and the
residue were sent for elemental analysis. All alkaline
leaching and acid leaching tests were conducted in a
magnetic stirring apparatus equipped with a thermostatic
water bath. Double distilled water was used throughout
the whole tests.

3 Results and discussion

3.1 Preliminary tests

In the preliminary test, 5 g anode slime was mixed
with 0.5 g Na,CO; and then baked at 600 °C for 2.5 h in
each batch. The calcination was then leached with 25 mL
100 g/L NaOH solution at 75 °C for 2.5 h. The alkaline
leaching residue was water-washed and then leached
with 100 mL of 72 g/L H,SO, solution at 80 °C for 2 h.
The test result is summarized in Table 2. It shows that the
majority of selenium was leached from the calcination
with little other elements leached during alkaline
leaching. This produced a relative clean selenium
pregnant solution which was convenient for the
subsequent recovery of selenium and the recycling of the
alkaline solution. The majority of tellurium and copper
were leached from alkaline-leaching residue while little
other elements were leached during acid-leaching. The
result showed that selenium, tellurium and copper may
be selectively recovered from these two kinds of solution
and thus it is worthy of optimizing the process for better
separating these metals in the slime.

Table 2 Preliminary test results of soda roasting—alkaline leaching—acid leaching process

Concentration/(g'L™") Recovery/%
Process
Se Te Cu Ni Se Te Cu Ni
Alkaline leaching 5.58 <0.I1mg/L 58mg/L <0.1 mg/L 78.09 <0.011 0.027 <0.0001
Acid leaching 0.049 0.26 5.79 0.50 1.92 79.92 76.34 1.68
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3.2 Process optimization
3.2.1 Soda roasting

To examine the effect of roasting time on selenium
removal, 5 g anode slime was mixed with 0.4 g Na,CO;
and baked at 600 °C for different time. The obtained
calcine was then leached with 25 mL 100 g/L NaOH
solution at 75 °C for 2.5 h. The results are shown in
Fig. 2. It shows that the leaching recovery of selenium
decreases with an increase of roasting time (see Fig. 2).
This is probably because more SeQO, is volatilized for a
prolonged roasting time. When the roasting time is 0.5 h,
a selenium recovery of 97.5% is obtained.

To examine the effect of Na,CO; dosage on
selenium removal, 5 g anode slime was mixed with
different amounts of Na,CO; and baked at 600 °C for
0.5 h in each batch. The results of the effect of Na,CO;
dosage on selenium recovery are shown in Fig. 3. It
shows that selenium recovery increases with an increase
of Na,CO; addition. When Na,CO; dosage reaches 0.5 g,
the recovery of selenium reaches 97.6%. So, 0.5 g
Na,COs; is the enough dosage for 5 g anode slime.

To examine the roasting temperature on selenium
removal, 5 g anode slime was mixed with 0.5 g Na,CO;
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Fig. 2 Effect of roasting time on selenium recovery
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Fig. 3 Effect of Na,CO; dosage on selenium recovery

and baked at different temperatures for 0.5 h in each
batch. It shows that selenium recovery increases with an
increase of temperature below 500 °C, but drops slowly
with further increasing temperature (Fig. 4). This is
probably due to the volatilization of SeO, at high
temperature. So, 500 °C is the optimal temperature for
soda-roasting, and the recovery of selenium reaches 98%
at this temperature.
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Fig. 4 Effect of roasting temperature on Se recovery

3.2.2 Alkaline leaching

According to the results of roasting tests, the
optimal roasting condition is as follows: 0.5 g Na,COs is
needed for 5 g anode slime, temperature is at 500 °C,
roast time is 0.5 h. Under these conditions, a batch of
25 g anode slime was firstly roasted. The calcine was
then divided into 5 equal parts for alkaline leaching test.
The calcine was leached with 25 mL 100 g/ NaOH
solution at 75 °C for different time. It shows that the
selenium extraction is nearly unchanged when the
alkaline leaching time increases from 0.5 h to 2.5 h.
(Fig. 5). Leaching time of 1 h is enough for alkaline
leaching and about 97.4% of selenium can be leached.

The calcine samples were then leached with
different concentrations of NaOH at 75 °C for 1 h. It was
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Fig. 5 Effect of alkaline leaching time on selenium recovery
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found that when NaOH concentration increased from
0 to 20 g/L, the selenium recovery increased from 78.1%
to 95.4%. Then, the selenium recovery increased very
slowly with an increase of NaOH concentration when it
is above 20 g/L. When NaOH is 80 g/L, the selenium
recovery only increases to 96.80% (Fig. 6). Thus, 20 g/L
NaOH 1is the appropriate NaOH concentration for
alkaline leaching.

The calcine sample was also leached with 25 mL
20 g/L NaOH solution at different temperatures for 1 h.
When the alkaline leaching temperature increases from
20 °C to 80 °C, the selenium recovery increases
gradually from 92.1% to 97.4% (Fig. 7). Thus, 80 °C is
selected as the optimal temperature for alkaline leaching.
Under this condition, selenium leaching recovery reaches
up to 97.4%.
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Fig. 6 Effect of NaOH concentration on selenium recovery
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Fig. 7 Effect of alkaline leaching temperature on selenium

recovery

3.2.3 Acid leaching
In this group of tests, all samples used for acid
leaching are the residues of soda roasting—alkaline

leaching tests. The main content of the sample is shown
in Table 3.

Table 3 Main composition of soda roasting—alkaline leaching
residue (mass fraction, %)

Cu Te Se Ni Ag
11.90 0.54 0.23 49.10 2.69

To examine the effect of H,SO, concentration on Te
and Cu leaching, 4 g alkaline leaching residue was
leached with 100 mL sulfuric acid solution with different
concentrations at 80 °C for 2 h. It shows that the
recovery of tellurium increases with an increase of
sulfuric acid concentration. The recovery of copper
almost remains constant. When the sulfuric acid
concentration is 90 g/L, more than 97% of tellurium and
97.6% copper were leached (Fig. 8). The test results of
the effect of leaching temperature on Te and Cu leaching
show that 70 °C is enough for obtaining high recoveries
of tellurium and copper ( 97.2% and 96.9%, respectively,
Fig. 9). The effect of the acid leaching time indicates that
1 h is enough to ensure high recoveries of tellurium and
copper (99.9% and 96.4%, respectively, Fig. 10).
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Fig. 10 Effect of acid leaching time on recoveries of copper and
tellurium

3.3 Potential reaction mechanism
In early reports, the reactions taking place during
soda roasting are simply described by Egs. (1) and (2):

MeSe+Na,CO5+1.50,=Na,Se04+MeO+CO,1 (D
MeTe+Na,CO3+1.50,=Na,TeO4,+MeO+CO,1 2)

Na,SeO, in the calcine can be dissolved in the
followed water leaching process, but Na,TeO,4 can not be
leached in alkaline solution. Na,TeO, can be leached in
the followed sulfuric acid leaching process [7]. However,
some research works reported that both Na,SeO; and
Na,SeO, formed during soda roasting [19]. According to
the composition of the anode slime sample used in this
research, possible reactions for silver and copper
selenides and tellurides can be described as follows.

Ag,Se+NayCO;+0,=Na,Se0;+2Ag+CO, 1 3)
AgrSet+Na,CO3+1.50,=Na,Se04+2Ag+CO, 1T 4)
Ag,TetNa,CO5+1.50,=Na,TeO4+2Ag+CO,1 5)
Cu,Se+Na,CO;+20,=Na,Se0;+2Cu0O+CO, 1 (6)

CUQSC+N32CO3+2.502:NazseO4+2CUO+COZT (7)
CUQT€+N32CO3+2.5022N32T€O4+2C110+C02T (8)

A simplified calculation on the change of Gibbs free
energy for these reactions is shown in Fig. 11 [20]. It
indicates that both Ag,Se and Cu,Se can be oxidized to
either Na,SeO; or Na,SeO, below 700 °C. When the
roasting temperature is below 450 °C, Na,SeO, is
produced in preference to Na,SeO;. On the other hand,
Na,SeO; is produced in preference to Na,SeO, beyond
450 °C. Compared with selenides, tellurides are easier to
be oxidized to high valence state.

The thermodynamic analysis above is in agreement
with those experimental data which show that copper and
tellurium in the anode slime have been leached by
sulfuric acid before soda roasting. The selenides and
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Fig. 11 Effect of temperature on Gibbs free energy change

tellurides may be decomposed to some extent before
soda roasting. Due to the presence of a large quantity of
nickel in the anode slime, the possible reactions taking
place during soda roasting, alkaline leaching and acid
leaching processes may be different from those reported
in literatures. In order to identify the potential difference,
10 g anode slime was roasted and then went through
alkaline and acid leaching, under the optimal conditions
above. All the residues from roasting, alkaline leaching
and acid leaching were sent to XRD analysis. The results
are shown in Figs. 12, 13 and 14, respectively.

By comparing Fig. 12 with Fig. 1, it can be found
that Ag,Se and CuySeTe are converted into selenate and
tellurate during soda roasting, i.e., Ag,SeO,4 and Cu;TeOsg.
AgCuy(AsQ,); is turned into Niy35(AsO,); and BaSOy is
reduced to Ba,(SO;),. Cus(SO,),(OH)sSH,0 are turned
into CuO and Na,SO, after soda roasting. Because AgO
is not stable and may be decomposed into Ag and O,
under the roasting conditions [21]. The released O, from
the decomposition of AgCuy(AsO,); and BaSO, may
help the formation of Ag,SeO, and Cu;TeOsg.

Because SeO; is the most stable species in
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* — Cu;TeOyq » — Ni, 35(As0,)
4 —NiO
L] > 1 ry
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Fig. 12 XRD analysis of calcine alkaline
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alkaline leaching conditions, Ag,SeO, will be reduced
into Na,SeO; during alkaline leaching. The presence of
CuTeO; in the alkaline leaching residue (Fig. 13)
indicates that Cu;TeOg is also reduced into CuTeO;
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during alkaline leaching. Because Na,SeO; is easily
dissolved during alkaline leaching while CuTeO; could
not be leached, the majority of selenium is selectively
leached by alkaline leaching process while the majority
of tellurium remains in the residue. This is verified by
the XRD patterns of the calcination and the alkaline
leaching residue, in which Ag,SeO, in Fig. 12 disappears
in Fig. 13. Apart from these changes, Ba,(SO;), is partly
oxidized to Ba(S0;)p3(504)07, and Cu3TeOs and
Ag,SeO, may function as oxidants. At the same time,
Ag;AsOy is found in alkaline leaching residue which
indicates that Nig35(AsO4); decomposes during the
alkaline leaching. The needed AgO to form Ag;AsO,
may come from the decomposition of Ag,SeO,. In the
following acid leaching process, virtually all CuTeO; and
CuO are dissolved in sulfuric acid solution. The presence
of Cu®" turns Ag;AsO, into AgCuy(AsO,)s. Partial AgO
in AgzAsQ;, is released into sulfuric acid solution which
may decompose into Ag and O,. The released O, again
oxidized Ba(S03)3(SO4)o7 back into BaSO, (Fig. 14).
Nickel occurs as NiO through the whole process (Figs. 1,
12, 13 and 14). According to above XRD analysis, the
reactions taking place during soda roasting, alkaline
leaching and sulfuric acid leaching can be prospected as
following:
Roasting:

AgZSe+202=AgZSeO4 (9)

2Cu,SeTet110,+4Ag=2Ag,SeO,4+2Cu;TeOs+2CuO (10)

AgCus(AsO4)5+4.35NiO=
Niy15(As04)5+4CuO+Ag+0.1750, (11)
CU5(SO4)2(OH)6'5H20+2N32CO3:
2Na,S0,+5Cu0+5H,0+2C0, (12)
xBaS0,=Ba,(50;),+(x—0.52)O,+(x—2)SO, (13)

Anode slime from tankhouse

l

10% Na,CO,

————| Soda roasting (500°C, 0.5 h)

t

‘ Alkaline leaching (20 g/L NaOH, 1 h, 80 °C, 5% pulp density)

1

|

97.41% Se and <1% Te into liquor

|

Selenium recovery

Residue to H,SO, leaching (90 g/L H,SO,,
1.0h, 70°C, 20% pulp density )

|

99.93% Te and 96.35% Cu into liquor

l

Residue

|

Recovery of Te and Cu

Recovery of Au and Ag

Fig. 15 Simplified flowsheet for sequential separating selenium and tellurium from copper anode slime
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Alkaline leaching:
2Ag,Se0,+4NaOH=2Ag,0+2Na,Se0;+2H,0+0.50,
(14)
2Cu;TeOs=2CuTeO;+4Cu0+0, (15)

Nis 35(AsO4)3+4.5A2,0=3Ag3;As0,4+4.35Ni0+0.0750,

16

Bay(505),+0.3520,=XBa(S03)0.32x(SO4)0.72/x 517;

Sulfuric acid leaching:
2CuTeO;+2H,S0,=2CuSO,+2H,TeO; (18)
CuO+H,S0,=CuSO,+H,0 (19)
3Ag;3(As0,);+4CuSO,=AgCuy(AsO,);+4Ag,SO,  (20)
Ba(S03)3(S04)710.15H,0+0.15A2,SO,4=

BaS0,+0.3Ag+0.15H,SO, (21

On the basis of the experimental work in this
research, a simplified flowsheet diagram for sequentially
separating selenium and tellurium from copper anode
slime with high content of nickel is outlined as Fig. 15.
In this process, selenium, tellurium and copper can be
first sequentially separated from copper anode slime and
then the residue can be sent to recover precious metals
through either pyrometallurgy or hydrometallurgy
processes.

4 Conclusions

1) The optimal roasting—alkaline leaching
conditions are as follows: Na,CO; dosage is 10% of
anode slime, roasting time is 0.5 h and roasting
temperature is 500 °C; the alkaline leaching time is 1.0 h,
NaOH concentration is 20 g/L and the alkaline leaching
temperature is 80 °C. Under this condition, 97.4% of
selenium can be recovered.

2) The optimal acid leaching conditions are as
follows: H,SO, concentration is 90 g/L, acid leaching
temperature is 70 °C, leaching time is 1 h. The leaching
efficiencies of copper and tellurium under this condition
are 96.4% and 99.9%, respectively.

3) It is believed that during soda roasting, Ag,Se,
Cu,Se and Cu,Te are converted into CuO, Ag,SeO, and
Cu;TeOg¢. AgySeO,4 will be reduced to Na,SeO; and easily
dissolved in alkaline leaching process. At the same time,
Cu3TeOg is reduced to CuTeOs, which cannot be leached
in alkaline solution. But CuTeO; can be leached in acid
solution. This difference leads to the feasibility to
selectively separate Se and Te sequentially through the
suggested process in this work.
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