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Abstract: The leaching kinetics of selenium from copper anode slimes was studied in a nitric acid—sulfuric acid mixture. The effects
of main parameters on selenium leaching showed that the leaching rate of selenium was practically independent of stirring speed,
while dependent on temperature and the concentrations of HNO;z and H,SO,. The leaching of selenium includes two stages. The
activation energy in the first stage is 103.5 kJ/mol, and the chemical reaction is the rate controlling step. It was almost independent of
H,SO, concentration and dependent on HNO; concentration since the empirical reaction order with respect to HNO; concentration is
0.5613. In the second stage, the activation energy is 30.6 kJ/mol, and the process is controlled by a mixture of diffusion and chemical
reaction. The leaching of selenium was almost independent of HNO; concentration.
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1 Introduction

Selenium, an essential element in advanced
technologies, plays an important role in various fields,
such as glass additive, solar cells and plain paper
photocopies [1,2]. The independent deposit of selenium
has been rarely found and 90% of selenium is extracted
from copper anode slimes [2,3]. It has been reported
that selenium presents mostly as intermetallic
compounds containing silver, copper and selenides
(Ag—Cu selenides) in the copper anode slimes [3—5].

Up to now, the approaches to recovering selenium
from copper anode slimes include pyrometallurgical
process [6,7] and hydrometallurgical process [8]. In the
hydrometallurgical process, several agents have been
employed, including sulfuric acid, sodium hydroxide,
chlorine and chlorine-bearing oxidants [9]. 87%
selenium can be extracted with 4 mol/L NaOH under
atmospheric conditions [8] and 99% can be leached
under pressure oxidation at a high temperature of
473.15 K [10]. Even so, it consumes more energy and
needs alkali—acid conversion. Chlorine and chlorine-
bearing oxidants can extract selenium efficiently, while

the dispersal of Au and the product of poisonous chlorine
cannot be avoided [11,12]. In sulfuric acid leaching
process, the leaching efficiency is only 40%—50% even
with high temperature and pressure [13]. To promote
leaching efficiency, a new method with microwave
assistance has been proposed by YANG et al [14], and
hydrogen peroxide was added as oxidation agent. In that
case, the high leaching efficiencies of 97.12% copper
and 95.37% seclenium were obtained, respectively.
However, microwave is difficult to be applied in industry
recently. Nitric acid, a strong oxidizing agent, which was
used in INER process [9], can be added to sulfuric acid
to improve the leaching efficiency of selenium. In
previous work, leaching process with a nitric
acid—sulfuric acid mixture has been proposed and
selenium leaching can be divided into two stages. In the
first stage, selenide is converted into elemental selenium
(Reaction 1). In the second stage, the elemental selenium
is converted to selenite (Reaction (2)) [15].

(Ag, Cu)Se+HNO;—Cu’"+Ag,Se+Se+NO+H,0 (1)
Se+HNO;—Se0; +NO-+H,0 )

A remarkable extraction of selenium was

successfully obtained. In this work, the leaching kinetics
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of selenium from copper anode slimes in this acid
mixture system has been investigated by determining
parameters of the empirical reaction order and the
apparent activation energy.

2 Experimental

2.1 Materials

The process mineralogy of the copper anode slimes
has been investigated in our previous work [16,17]. The
samples are similar to the ones with copper anode slimes
bearing a high lead concentration [17]. The previous
work indicated that 84% of the particle size is below
35 pum and its composition is complex. The main phases
of the copper anode slimes include Au, Au—Pb alloys,
eukairite, sulfate, arsenate, antimonite and oxygen. In the
copper anode slimes, copper sulfate is the matrix that
cements the finer particles together and selenium exists
in the form of Ag—Cu selenide, which appears as
spherical or ring-like shape. XRF analysis has been
conducted on the copper anode slimes and the results are
shown in Table 1. The main elements have been analyzed
by inductively coupled plasma-atomic emission
spectrometry (ICP—AES) and atomic absorption
spectroscopy (AAS). The results are given in Table 2. All
the reagents used in this investigation were analytical
grade, and the water used was deionized water.

Table 1 XRF results of copper anode slimes (mass fraction, %)
SO, CuO PbO Ag,0 CO, 8SeO, BaO
2036 18.06 14.12 10.13 9.15 645 441
AsO;  Sb,0O; SiO, TeO, NiO Cl Bi,03
4.06 3.60 2.16 1.59  1.54 1.08 0.94
Fe,0;  ALO; Cr,03  Au CaO Co,0; HfO,
0.76 0.35 0.26 023 0.16 0.14 0.10
ZnO PdO SrO KO  P,0s
0.09 0.08 0.08 0.06  0.05

Table 2 Chemical composition of main elements in copper

anode slimes (mass fraction, %)
Au Ag Cu Pb Se Ba
0.31 8.38 13.06 13.25 3.40 4.54

2.2 Procedure

The mixture of copper anode slimes (8 g) and acid
(560 mL) composed of various concentrations of HNO;
and H,SO,4 was firstly given into a 1000 mL flask. Then,
it was agitated at various temperatures in a water bath
with various stirring speeds. During the experiments,
2 mL samples were withdrawn periodically from the
reactor and analyzed by ICP-AES to determine the
content of selenium. The leaching efficiencies (E) for

selenium were calculated using the following equation:
E=10"*C/(2wp) (3)

where C (mass fraction, 10°) is the concentration of
selenium in the filtrate diluted to 100 mL, w (%) is the
mass fraction of selenium in the copper anode slimes,
and p (g/mL) is the solid—liquid radio in the flask.

As silver can also be leached from copper anode
slime during the leaching process, sodium chloride was
added to the lixivium to precipitate silver after leaching.

3 Results and discussion

3.1 Results on leaching of selenium from copper
anode slimes
3.1.1 Effect of temperature on selenium leaching
The influence of temperature on selenium leaching
from copper anode slimes was investigated in
temperature range of 353—368 K, under the following
conditions: 0.5 mol/L HNO;, 1.25 mol/L H,SO, and
stirring speed 300 r/min. The results are shown in Fig. 1.
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Fig. 1 Effect of temperature on selenium extraction (stirring
speed: 300 r/min; HNO; concentration: 0.5 mol/L; H,SO,
concentration: 1.25 mol/L)

According to the slopes of curves in Fig. 1,
selenium leaching curves can be divided into two stages.
The slope value which can indicate the leaching rate of
the process for the first stage is smaller and that for the
second stage is larger. Temperature played an important
role in the leaching rate. Time covered in the first stage
decreased with the increase of leaching temperature. For
example, at 353 K, the time covered in the first stage was
90 min, while it was 50 min at 368 K. At 353 K, 8.5% of
selenium was leached in the first 90 min (the first stage)
and the value increased to 65% in the following 60 min
(the second stage). When the temperature increased to
368 K, 28.4% of selenium was leached in the first 50 min
(the first stage) and the value increased to 97% in the
following 100 min (the second stage).
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3.1.2 Effect of stirring speed on selenium leaching

The effect of stirring speed on the extraction of
selenium was studied in the range of 200—500 r/min. All
experiments were carried out at the temperature of
358 K, an initial HNO; concentration of 0.5 mol/L and
an initial H,SO4 concentration of 1.25 mol/L. As
presented in  Fig. 2, the leaching rates of selenium were
almost independent of the stirring speed. It can be
inferred that the reaction was mainly under chemical
reaction control rather than diffusion control. Therefore,
high stirring speed is not required and 300 r/min was
chosen for further studies. With this stirring speed, solid
particles were kept suspended in solution.

100
= — 200 r/min
80 o — 300 r/min
== 4+ — 400 r/min
E v— 500 r/min
g 60
|5
= 40+
2
5
= 20
%3]
0 =
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Fig. 2 Effect of stirring speed on selenium extraction

(temperature: 358 K; HNO; concentration: 0.5 mol/L; H,SO,

concentration: 1.25 mol/L)

3.1.3 Effect of HNO; concentration on selenium leaching

Nitric acid, the main oxidizing agent for selenide,
plays an important role in the leaching process [18]. The
influence of the HNO; concentration ranging from 0.2 to
0.8 mol/L on the extraction of selenium was investigated
when other conditions above were fixed. The results are
shown in Fig. 3.

100

= — (0.2 mol/L HNO,
* — 0.4 mol/L HNO;
80 4 — 0.5 mol/L HNO;

= v — 0.6 mol/L HNO;
= < — 0.8 mol/L HNO;
—9 60 -
3]
g
%
= 40 -
.2
5
= 20
1%
0 -

0 20 40 60 80 100 120 140 160
Time/min

Fig. 3 Effect of HNO; concentration on selenium extraction

(stirring speed: 300 r/min; temperature: 358 K; H,SO4

concentration: 1.25 mol/L)

It is clear that the leaching rate of selenium
increased with the increase of HNOj; concentration. The
time covered for the first stage was shortened from 90 to
60 min when the HNO; concentration was increased
from 0.2 to 0.8 mol/L. Meanwhile, after 150 min, 89%
selenium was leached at 0.8 mol/L HNOj;, compared
with 71% at 0.2 mol/L HNO;.

3.1.4 Effect of H,SO,
leaching

concentration on selenium

The influence of H,SO,4 concentration ranging from
0.25 to 1.75 mol/L on the extraction of selenium was
investigated with HNOj concentration of 0.5 mol/L and
other conditions above were fixed. The results are shown
in Fig. 4.

100
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Fig. 4 Effect of H,SO, concentration on selenium extraction

(stirring speed: 300 r/min; temperature: 358 K; HNO;

concentration: 0.5 mol/L)

According to Fig. 4, the influence of H,SO,
concentration on selenium leaching is very complex. In
the first stage the leaching rate of selenium increased
slightly with the increase of H,SO, concentration. In the
second stage, the leaching rate of selenium continued to
increase slightly with the increase of H,SO,
concentration when its concentration was below
0.75 mol/L, whereas the value decreased with the
increase when the H,SO, concentration exceeded
0.75 mol/L. In the reaction, H,SO4 mainly acted as acid
proton source [19]. Selenium leaching is affected by two
factors: the oxidizing potential of NO; ions and the
potential for oxidation from selenide to elemental
selenium (or selenite). The higher the former is, the
easier the leaching rate of selenium is. The tendency of
the later is on the contrary. When H,SO, concentration
increased, H' activity increased [19]. According to the
¢—pH diagrams, both the oxidizing potential for NOj
ions and the potential for oxidation of selenide increased
with the increase of solution acidity. When the H,SO4
concentration was below 0.75 mol/L, the variation value
of the oxidizing potential of NOj ions affected by H"
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activity may be larger than that of the potential for
oxidation of selenide, which results in the slight increase
of the leaching rate of selenium with the increase of
H,SO, concentration. The variable tendency of the
potential is seemly inverse, resulting in the decrease of
the leaching rate of selenium with further increase of
H,SO, concentration when it exceeds 0.75 mol/L. So, in
this reaction, the critical H,SO, concentration is
0.75 mol/L for a higher selenium leaching rate in this
system.

3.2 Kinetic study on selenium leaching

The leaching process of selenium from copper
anode slimes is a solid—liquid reaction. The shrinking
core model is the most common kinetic model for this
type of reaction. For this model, the reaction rate is
generally controlled by diffusion through a liquid film,
diffusion through a product layer, the chemical surface
reaction or a mixed of diffusion and chemical
reaction [19,20]. The integrated rate equation can be
expressed as follows:

1—(1—x)" =kt (chemical reaction controlled) 4
1-(2/3)x—(1—x)**=kgyt (diffusion controlled) (5)

where x is the fraction reacted, k. is the chemical rate
constant, ky is the diffusion rate constant and ¢ is the
reaction time [21]. To determine the right kinetic model
suitable for selenium leaching process, the experimental
data shown in Fig. 1 were calculated based on Egs. (4)
and (5). The calculation was divided into two parts as
there are two stages in the leaching process. The results
are shown in Figs. 5(a) and (b), respectively. The
dependency of these models on the kinetic data was
evaluated using the correlation (R”) and the results are
shown in Table 3. It is clear that the experimental data fit
better to the model of 1—(1—x)"*=k.z.

It is generally accepted that a chemically controlled
process is strongly dependent on the temperature. The
variation of the reaction rate with temperature is
commonly described using the empirical Arrhenius law:

k=koexp[~E./(RT)] (6)

where ko, E, and R are the pre-exponential factor, the
apparent activation energy and the mole gas constant,
respectively [22].

According to the empirical Arrhenius law shown in
Eq. (6), the plot of Ink versus 10007 " for two stages
was constructed and the results are shown in Figs. 6 and
7 (the k values were determined from Fig. 5(a)). The
slopes for the figures were —F,/R. It was calculated that
the activation energy for the first stage is 103.5 kJ/mol
(>40 kJ/mol) and that for the second stage is 30.6 kJ/mol
(between 12 kJ/mol and 40 kJ/mol) [23]. Obviously, the
first stage is controlled by the surface chemical reaction

0.8
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Fig. 5 Plots of data according to shrinking core model
(stirring speed: 300 r/min; HNO; concentration: 0.5 mol/L;
H,SO, concentration: 1.25 mol/L): (a) 1—(1—x)"” versus time;
(b) 1-(2/3)x—(1-x)** versus time

Table 3 k., kg values and correlation coefficients (Rz) for test

temperatures
Temperature/ k/ 5 ky/ >
Stage K (10°min (10> min )
353 0.5 0.9732 0.03 0.8556
358 0.8 0.9729 0.04 0.8629
First
363 1.5 0.9777 0.1 0.8613
368 2.0 0.9629 0.2 0.8229
353 4.0 0.996 1.15 0.9796
358 4.8 0.9885 1.69 0.9311
Second
363 5.3 0.9898 2.16 0.9442
368 6.2 0.9906 2.67 0.9874

and the second stage is controlled by a mixture of
diffusion and chemical reaction.

To obtain the empirical reaction order with respect
to the concentrations of sulfuric acid and nitric acid, the
experimental data collected from Figs. 3 and 4 were
analyzed based on Eq. (4) and the results are shown in
Fig. 8—10, respectively. The k; values and the correlations
(R?) of the two stages for the experiments are shown in
Table 4.
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Fig. 6 Arrhenius plot for leaching of selenium (the first stage,

values of &, calculated from Fig. 5(a))
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Fig. 7 Arrhenius plot for leaching of selenium (the second stage,

values of k; calculated from Fig. 5(a))
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Fig. 8 Plots of 1-(1-x)"* versus time at different HNO;

concentrations (stirring speed: 300 r/min; temperature: 358 K;

H,SO, concentration: 1.25 mol/L)

Figure 11 presents the plot of In k. versus Incyno,
for the first stage. The reaction order can be determined
from the slope. The calculation gives the empirical
reaction order for the concentration of HNO; and the

0.7
06k = — 0.25 mol/L H,SO,
e — (.50 mol/L H,SO,
0.5+ 4+ — (.75 mol/L H,S0,
5; 0.4r
i
= 03F
0.2
0.1r
0 -
0 20 40 60 80 100 120 140 160

Time/min
Fig. 9 Plots of 1-(1-x)"? versus time at different H,SO,
concentrations (<0.75 mol/L) (stirring speed: 300 r/min;
temperature: 358 K; HNOj; concentration: 0.5 mol/L)

0.7

06 ®=— 0.75 mol/L H,SO,
* — 1.00 mol/L H,S0,
0.5 4=— 1.25mol/L H,S50,
v — 1.75 mol/L H,S0,

%\ 04|
T 03}
0.2}
0.1}

ol

0 20 4 60 80 100 120 140 160
Time/min
Fig. 10 Plots of 1—(1-x)"* versus time at different H,SO,
(>0.75 mol/L) concentrations (stirring speed: 300 r/min;
temperature: 358 K; HNOj; concentration: 0.5 mol/L)

Table 4 Reaction rates (k) and correlations (R*) for

experimental data

Acid The first stage The second stage
concentration/ k/ ) k/ ,
(mol'L™) (10 min™) (10°min "y R
0.2 0.5 0.982 4.7 0.9970
0.4 0.7 0.9689 4.8 0.9932
HNO; 0.5 0.8 0.9729 4.8 0.9885
0.6 0.9 0.9859 4.9 0.9944
0.8 1.1 0.9907 5.0 0.9984
0.25 0.7 0.9841 6.6 0.9938
0.50 0.8 0.9885 7.5 0.9916
0.75 0.8 0.9855 8.3 0.9983
B39 100 08 09893 54 09785
1.25 0.8 0.9729 4.8 0.9885
1.75 0.7 0.9947 2.8 0.9957
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Fig. 11 Plot of In /; versus In cyno, (the first stage, values of k

calculated from Fig. 8)

value is 0.5613. For the second stage, the k; values are
similar, which indicate that the effect of HNO; is slight.

With increasing H,SO, concentration, the &, values
for the first stage almost remained the same. However,
for the second stage the £, values increased slightly when
the concentration of H,SO,4 was below 0.75 mol/L, while
it decreased apparently when the H,SO, concentration
was above 0.75 mol/L. Figure 12 shows the plot of Ink,
versus Incy,s0, for the second stage. The orders of the
reactions with respect to the concentration of H,SOy
are found to be 0.206 (<0.75 mol/L) and —1.2351
(>0.75 mol/L). So, H,SO,4 has a negative effect on the
selenium leaching at a higher concentration.

8 \Cir.50.=0.75 mol/L
-5.0
5=0.2061x-4.7391
~ 521 R=0.9931
£
E 54t
=
£ =56}
y=—1.2351x-5.1547
-5.8f R*=0.9654
_60 1 1 1

-1.5 -1.2-09 -06 -03 0 03 0.6
In[ey g0,/(mol-L71)]

Fig. 12 Plots of In &, versus Incy,so, (the second stage, values

of k calculated from Figs. 9 and 10)

4 Conclusions

1) The leaching rate of selenium was practically
independent of stirring speed, while dependent on
temperature and the concentrations of HNO; and H,SO,.
The leaching process of selenium includes two stages
and the kinetic data for both the stages show good fit to

the chemical control model.

2) For the first stage, the activation energy is
103.5 kJ/mol, which indicates that the first stage is
controlled by the surface chemical reaction. The leaching
of selenium in the first stage is almost independent of
H,SO, concentration and the empirical reaction order
with respect to HNO; concentration is 0.5613.

3) For the second stage, the activation energy is
30.6 kJ/mol, which indicates that the second stage is
controlled by a mixture of diffusion and chemical
reaction. The leaching of selenium is almost independent
of HNOj; concentration. As to the H,SO, contration, the
empirical reaction order is 0.206 when the concentration
of H,SO, is below 0.75 mol/L. However, when the
concentration is above 0.75 mol/L, the empirical reaction
order is —1.2351.
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