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Abstract: A simple and efficient method was proposed to selectively separate and recover tellurium and bismuth in an
acidic leaching solution of tellurium—bismuth ore by Na>SO; and Fe powder. Then, the selective reduction mechanism
was investigated by SEM—EDS, XRD, XPS, ICP-OES, etc. 99.83% Te in leaching solution can be reduced by Na,SO3
with an excess coefficient of 16 at 80 °C for 10 min, and the grade of crude tellurium can reach 93.78%. Besides, the
stirring action can accelerate the reduction of Te because the dissolution of Na,SOj is promoted. Subsequently, 99.39%
Bi in the reduced solution can be displaced by Fe powder with an excess coefficient of 7.5 at 60 °C for 40 min, and the
grade of crude bismuth can reach 92.35%. Finally, cyclic leaching of tellurium—bismuth ore was adopted to enrich
Te(IV) and Bi(Ill) concentrations and decrease the Fe(IIl) concentration in leaching solution, which can efficiently

decrease the consumption of Na>SOs.
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1 Introduction

Tellurium (Te) and bismuth (Bi) are widely
used in chemistry, metallurgy, solar panels, semi-
conductor, crystal, electronics and other modern
industries [1,2]. They are always associated with
other minerals, such as copper, lead, zinc, gold,
silver, tungsten, and molybdenum [3,4]. Thus, at
present, Te and Bi are mainly recovered from anode
slime, smelting slag or smelting dusts [5,6]. In
addition, some Bi can also be recovered from some
Bi,0; or Bi>Ss ores [7]. In recent years, with the
increase of global demand for Te and Bi [8], more
attention has been paid to recovering Te and Bi
from other tellurium- or bismuth-bearing ores or

metallurgical by-products.

Tellurium—bismuth ore, found in Dashuigou,
Sichuan Province, China, is an excellent raw
material for producing tellurium and bismuth
products [9]. The ore is characterized by extremely
low grades of Te and Bi, high sulfur content,
complex phase composition, etc. The traditional
processes are not suitable for the treatment
of the tellurium—bismuth ore [10,11]. Thus, SHAO
et al [11,12] proposed an oxidic—acidic leaching
method to simultaneously and efficiently enrich Te
and Bi in acidic leaching solution. It avoids the
problems of long process, high energy consumption,
large amounts of solid waste and SO, pollution [8].
According to previous research [11,12], the acidic
leaching solution contains many ions such as Bi**,

Corresponding author: Jiang DIAO, Tel: +86-23-65102469, E-mail: diaojiang@163.com

DOI: 10.1016/51003-6326(22)66131-4

1003-6326/© 2023 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press



Li-xiong SHAO, et al/Trans. Nonferrous Met. Soc. China 33(2023) 596—608 597

Te*", Fe¥*, Fe?*, Ca®*, Mg?", AI’*, CI", SO; ", and H".
How to efficiently recover Te and Bi from the
solution is very important.

Some methods have been proposed to recover
Te from solution, such as the copper displacement
method [13,14], reduction method [15-17],
neutralization precipitation method [18,19], and
electrolysis method [20—22]. For the recovery
of Bi, hydrolysis precipitation [23,24], sulfide
precipitation [25], electrolysis [26], displacement
method [27], and adsorption method [28] were
investigated. However, the concentrations of Te,
Bi and other impurity ions in the solution
limit the application of neutralization precipi-
tation, electrolysis, hydrolysis precipitation, and
adsorption method. Cu,Te or Bi,S3 can be obtained
by the copper displacement method or sulfide
precipitation for Te or Bi, rather than elemental Te
or Bi [13,25]. Thus, these methods are not suitable
for the recovery of Te and Bi from the complex
leaching solution in this work. There is a certain
difference between the potentials of Te*'/Te and
Bi*"/Bi, indicating that they can be separated by
adjusting the type and amount of reductants. Thus,
SO, and Na,SO3 were selected for the reduction of
Te(IV) in the leaching solution. Due to the toxicity
of SO,, Na,SO; was used in this work. Besides,
Fe is usually used to recover Bi from solution in
actual production. However, the complexity of the
leaching solution can make the separation and
recovery of Te or Bi very complicated and difficult.
The simultaneous extraction of Te and Bi from the
leaching solution has not been investigated and
reported, and the selective reduction mechanism of
Te and Bi has still been unclear. Generally, it is
necessary to study the separation behaviors of Te
and Bi from acidic leaching solution.

The present work aims to develop a simple and
efficient method for the separation and recovery of
Te and Bi from the acidic leaching solution of
tellurium—bismuth ore. The method involves the
selective reduction of Te in leaching solution
followed by the displacement of Bi, which is
controlled by Na>SOs or Fe powder. This work also
aims to clarify the selective reduction behaviors of
Te and Bi by combining thermodynamic analysis,
element migration law, and product morphology
evolution. Finally, the cyclic leaching of tellurium—
bismuth ore is proposed to efficiently recover Te
and Bi.

2 Experimental

2.1 Materials

The tellurium—bismuth ores mainly consist of
1.52% Te, 2.99% Bi, 13.67% S, 25.77% TFe, 16.51%
CaO, 8.07% MgO, 1.97% AlLOs, and 3.60% SiO;
(in mass fraction). The acidic leaching solution was
acquired from tellurium—bismuth ore according to
our previous research [12], whose chemical
composition is listed in Table 1. The concentrations
of Te and Bi are greatly low, at only 2.83 and
5.13 g/L, respectively. They exist in the leaching
solution in the form of Te*", HTeO3, and Bi*" [12].
Other initial materials are analytical grade chemical
reagents of ~100 um Fe powder (>98.0 wt.%) and
Na,S0s (>98.0 wt.%), provided by Chengdu Kelong
Chemical Co., Ltd., China.

Table 1 Concentrations of main metal elements in
leaching solution (g/L)

Te Bi Fe Ca Mg
2.83 5.13 69.59 1.33 6.99
Al Cu Mn Ti Co
2.21 0.04 0.79 0.01 0.001

2.2 Procedure and characterization

Firstly, Te was selectively reduced by Na,SOs.
A 100 mL beaker filled with 20 mL leaching
solution was placed in a water bath pot. At the
target temperature, a certain amount of Na,SOs3 was
added to the beaker to obtain the reduced solution
and crude Te. The chemical compositions of the
reduced solution were detected by inductively
coupled plasma optical emission spectrometry
(ICP-OES, Optima 8000). Subsequently, about
0.5 mL of solution was dropped on a high-purity
monocrystalline silicon wafer and then dried in a
vacuum drying oven. Finally, the residue was kept
on the silicon wafer and determined by X-ray
photoelectron  spectroscopy (XPS, ESCALAB
250Xi) to obtain the valence states of Fe, Te, and Bi
in the reduced solution. The phases of crude Te
were detected by X-ray diffraction analyzer (XRD,
RIGAKUD/MAX 2500PC) with a scanning speed
of 2 (°)/min. The micro-morphology and element
distribution of the crude Te were investigated by
scanning electron microscope (SEM) coupled with
energy dispersive spectrometer (EDS) (TESCAN
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VEGA 3 LMH SEM). Based on the experiments
above, various factors, such as reductant dosage,
reduction time, reduction temperature, and stirring
action, were studied systematically.

Bi in the reduced solution was displaced by Fe
powder from reduced solution. Similarly, a 100 mL
beaker filled with 20 mL reduced solution was
placed in a water bath pot. At the target temperature,
a certain amount of Fe powder was added to the
beaker to obtain the displaced solution and crude
Bi. The chemical compositions of the displaced
solution were detected by ICP-OES, and the crude
Bi was characterized by XRD and SEM—EDS. Thus
the effects of various influencing factors on the
recovery of Bi were studied, including displacer
dosage, displacement time, and displacement
temperature. Under suitable conditions, crude Te
and Bi can be obtained, and their compositions
were further determined by ICP-OES. Finally, the
effect of cyclic leaching of tellurium—bismuth ore
on the recovery of Te was investigated. The
leaching solution obtained by using original
immersion liquid to leach the tellurium—bismuth
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ore, is defined as the first leaching solution.
Subsequently, the ith (i=2, 3, 4, 5) leaching solution
was obtained by using the (i—1)th leaching solution
to leach the tellurium—bismuth ore, where i is the
leaching cycle number of the tellurium—bismuth
ore. Then, the chemical compositions of leaching
solution were determined by ICP-OES. Besides, the
effect of Na,SOs dosage on the selective reduction
of Te was further researched after cyclic leaching.

3 Results

3.1 Selective reduction of Te from leaching

solution

Figure 1 presents the effects of wvarious
influencing factors on the precipitation efficiency
of different elements, including reductant dosage,
reduction time, reduction temperature, and stirring
action. Here, the Na>SOs excess coefficient (NEC)
is used to express Na,SO; dosage according to
Reactions (1) and (2) and the reports of XU
et al [29]. Notably, the valence state of Te in Te*
and HTeO, is +4, so that the conversion of Te*"
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Fig. 1 Effects of various factors on precipitation efficiencies of different elements: (a) NEC; (b) Reduction time;

(c) Reduction temperature; (d) Stirring action
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and HTeO, to Te consumes the same amount of
NaSO;. NEC has a significant influence on the
reduction of Te(IV) at 90 °C for 60 min without
additional stirring (Fig. 1(a)). When NEC is less
than 10, Te and Bi in leaching solution cannot be
reduced to metallic elements. With increasing NEC,
the precipitation efficiency of Te firstly increases
rapidly and then plateaus, while that of Bi first stays
the same and then increases. When NEC increases
to 16, the precipitation efficiency of Te can reach
99.83%, while the precipitation efficiency of Bi can
only reach 1.51%. The change of Na,SO; dosage
has a very small impact on the precipitation
efficiencies of Al, Mg, and Fe, which are always
less than 2%, indicating that Al, Mg, and Fe cannot
be reduced into the residue. The precipitation
efficiency of Ca increases because Ca*" in leaching
solution can combine with SO; coming from
the reduction of Na,SO; to form slightly soluble
CaSOg4 [12]. Thus, the suitable NEC is 16, which is
relatively large because the leaching solution has a
very low Te(IV) concentration and a high Fe(IIl)
concentration.

Te* +2S0; +2H,0=Te+2S0; +4H" (1)
HTeO;+2S0; +2H,0=Te+2S0; +H* (2)
As the reduction time and reduction

temperature increase with a NEC of 16 without
additional stirring (Figs. 1(b) and (c)), the
precipitation efficiency of Te firstly rises and then
plateaus, while the precipitation efficiency of Bi
remains basically unchanged and is less than 2%
because of the limited Na,SOs dosage. During the
reduction process, the average reduction speed of
Te(IV) in 0—2 min is lower than that in 2—10 min,
because Na,SO; particles take time to dissolve into
leaching solution without external stirring. The
reduction temperature has a significant effect on the
precipitation efficiency of Te. With the increase
of reduction temperature from 25 to 80 °C, the
precipitation efficiency of Te also increases from
42.21% to 99.74%. This indicates that higher
reduction temperature is beneficial to the reduction
and separation of Te(IV) in leaching solution.
Therefore, 10 min and 80 °C were selected as the
suitable reduction time and reduction temperature
for the selective reduction of Te(IV), respectively.
Under a stirring speed of 300 r/min controlled
by magnetic stirring, the reduction speed of Te
in the leaching solution increases significantly

(Fig. 1(d)). After reducing for 2 min, the precipitation
efficiency of Te can reach 20.19% with stirring
action, while 9.87% without stirring action. After
reducing for 5 min, the precipitation efficiency of
Te can reach 88.78% with stirring action, which is
1.58 times as much as that without stirring action.
After 10 min, the precipitation efficiency of Te
achieves its peak value regardless of stirring.
Therefore, stirring action can accelerate the
dissolution of Na,SO; and further promote the
reduction of Te(IV).

In summary, 99.83% of Te in leaching solution
can be reduced to crude Te under suitable
conditions: NEC of 16, 10 min, and 80 °C. As
shown in Table 2, the grade of Te in crude Te can
reach 93.78%, and the remaining metal impurities
mainly include Ca, Mg, Fe, and Bi.

Table 2 Composition of crude tellurium (wt.%)
Te Bi Fe Ca Mg Al Cu Mn Others
93.78 0.39 0.79 1.23 1.18 0.05 0.06 0.18 Bal.

3.2 Displacement of Bi from reduced solution
Figure 2 shows the effects of various factors
on the precipitation efficiencies of different
elements, including displacer dosage, displacement
time, and displacement temperature. Similarly, the
Fe powder excess coefficient (FEC) was used to
express the Fe powder dosage according to
Reaction (3). As FEC, displacement time, and
displacement temperature increase, the precipitation
efficiency of Bi firstly increases slowly and then
plateaus, while the precipitation efficiencies of Ca,
Mg, and Al are always less than 2%, which
indicates that the impurity metal ions have little
effect on the displacement of Bi. Excessive Fe
powder will lead to a surplus and further affect the
grade of crude Bi, while insufficient Fe powder
cannot reduce Bi in the reduced solution as much as
possible. The precipitation efficiency of Bi can
reach 99.5% at 80 °C for 60 min when FEC is 7.5
(Fig. 2(a)). It is worth noting that FEC is relatively
high because the reaction with H" will increase the
consumption of Fe powder and the low Bi(Ill)
concentration in the reduced solution will also
increase FEC. The displacement speed is the largest
within the initial 0—5 min, and the precipitation
efficiency of Bi can reach 99.40% after 40 min
(Fig. 2(b)). The precipitation efficiency of Bi
increases slowly and then plateaus with increasing
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Fig. 2 Effects of various factors on precipitation
efficiencies of different elements in reduced solution:
(a) FEC; (b) Displacement time; (c) Displacement
temperature

temperature, and it can reach 89.15% at 25 °C,
95.49% at 40 °C, and 99.39% at 60 °C (Fig. 2(c)).
Based on the results above, FEC of 7.5, 40 min, and
60 °C can be regarded as the suitable conditions for
the displacement of Bi(Ill). 99.39% of Bi in the
reduced solution can be displaced by Fe powder, the
grade of Bi in crude Bi can reach 92.35%, and the
remaining metal impurities mainly include Fe, Ca,
Mg, Al etc (listed in Table 3).

2Bi**+3Fe=3Fe*"+2Bi 3)

Table 3 Composition of crude bismuth (wt.%)
Bi Te Fe Ca Mg Al Cu Mn Ti Others
92.35 0.26 3.14 0.69 0.16 0.02 0.06 0.02 0.02 2.10

4 Discussion

4.1 Mechanism of selective reduction and
separation of Te and Bi

From Fig. 1(a), the reduction of Te(IV) can be
divided into three parts: (1) Te(IV) cannot be
reduced to Te when NEC is less than 10; (2) Te(IV)
in leaching solution can be separated by controlling
NEC in the range of 10—-16; (3) Bi can also be
reduced to crude Te when NEC increases to about
18, and much Bi can be reduced to crude Te after
nearly 25. This implies that there is competitive
reduction during the selective reduction process.
The competitive relationship was firstly revealed by
the transformation of the ionic valence state in
leaching solution during the reduction process. As
shown in Fig. 3, when NEC increases from 0 to 10,
the peak of Fe(IIl) shifts to the peak of Fe(Il), while
the peaks of Te(IV) and Bi(Ill) have no significant
change. Fe** cannot be completely transformed into
Fe?" because of the reduction limitation of Fe(III)
and the oxidization of Fe(Il) during the preparation
of the sample. This indicates that Fe*" in leaching
solution can be preferentially reduced to Fe**. With
NEC increasing from 10 to 16, the peak of Te(IV)
gradually disappears, while the peak of Bi(Ill) has
no change. This implies that Te(IV) can be reduced
to metallic element when NEC is in the range of
10—16.

The selective reduction sequence of ions in
the leaching solution is wusually controlled by
thermodynamic conditions. Thus, this process was
analyzed by combining Gibbs free energy changes,
Pourbaix diagrams and potentials. When Na,SOs or
Fe power is added directly into leaching solution,
some corresponding reactions may occur. Table 4
shows their Gibbs free energy changes and
equilibrium constants at 298.15 K [30,31]. Te(IV)
and Bi(IIl) in leaching solution can be reduced to
metallic elements, and Fe*" can only be reduced to
Fe** rather than Fe. According to the Pourbaix
diagrams of Te—H,O and Bi—H,O [12,32] and
Reactions (9) and (10), the elemental Te and Bi
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Fig. 3 XPS peaks of Bi, Te, and Fe in leaching solution and solution after selective reduction with NEC values of 10
and 16: (a) Bi; (b) Te; (c) Fe; (ci—c3) XPS peaks of Fe in different solutions

Table 4 Possible reactions, their Gibbs free energy changes and equilibrium constants at 298.15 K

No. Chemical reaction AG®/(kJ-mol ™) lgK

1 Te*+280% +2H,0=Te+2S0% +4H" -261.510 45.832
2 HTeO}+2S0¥ +2H,0=Te+2SO +H" —255.172 44.721
3 2Bi**+3Fe=3Fe**+2Bi —400.417 70.177
4 HTeO}+3H"=Te*+2H,0 6.338 -1.111
5 2Fe**+S0% +H,0=2F¢e*"*+S0F +2H"* -169.761 29.752
6 Fe?*+S03 +H,0=Fe+SO3 +2H" 57.735 -10.119
7 2Bi**+3S03 +3H,0=2Bi+3S03 +6H" —247.091 43.305
8 Ca*+S03 =CaSO04 =12.207 2.139
9 Te+4H"=Te*"+2H, 219.254 —38.426
10 2Bi+6H"™=2Bi**+3H, 183.572 —32.173
11 Te**+2Fe=Te+2Fe?* —409.620 71.790
12 HTeO;+2Fe+3H™=Te+2Fe*+2H,0 —403.282 70.679
13 Fe+2H'=Fe**+H, —72.282 12.668
14 2Fe**+Fe=3Fe?* —220.870 38.709
15 2Te**+2Bi*"+7Fe=2BiTe+7Fe** —378.222 66.287
16 3Te*"+2Bi3*+9Fe=Bi,Tes+9Fe?* —1219.872 213.793
17 2Te*+2Bi**+7S0% +7H,0=2BiTe+7S03 +14H" 243.552 —42.663
18 3Te*"+2Bi*"+9S0% +18H,0=Bi,Tes+9S0% +36H" 2027.638 —355.182




602 Li-xiong SHAO, et al/Trans. Nonferrous Met. Soc. China 33(2023) 596—608

present stably in the solution and can be further
separated by filtration. Notably, when Fe powder
firstly is added into the leaching solution, Te(IV)
and Bi(IIl) can be reduced to BiTe or Bi,Tes based
on Reactions (15) and (16). Thus, Fe powder cannot
be firstly added into the leaching solution to reduce
Te(IV) and Bi(1lI).

Because the Gibbs free energy changes can
only reveal the possibility of reaction, the reaction
sequence is usually controlled by the corresponding
electrode potential during the selective reduction
process. Thus, the electrode potential was
considered by taking the reaction of metal ions
(M™) with Fe as an example.

OM"+nFe=2M+nFe?* (19)

The Gibbs free energy change of Reaction (19)
can be expressed as follows [33]:

AGu=2nFE (20)

where R is the molar gas constant, 8.314 J/(mol-K);
n is the number of transferred electrons; F is the
charge of 1 mol electron; E denotes the electrode
potential of Reaction (19), which can be calculated
by Eq. (21):

Ml’l+ F62+
E= - 21
(p( M j (p( Fo ey
where ¢ is the electrode potential between the metal
ion and the corresponding metal.
If a reaction can happen spontaneously, the
following equations should be satisfied because £

needs to be more than 0 and A.Gn needs to be less
than 0:

o(M"/M)>p(Fe'/Fe) (22)

Similarly, metal ions (M"") can be reduced
spontaneously by Na,SO; powder, and Eq. (23) can
be obtained:

p(M"" /M) > p(SO; /SO;") (23)

The electrode potential relationship between
metal ions and their corresponding products is
shown in Fig. 4 [34,35]. The potential of Fe*"/Fe?*
is the highest and greater than that of Te*"/Te and
SO; /SO3". However, the potential of Fe*'/Fe is
lower than that of SO; /SO; . It implies that Fe**
can be preferentially reduced to Fe** but cannot be
further reduced to Fe. There is a certain difference
between the potentials of Te*"/Te and Bi**/Bi, which
indicates that they can be separated by adjusting the

type and amount of reductant. Impurity metal ions,
such as Ca**, Mg?*, and AI*", cannot be reduced into
the residue, because their corresponding potentials
are relatively negative. These results are consistent
with Fig. 1(a).

Reductant o/V Metal ions
1.0
Fe3'/Fe?*

05— Te*'/Te

SO¥/S03 - -=----~~-~- le— Bi*/Bi

0 —f«——— Fe?/Fe
24 /Fe o o e e
Fe®*/Fe =55
_ 1 0 —

e APYAI

_20 —

Mg*/M
=2.5 & £

e——Ca?"/Ca

-3.0-
Fig. 4 Standard electrode potentials of various metal ions
and their corresponding products

In addition to element migration and
thermodynamic conditions, the selective reduction
mechanism was further clarified by the phase
evolution and microscopic morphology evolution.
Based on Figs. 1(a) and 3, Fig.5 presents the
effect of NEC on the microscopic morphology of
crude Te at 90 °C for 60 min. When NEC is less
than 13, there are no corresponding SEM images
because of the extremely low precipitation
efficiency of Te and few Te products. As NEC
increases, the crude Te particles grow gradually and
then reach a peak when NEC increases to 16. At the
same time, some needle-like crystals mainly
including Ca, S, and O appear on the surface of
crude Te. Based on the detection results, the
needle-like or rod-shaped crystals are mainly
calcium sulfate. Ca®** and SO; in the leaching
solution are saturated [12]. However, their
saturation state can be broken because of the
formation of some SOj after the reduction of
Na,SOs, further resulting in the precipitation of
calcium sulfate. More Na>SOj can bring about more
SO;, further promoting the growth and coarsening
of calcium sulfate. Therefore, the Na,SO3; dosage
should be as low as possible to prevent the
formation of calcium sulfate when Te(IV) in the
leaching solution is reduced into crude tellurium as
much as possible.
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1 % c

Fig. 5 SEM images of crude telluriu
(b) 16; (c) 18; (d) 20; (e) 24; () 32

After selective reduction of Te(IV), Bi in the
reduced solution is further separated and recovered
by Fe powder. Based on Fig. 2(b), the effect of
displacement time on the phase evolution of crude
Bi with FEC of 7.5 at 80 °C is presented in Fig. 6.
After displacement for 2 min, the peak of crude Bi
can be detected. With increasing displacement time,
the peak of Fe gradually weakens until it disappears,
and the peak intensity of elemental Bi gradually
increases. It indicates that Fe powder is gradually
displaced by Bi. Figure 7 and Table 5 further reveal
the microscopic morphology evolution and EDS
results of Bi, respectively. After displacement for 2
min, white particles are visible on the surface of the
Fe powder (Fig. 7(a)), indicating that Fe powder
begins to be displaced by Bi, and Bi particles attach
to the surface of Fe powder. As the displacement
time increases, the elemental Bi gradually covers
the entire surface of the Fe powder. When the
displacement time increases to 40 min, there are
no black particles in the crude Bi (Fig. 7(e)), which
indicates that Fe powder has been displaced by Bi
as much as possible. Notably, many small crude Bi
particles can form around the crude Bi particles.
Fine Bi particles form large free surface energy to
facilitate agglomeration according to the free
surface energy theory [36].

Ut i Segf

m after selective reduction of leaching solution with different NEC values: (a) 13;

= —Fe
o — Bi 60 min
l " R 40 min
/___,L w2 o o 10min
I 5 min
_)""\-\- ~ A A
a h 2 min
L3 S | H I
10 20 30 40 50 60 70 80 90

260/(°)
Fig. 6 XRD patterns of residue after Fe displacement

from solution after selective reduction of leaching
solution

In summary, the selective reduction and
separation mechanisms of Te and Bi are shown
in Fig. 8. Te(IV) and Bi(Ill) can be separated and
recovered by controlling the dosage and addition
sequence of Na,SOs; and Fe powder. As the
selective reduction process goes, the color of the
solution gradually transforms from tawny to green,
because Fe** in the leaching solution is gradually
reduced to Fe** and Fe* can be preferentially
reduced to Fe**, which is consistent with Figs. 1(a)
and 3. The crude Te is gray-black granular and the
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Table 5 EDS results for crude bismuth in Fig. 7 (wt.%)

Point Fe Bi Point Fe Bi
Al 96.23 3.77 D1 2.17 97.83
A2 10.65  89.35 D2 88.58 11.42
Bl 549 9451 El 0.01 99.99
B2 80.51 19.49 E2 0.02 99.98
Cl 20.12  79.88 Fl1 - 100.00
2 46.51  53.49 2 - 100.00

crude Bi black granular, whose XRD patterns are
presented in Fig.9. The XRD patterns of the
products have only the diffraction peak of elemental
Te or Bi, indicating that Te and Bi in the leaching
solution can be efficiently separated and reduced to
elemental Te and Bi. Te*" or HTeO, can transform
to elemental Te by Na,SOs, and Bi*" can be
displaced to elemental Bi by Fe powder. After
selective reduction of Te(IV) and Bi(Ill) in the
leaching solution, Fe?* in the tail liquid can be
oxidized to Fe** by chlorination or oxidation, which
can render the tail liquid recycled to leach the
tellurium—bismuth ore.

4.2 Improvement of selective reduction and
separation of Te and Bi
In this work, to decrease the consumption of

: o Bea :
Fig. 7 SEM images of crude bismuth at different displacement time: (a) 2 min; (b) 5 min; (¢) 10 min; (d) 20 min;
(e) 40 min; (f) 60 min

Na,SO; dosage, cyclic leaching [37] of tellurium—
bismuth ore was proposed to enrich the Te(IV)
concentration and decrease the Fe(Ill) concentration
in leaching solution.

Figure 10 shows the effect of the leaching
cycle number on the leaching efficiency and the
concentrations of Te and Bi from the tellurium—
bismuth ore with a liquid/solid ratio of 6:1 mL/g
at 90°C for 40 min, according to previous
research [12,38]. As the leaching cycle number
increases, the concentrations of Te and Bi in the
leaching solution gradually increase, while the
leaching efficiencies of Te and Bi gradually
decrease, similar to the result reported by HU
et al [39]. As the leaching cycle number increases to
3, the concentrations of Te and Bi in leaching
solution increase to 7.73 and 14.50 g/L, respectively,
which are nearly three times as high as those of the
first leaching solution (Fig. 10(a)). However, the
leaching efficiencies of Te and Bi decrease to
71.76% and 82.13%, respectively (Fig. 10(b)). With
a further increase of the leaching cycle number, the
leaching efficiencies of Te and Bi are less than 25%
and 50%, respectively. The effective concentrations
of Fe*" and Fe?* decrease and increase, respectively,
which results in a decrease of the potential of
Fe*'/Fe?" and inhibits the leaching of Te and Bi in
the tellurium—bismuth ore [12,40,41].
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Fig. 9 XRD patterns of crude tellurium and bismuth

Figure 11 shows the effect of NEC on the
precipitation efficiency of Te and Bi in the third
leaching solution at 80 °C for 10 min by varying the
Na,SOs dosage. As NEC increases, the precipitation
efficiency of Te firstly remains the same, then rises
sharply and finally plateaus, while the precipitation
efficiency of Bi is always less than 1%. When NEC
is less than 1, Te and Bi in the leaching solution
cannot be reduced. At this stage, Na,SO; is mainly
used to reduce the excessive Fe’' to Fe?', which
is consistent with Figs. 1(a) and 3. When NEC
increases from 1 to 5, the precipitation efficiency of
Te also increases from 0.67% to 99.55%,
respectively. With a further increase of NEC, the

precipitation efficiencies of Te and Bi have no
obvious changes.

20

@
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0L 1 L 1 1
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Leaching cycle number

100

b
80

60 |

40

—o— Te

—— Bi
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0L . . . .
1 2 3 4 5
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Fig. 10 Effect of leaching cycle number on leaching of
Te and Bi: (a) Concentrations of Te and Bi in leaching
solution; (b) Leaching efficiencies of Te and Bi
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Fig. 11 Effect of NEC on precipitation efficiencies of Te
and Bi in the third leaching solution

5 Conclusions

(1) As the selective reduction process goes,
Fe*" in the leaching solution is gradually reduced to
Fe?*. Te** or HTeO, can transform to gray-black
granular elemental Te by Na,SOs, and Bi** can be
displaced to black granular elemental bismuth by Fe
powder.

(2) 99.83% Te in leaching solution can be
reduced by Na,SOs with an excess coefficient of 16
at 80°C for 10 min, and the grade of crude
tellurium can reach 93.78%. The stirring action can
promote the dissolution of Na,SOs particles and
further accelerate the reduction of Te. As the
Na,SO; dosage increases, the crude Te particles can
gradually grow and coarsen and some needle-like or
rod-shaped CaSO, crystals appear on the surface of
the crude Te.

(3) 99.39% Bi in the reduced solution can be
displaced by Fe powder with an excess coefficient
of 7.5 at 60 °C for 40 min, and the grade of crude
bismuth can reach 92.35%.

(4) Cyclic leaching of tellurium—bismuth ore is
used to enrich Te(IV) and Bi(IIl) concentrations and
decrease the Fe(Ill) concentration in leaching
solution. Three cycles can be regarded as a suitable
leaching cycle, and the Na,SO; excess coefficient
can be decreased to 5 with the precipitation
efficiency of Te being 99.55%.

Acknowledgments

This work was financially supported by the
Natural Science Foundation of Chongqing, China
(No. cstc2020jcyj-msxmX0043), the Fundamental

Research Funds for the Central Universities, China
(No. 2020CDJ-LHZZ-084), and the Large
Instrument Foundation of Chongqing University,
China (Nos. 202103150169 and 202103150171).

References

[1] ROCCHETTI L, BEOLCHINI F. Recovery of valuable
materials from end-of-life thin-film photovoltaic panels:
Environmental impact assessment of different management
options [J]. Journal of Cleaner Production, 2015, 89: 59-64.
https://doi.org/10.1016/j.jclepro.2014.11.009.

[2] MOHAN R. Green bismuth [J]. Nature Chemistry, 2010,
2(4): 336—336. https://doi.org/10.1038/nchem.609.

[3] WANG Shi-jie. Tellurium, its resourcefulness and recovery
[J]. JOM, 2011, 63(8): 90—93. https://doi.org/10.1007/ s11837-
011-0146-7.

[4] MOATS M, ALAGHA L, AWUAH-OFFEI K. Towards
resilient and sustainable supply of critical elements from the
copper supply chain: A review [J]. Journal of Cleaner
Production, 2021, 307: 127207. https://doi.org/10.1016/
j-jclepro.2021.127207.

[5] MAHMOUDI A, SHAKIBANIA S, MOKMELI M
RASHCHI F. Tellurium, from copper anode slime to high

s

purity product: A review paper [J]. Metallurgical and
Materials Transactions B, 2020, 51: 2555-2575. https://
doi.org/10.1007/ s11663-020-01974-x.

[6] RAO Shuai, LIU Yi, WANG Dong-xing, CAO Hong-yang,
ZHU Wei, YANG Rui, DUAN Li-juan, LIU Zhi-qiang.
Pressure leaching of selenium and tellurium from scrap
copper anode slimes in sulfuric acid—oxygen media [J].
Journal of Cleaner Production, 2021, 278: 123989. https://
doi.org/10.1016/j.jclepro.2020.123989.

[7] OJEBUOBOH F K. Bismuth—Production, properties, and
applications [J]. JOM, 1992, 44(4): 46—49. https://doi.org/
10.1007/BF03222821.

[8] MAKUEI F M, SENANAYAKE G. Extraction of tellurium
from lead and copper bearing feed materials and interim
metallurgical products — A short review [J]. Minerals
Engineering, 2018, 115: 79-87. https://doi.org/10.1016/
j-mineng.2017.10.013.

[9] MAO Jing-wen, WANG Yi-tian, DING Ti-ping, CHEN
Yu-chuan, WEI Jia-xiu, YIN Jian-zhao. Dashuigou tellurium
deposit in Sichuan Province, China: S, C, O, and H isotope
data and their implications on hydrothermal mineralization
[J]. Resource Geology, 2002, 52(1): 15-23. https://doi.org/
10.1111/5.1751-3928.2002.tb00113 x.

[10] HA T K, KWON B H, PARK K S, MOHAPATRA D.
Selective leaching and recovery of bismuth as Bi2O; from
copper smelter converter dust [J]. Separation and Purification
Technology, 2015, 142: 116—122. https://doi.org/10.1016/
j.seppur.2015.01.004.

[11] SHAO Li-xiong, DIAO lJiang, LIU Liang, XIE Bing.
Leaching of tellurium and bismuth from the Dashuigou
tellurium deposit in H2SO4 and FeCls media [C]//Rare Metal
Technology 2019. San Antonio: TMS, 2019: 187-196.
https://doi.org/10.1007/978-3-030-05740-4_18.



[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

Li-xiong SHAO, et al/Trans. Nonferrous Met

SHAO Li-xiong, DIAO Jiang, JI Cheng-qing, LI Gang. A
novel and clean process for extracting tellurium and bismuth
from Dashuigou tellurium ore by oxidizing leaching [J].
Hydrometallurgy, 2020, 191: 105205. https://doi.org/10.
1016/ j.hydromet.2019.105205.

HOFFMANN J E. Recovering selenium and tellurium
from copper refinery slimes [J]. JOM, 1989, 41(7): 33-38.
https://doi.org/10.1007/BF03220269.

LU Dian-kun, CHANG Yong-feng, YANG Hong-ying, XIE
Feng. Sequential removal of selenium and tellurium
from copper anode slime with high nickel content [J].
Transactions of Nonferrous Metals Society of China, 2015,
25(4): 1307—-1314. https://doi.org/10.1016/S1003-6326(15)
63729-3.

LIU Yuan, ZHENG Ya-jie, SUN Zhao-ming. Preparation of
high-purity tellurium powder by hydrometallurgical method
[J]. Rare Metals, 2014, 33(4): 479-484. https://doi.org/
10.1007/ s12598-014-0338-8.

SUN Zhao-ming, ZHENG Ya-jie. Preparation of high pure
tellurium from raw tellurium containing Cu and Se by
chemical method [J]. Transactions of Nonferrous Metals
Society of China, 2011, 21(3): 665-672. https://doi.org/
10.1016/S1003-6326(11)60763-2.

XIAO Wei, CAO Pan, LIANG Qian-nan, HUANG Xiao-tao,
LI Kai-yun, ZHANG Yan-sheng, QIN Wen-qing, QIU
WANG Jun.
mechanism of Bi(Ill) ions on rutile—water interface in the

Guan-zhou, Adsorption behavior and
presence of nonyl hydroxamic acid [J]. Transactions of
Nonferrous Metals Society of China, 2018, 28(2): 348—355.
https://doi.org/10.1016/S1003-6326(18)64668-0.

XU Liang, XIONG Yan-huang, ZHANG Guan-gan,
ZHANG Fu-yuan, YANG Yong-xiang, HUA Zhong-sheng,
TIAN Yong-pan, YOU Jing-lin, ZHAO Zhuo. An
environmental-friendly process for recovery of tellurium
and copper from copper telluride [J]. Journal of Cleaner
Production, 2020, 272: 122723. https://doi.org/10.1016/
j-jclepro.2020.122723.

XU Liang, XIONG Yan-hang, SONG Yi, ZHANG Guan-gan,
ZHANG Fu-yuan, YANG Yong-xiang, HUA Zhong-sheng,
TIAN Yong Pan, YOU Jing-lin, ZHAO Zhuo. Recycling of
copper telluride from copper anode slime processing:
Toward efficient recovery of tellurium and copper [J].
Hydrometallurgy, 2020, 196: 105436. https://doi.org/
10.1016/j.hydromet.2020.105436.

BRODERICK G, HANDLE B, PASCHEN P. Strategies for
optimal operation of the tellurium electrowinning process [J].
Metallurgical and Materials Transactions B, 1999, 30(1):
5-13. https://doi.org/10.1007/s11663-999-0001-1.

LIU Wei-feng, JIA Rui, SUN Bai-qi, ZHANG Du-chao,
CHEN Lin, YANG Tian-zu, LU Su-jun. A novel process for
extracting tellurium from the calcine of copper anode
slime via continuous enrichment [J]. Journal of Cleaner
Production, 2020, 264: 121637. https://doi.org/10.1016/j.
jelepro.2020.121637.

JIN Wei, HU Mei-qing, HU Jiu-gang. Selective and efficient
electrochemical recovery of dilute copper and tellurium from
acidic chloride solutions [J]. ACS Sustainable Chemistry &
Engineering, 2018, 6(10): 13378—13384. https://doi.org/
10.1021/acssuschemeng.8b03150.

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

. Soc. China 33(2023) 596—608

607

ZHAN Jing, WANG Zhi-jian, ZHANG Chuan-fu, HWANG
Jian-yang, XIA Chu-ping. Separation and extraction of
bismuth and manganese from roasted low-grade bismuthinite
and pyrolusite: thermodynamic analysis and sulfur fixing [J].
JOM, 2015, 67(5): 1114-1122. https://doi.org/10.1007/
s11837-015-1391-y.

YAO Kun, JIA Man-ke, WU Huan-huan, LI Yong-gang,
CHEN Chun-cheng, HUANG Ying-ping. Synthesis of
BiOCl using Cl source from industrial wastewater and its
application for wastewater treatment [J]. Environmental
Technology, 2019, 40(3): 374-385. https://doi.org/10.1080/
09593330.2017.1393014.

RIEDERER H S. The volumetric determination of bismuth
as molybdate and its separation from copper [J]. Journal of
the American Chemical Society, 1903, 25(9): 907-919.
NEKOUEI R K, SOLEYMANI A P, AKHAVAN S,
NASRABADI A A, SAMANI A A. Using taguchi method to
optimize recovery of bismuth by electrolysis [J]. Journal of
Physical Chemistry and Electrochemistry, 2015, 3(1): 39—48.
CHEN Ya, LIAO Ting, LI Gai-bian, CHEN Bai-zhen, SHI
Xi-chang. Recovery of bismuth and arsenic from copper
smelter flue dusts after copper and zinc extraction [J].
Minerals Engineering, 2012, 39: 23-28. https://doi.org/
10.1016/j.mineng.2012.06.008.

ZHANG Fu-yuan, ZHENG Ya-jie, PENG Guo-min.
Selection of reductants for extracting selenium and tellurium
from degoldized solution of copper anode slimes [J].
Transactions of Nonferrous Metals Society of China,
2017, 27(4): 917-924. https://doi.org/10.1016/S1003-6326(17)
60108-0.

XU Zhi-peng, GUO Xue-yi, LI Dong, TIAN Qing-hua, ZHU
Liu. Selective recovery of Sb and Te from the sodium sulfide
leach solution of Te-bearing alkaline skimming slag by
addition followed by NaxS—NaxSOs
105219.

drop-wise H202
precipitation [J]. Hydrometallurgy, 2020, 191:
https://doi.org/10.1016/j.hydromet.2019.105219.
BARIN I. Thermochemical data of pure substances [M].
New York: Wiley-VCH, 1997.

ROBIE R A, HEMINGWAY B S. Thermodynamic
properties of minerals and related substances at 298.15 K and
1 bar (105 Pascals) pressure and at higher temperatures [M].
Washington: USA Government Printing Office, 1995.
POURBAIX M. Atlas of electrochemical equilibria in
aqueous solutions [M]. Houston: National Association of
Corrosion Engineers, 1974.

HAVLIK T. Hydrometallurgy: Principles and applications
[M]. Cambridge: CRC Press, 2014.

MARVIN A S, HARRIS F J. The encyclopedia of chemical
electrode potentials [M]. New York: Plenum Press, 1982.
MILAZZO G, CAROLI S, BRAUN R D. Tables of standard
electrode potentials [M]. New York: Wiley-VCH, 1978.
THIELMANN F, NADERI M, ANSARI M, STEPANEKB
F. The effect of primary particle surface energy on
agglomeration rate in fluidised bed wet granulation [J].
Powder Technology, 2008, 181(2): 160—168. https://doi.org/
10.1016/j.powtec.2006.12.015.

HA Y C, SOHN H J, JEONG G J, LEE C K, RHEE K 1.
Electrowinning of tellurium from alkaline leach liquor of
cemented Te [J]. Journal of Applied Electrochemistry, 2000,



608

[38]

[39]

Li-xiong SHAO, et al/Trans. Nonferrous Met.

30(3): 315-322. https:// doi.org/10.1023/A:1003867821601.

SHAO Li-xiong, DIAO Jiang, HU Rui-xin, JI Cheng-
qing, TAN Wen-feng, LI Hong-yi, XIE Bing. Dissolution
behaviors of minerals in tellurium-bismuth ore during
oxidic—acidic leaching [J]. Journal of Sustainable Metallurgy,
2021, 7(4): 1790—1804. https://doi.org/10.1007/s40831-021-
00454-z.

HU Kai-long, LIU Xu-heng, LI Qing-gang. Extracting
vanadium from stone coal by a cyclic alkaline leaching
method [J]. Metallurgical and Materials Transactions B,
2017, 48(2): 1342—1347. https://doi.org/10.1007/s11663-016-
0906-4.

EFMET IR 7 SR ER 1=

AWAE 2, G L2, A2, SRS, LA 2, FM 12,

[40]

[41]

Soc. China 33(2023) 596—608

YUE Gui-kuan, ZHAO Li-ming, OLVERA O G, ASSELIN
E. Speciation of the H2SOs—Fe2(SO4);—FeSO4—H20 system
and development of an expression to predict the redox
potential of the Fe’"/Fe** couple up to 150°C [J].
Hydrometallurgy, 2014, 147: 196—209. https://doi.org/
10.1016/j.hydromet.2014.05.008.

SEISKO S, LAMPINEN M, AROMAA J, LAARI A,
KOIRANEN T, LUNDSTROM M. Kinetics
mechanisms of gold dissolution by ferric chloride leaching
[J]. Minerals Engineering, 2018, 115: 131-141. https://doi.
org/10.1016/j.mineng.2017.10.017.

and

& BB AR S

g2

1. ERKS MERSS TR, HEIK 400044;

2. HPRORE: UK & SRR R T A SR
3. PEMER AR B Ok

K 400044;

FIHBFRAT, AES 610041

& . 42 —FH NaxSOs; Al Fe Mhide M5 BRI ENSCREARET TR ME IR i P . SR IR TS i skoivdi. R
SEM-EDS. XRD. XPS 1 ICP-OES %F Bt 7ifi. ShMkBEic AL, IR ARECH 16 11 NaxSOs 7 80 ‘CHI
10 min 251 T ARG 99.83%M) Te, HAHAAIE 93.78%. Ak, $HELE(EHE NaxSOs A fi#, MTHIINTE Te iEJH . i 5l
FREN 7.5 1) Fe 1F 60 'C A1 40 min £514F N0 B 4t 99.39%1) Bi, HHELTAIE 92.35%. RAMEIE HAHELA 1R 1%
AR R R Te(TV)AN Bi(II) IR B2 S E RIS Fe(ID AR, iz Na2SOs HITH#E

R B B B B B

(Edited by Wei-ping CHEN)



