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Abstract

Lead anode slime is produced in large quantities during lead electrolysis, which has a high Sb content of 10-50 wt% and
can be easily recycled. However, in a general alkaline pressure leaching process for pre-removal of As, Sb was partially
converted to Na,SbO, with high stability. This limited the Sb reduction and recovery in the subsequent Na,CO, smelting
reduction. Considering this fact, ZnS was creatively used as an additive in this study to destroy the stable structure of
Na ,SbO, and increase Sb reduction, and meanwhile ZnS was reduced to volatile Zn (g) and recycled. In a certain range,
increasing the amount of coke and ZnS increased the Sb yield, and Pb recycling could be accelerated. However, when an
excessive amount of ZnS was added, the Sb compounds could be sulfurized and then combined with the generated PbS and
Na,S, forming a sodium matte of Na-Pb-Sb-S. This limited the Sb reduction and reduced the Sb yield. Under the optimum
conditions of a coke content of 13%, a ZnS/Sb molar ratio of 0.32, a smelting temperature of 1200 °C and a holding time

of 90 min, Sb, Pb and Zn yields of up to 94.8%, 96.1% and 98.9%, respectively, were obtained.
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1. Introduction

Antimony (Sb) is a rare silvery white metal,
possessing the characteristics of thermal expansion,
cold contraction and strong corrosion resistance [1]. It
is an irreplaceable material for the modern industrial,
which could be used in the production of flame
retardant, alloys, glass and semiconductor
components etc. [2]. However, the Sb abundance in
the earth crust was low to 0.2-0.5 ppm, and it has been
deeply mined world-widely [3]. The Sb supply is
expected to approach a critical level in the future,
causing the recycling of Sb-bearing secondary
resources to be a strong driving force of economic
growth and environment safety.

There is a wide variety of Sb-bearing secondary
resources, including arsenic-alkali residue, arsenic-
antimony dust, waste alloys, and lead anode slimes,
etc. [4-6]. Among them, the lead anode slime, which is
produced in a lead electrolysis process, has become the
focus of research recently [7], ascribed to its huge
amounts, high contents of Sb (10 wt%-50 wt%), Pb (5
wt%-25 wt%) and noble metals (Au, Ag etc.). The
output of lead anode slimes occupies the proportion of
1.3% - 2% of the refined Pb (Peng, 2012). Moreover,
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the high proportion of harmful element of As that is
contained in lead anode slimes leads to its high
toxicity. It is of great significance to separate and
extract Sb from lead anode slimes, which could relieve
the Sb mineral resource pressure. Sb existed mainly in
the forms of Sb, Sb,0,, SbAsO, and Ag,Sb in the lead
anode slime [8]. Based on this, the Sb extraction
methods from lead anode slimes could be divided into
pyro-metallurgical, hydro-metallurgical and combined
processes at present [9]. In the pyro-metallurgical
process, the lead anode slime was treated using a direct
smelting reduction, in which the Sb oxides were
reduced and combined with the reduced Pb to form a
Pb-Sb alloy, rendering it recovery [10]. Although a
high Sb yield can be acquired, massive As from lead
anode slimes were reduced simultaneously and entered
into the Pb-Sb alloy, causing a difficulty for the Sb
further separation [11]. Hydro-metallurgical process
generally employed hydrochloric acid and ferric
chloride as leaching agents to transfer Sb oxides to a
soluble SbCl,, and then a chemical precipitation was
used to concentrate the generated SbCl; into a Sb-
containing sediment [ 12-14]. After a pressure filtration
processing, Sb could be recovered. The Sb recovery
rate obtained up to 99.98% in the hydro-metallurgical
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process, while the elements of Pb, As and Bi were
leached simultaneously and a further precipitation was
required. This obviously increased the consumption of
chemical agents and the processing cost. In the
combined process of hydro- and pyro-metallurgy, an
alkaline pressure leaching was firstly performed to
selective leach As from Sb, Pb and B4, realizing their
effective separation and recovery [15]. Specifically, As
and Sb could be oxidized to high valence states in the
pressure leaching. In the presence of alkaline, the As
oxides of high valence state dissolved into the leach
liquor, while the Sb oxides did not dissolve and
entered the leaching residue in the forms of Bi,SbO,,
Na,SbO, and Sb,O; etc [16]. Then in the smelting
reduction of the leaching residue, Na,CO, was used as
slagging agent and the Sb oxides were reduced and
recovered in the form of Pb-Sb alloy [17]. It might be
more appropriate to realize the efficient recovery of Sb
from lead anode slimes, considering that the As could
be pre-removed. However, in the smelting reduction,
the obtained Na,SbO, from the alkaline pressure
leaching was hard to be deeply reduced, due to the low
reductive activity of sodium salts [18]. It caused that
the Sb content in the smelting slag achieved up to 3.8
wt%-4.5 wt% [19] and the Sb yield was low around
80%. How to perform the deep reduction of the
alkaline leaching residue has come to a focal issue.

Based on previous research, sulfides could
destruct the stable structure of sodium salts via
transforming the ‘Na’ component in it to Na,S [20],
which in turn increased the reductive activity of
sodium salts. Considering this, ZnS was used as an
additive to promote the reduction of Na,SbO, and
increase the Sb yield from the As pre-removed lead
anode slime (ARLAS) in this research. Besides, the
Pb recovery and Zn recycling from the added ZnS
were also focused. The influences of parameters of
ZnS amount, smelting temperature and holding time
were  systematically  studied. @ The  phase
transformations of Pb and Sb during the performance
of this process were investigated using X-ray
diffraction (XRD) and scanning electron microscopy
coupled with energy-dispersive X-ray spectroscopy
(SEM-EDS).

2. Experimental
2.1. Materials

The As pre-removed lead anode slime (ARLAS)
used in this study was provided by a lead smelter
locating in Shandong province of China. The contents

of Sb, Pb, Bi, Au and Ag in it were 29.88 wt%, 13.14
wt%, 4.52 wt%, 528 g/t and 68800 g/t respectively
(Table 1), indicating its high value and possibility to
be recycled. Bi, Au and Ag have been efficiently
recovered from the ARLAS in previous research [21],
and their behavior was not focused in this study. The
XRD pattern of the ARLAS was given in Figure 1,
which showed that the Pb- and Sb-containing phases
were Pb,Sb,O,, Bi,SbO,, Na,SbO, and Sb,0,
respectively. Table 2 presented the Sb phase
distribution, in which Na,SbO, occupied 25.1% of the
total Sb phases. The XPS result of Sb 3d from the
ARLAS in Figure 1(b) presented that the Sb phases
were composed of Sb (IIT) and Sb (V) compounds,
which was consistent with the XRD result in Figure
1(a).

Besides, coke was used as reductant and its
composition is listed in Table 3. The chemical
reagents used, including ZnS and Na,CO,, were of
analytical grade and purchased from Shanghai
Chemical Reagent Company. The purity of Ar used in
this study were higher than 99.99 vol%.

Table 1. Chemical composition of the As pre-removed lead
anode slime (Wt%)

Element| Na | Pb | Sb | Bi | As Ag Au

Content | 4.32 |13.14|29.88 | 4.52 | 6.53 |68.8kg/t|528g/t

*Pb, Sb, As and Bi contents were determined using
chemical analysis methods, and Na, Au and Ag contents
were detected via inductively coupled plasma optical
emission spectrometry (ICP-OES, Analytik Jena AG)

Table 2. Sb compositions in the As pre-removed lead anode
slime acquired via XRD calculation of Figure 1(a)

(wt%)
Distribution (%)
Sb,0, |Na,SbO, Pb,Sb,0.|Bi,SbO, | Others | Total
50.2 25.1 13.7 6.8 42 100

2.2. Experimental Methods

A vertical electric resistance tube furnace (OTF-
1600X, Hefei Kejing Materials Technology Co. Ltd.,
China) was employed for the tests in this study, as
presented in Figure 2. The temperature was measured
via a Pt-Rh thermocouple and controlled by a KSY
Intelligent Temperature Controller. To increase the
contact among the ARLAS, coke, ZnS and Na,CO,,

Table 3. Industrial analysis of coke and chemical composition of the ash (wt%)

Industrial analysis

Chemical composition of the ash in the coke

F Cad Mad Aad ad

P Si0 ALO, MgO Ca0

2

81.7 4.2 11.8 23 0.80

0.02 6.17 1.34 0.65 1.57
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Figure 1. (a) XRD pattern of the As pre-removed lead anode slime; (b) XPS spectra of the As pre-removed lead anode
slime at Sb 3d3/2

their particle sizes were all controlled to be lower than
75 um. The amount of coke or Na,CO, added was
expressed as the mass ratio of coke/Na,CO, to the
ARLAS respectively. The amount of ZnS used was
defined as the ZnS/Sb molar ratio. The Na,CO,
amount was chosen as 20% in this study, aiming to
decrease the slag viscosity and increase the separation
of metal from molten slag [22]. After that the ARLAS,
coke, ZnS and Na,CO, were thoroughly mixed, they
were placed in a corundum crucible and later in the
vertical resistance for heating to a proper temperature
in pure N, atmosphere at a flow rate of 40 mL/min. In
pure N, atmosphere, the target temperature was held
for a certain time, and then the sample was cooled

down to room temperature. At last, the obtained metal
ingot and slag were separated and prepared for
analysis. Besides, the exhaust gasses released during
the tests were absorbed by a NaOH solution.

2.3. Characterization

The elemental composition of the sample was
determined using an inductively coupled plasma
optical emission spectrometer (ICP-OES, Analytik
Jena AG) and chemical analysis. These measurements
were performed three times, and the average value
was taken as the final result. X-ray diffraction (XRD,
Rigaku, TTR -IIT) was used to detect the sample phase
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Coke Materials mixing Sodium carbonate
|
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Figure 2. The schematic diagram of experimental apparatus
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composition, and its pattern was obtained using Cu-
Ko radiation in the 26 range of 10°-80° with a scan
step of 2°/min. SEM-EDS analysis was used to
characterize the microstructure and phase distribution
of the sample. In the SEM-EDS analysis, the sample
was gold-coated, embedded in resin, and polished for
precise measurement.

In this study, the Zn yield from the added ZnS was
calculated using Eq. (I).

_ " '
Ry, =1=mycy, | mysc,, —mc, | myzc,, D

Where m, ¢, m, and m, represent the mass of the
added ZnS, the obtained smelting slag and metal
ingot, respectively; ¢, , ¢’, and c¢”, represent the Zn
content in the added ZnS, smelting slag and metal
ingot, respectively.

The recovery percentages of Sb (R,) and Pb (R,,)
from the ARLAS were both calculated using Eq. (II).

Ry pp = mycy I myc (ID

where m, represent the mass of the original
ARLAS; ¢, and c, represent the Sb and Pb contents in
the original ARLAS and metal ingot, respectively.

3. Thermodynamic analysis

Bi, Au and Ag have been efficiently recovered
from the ARLAS using a pyrometallurgy process as
reported in previous research [23], and their behavior
was not focused in this study. As presented in Figure
1, Sb existed in the forms of Pb,Sb,0,, Bi,SbO,,
Na,SbO, and Sb,0O, in the ARLAS. Pb,Sb,0, and
Bi,SbO, would be firstly decomposed to Sb,0O,, PbO
and Bi,0, by Egs. (1)-(2) in a smelting reduction [24].
Then Sb,0,, Na,SbO, and Sb,0, were reduced via
Egs. (3)-(5) in a general Na,CO, smelting reduction
[25]. Figure 3(a) presented that Egs. (3)-(5) could be
carried out thermodynamically, due to their negative
stand Gibbs free energies. However, in the actual
production, the Sb content in the smelting slag
achieved up to 3.8 wt%-4.5 wt% [26]. The reason
might be that the reduction of Na,SbO, could be
divided into two stages of the generation of Sb via Eq.
(6) and then the formation of Na,CO, by Eq. (7).

It is noteworthy that the standard Gibbs free
energy (AG% of Eq. (6) was positive (Fig. 3(a)),
indicating that it was hardly to be deeply performed.
The CO, consumption using Eq. (7) could promote
the occurrence of Eq. (6) based on the results in
Figures 3(a) and (b). Figure 3(a) showed that Eq. (7)
could be carried out thermodynamically, which could
decrease the CO, partial pressure and in turn promote
the performance of Eq. (6) seen from Figure 3(b).
While, the CO, consumption and the formation of
Na,CO, was limited at a low CO, partial pressure

(Fig. 3(b)), which would restrict the Na,SbO,
reduction from the viewpoint of chemical equilibrium
and cause a Sb loss in the slag. To increase the
reduction of Na,SbO, and the Sb yield, ZnS was used
as an additive to convert the ‘Na’ in Na,SbO, to Na,S
and in sequence increase the Sb reductive activity in
this research. Figure 3(a) showed that as the
temperature exceeded 900 °C, the stand Gibbs free
energy of the Na,SbO, reduction in the presence of
ZnS (Eq. (8)) had an obvious decrease compared to
that of the direct carbothermal reduction (Eq. (4)). It
indicated the acceleration effect of ZnS. In addition,
the generated CO (g) evaporated into the gas in the
smelting reduction, which further decreased the Gibbs
free energy of Eq. (8) and promoted it to occurre as
presented by Figure 3(c). It is noteworthy that the
added ZnS was reduced to a gaseous Zn (g) in Eq. (8)
and then could be recycled through a dust collection.
In other words, the Zn from the ZnS would not be lost
in this proposed process. Figure 3(d) presented the
phase equilibrium composition of Eq. (8) at different
temperatures. It could be seen that the increase of
temperature accelerated the Na,SbO, reduction, and a
complete reduction could not be achieved until the
temperature reached 1500 °C. While, in the presence
of more the C amount, the reduction potential of the
reaction system could be increased and the
temperature required for the Na,SbO, complete
reduction could be decreased to 1000 °C (Fig. 3(e)).
An excessive coke should be added in this ZnS-
Na,CO, smelting reduction. Besides, the PbO
generated from Eq. (1) could be reduced into Pb
simultaneously via Eq. (9) and then combined with
the reduced Sb to form a Pb-Sb alloy by Eq. (10),
which also benefited the Na,SbO, reduction according
to the Raoult ‘s law [16]. In the Raoult’s law, the
activity of Sb in the Pb-Sb alloy melt decreased with
the decrease of Sb content in the Pb-Sb alloy melt. As
more the PbO was reduced and entered into the Pb-Sb
alloy, the Sb content in the Pb-Sb alloy melt
decreased, resulting in the decrease of Sb activity in
the alloy melt. It accelerated the Na,SbO, reduction
from the perspective of chemical equilibrium. After
Na,S was formed via Eq. (8), it entered into the slag
and in sequence a Na,S-Na,CO, slag was formed.
Figure 3(f) showed the binary phase diagram of Na,S-
Na,CO,, in which the Na,S-Na,CO, melt located in
liquid state as the temperature exceeded 1180 °C.
Temperature played an important role on the Na,SbO,
reduction and then Sb separation from molten slag in
the proposed ZnS-Na,CO, smelting reduction.

Pb,Sh,0, = 2PbO + Sh,0; 1)
2Bi,SbO, = 3Bi,0; + Sh,0; ()
Sb,0; +5C =28b+5C0O(g) (3)
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1.25C + Na,ShO, =1.25Na,CO, +0.25Na,0 + Sh
$b,0, +3C =28h+3C0O(g)
Na,ShO, +1.25C =1.5Na,0 + Sb +1.25CO, (g)

Na,0+ CO,(g) = Na,CO,

“)
©)
(6)
(7

Na,SbO, +1.5ZnS +4C =1.5Na,S + Sb +
1.5Zn(g) + 4C0(g)

PbO+C=Pb+CO(g)

®)
)

Pb+ Sb = PbSb alloy (10)

50 80
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Figure 3. (a) Changes of standard Gibbs free energy (AG°) of Eqs. (3)-(9) with temperature; (b) Changes of Gibbs free
energy (4G) of Eq. (6) and Eq. (7) at different CO, partial pressures (P ,,) with temperature (c) Changes of
Gibbs free energy (4G) of Eq. (8) at different CO partial pressures (P,,) with temperature, (d) Equilibrium
compositions of Eq. (8) with the theoretical C amount at different smelting temperatures; (e) Equilibrium
compositions of Eq. (8) with the C excessive amount of 50% at different smelting temperatures, (f) Binary
phase diagram of Na,S-Na,CO;, at different temperatures
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4. Results and discussion
4.1. Effects of coke addition amount

Under the conditions of the ZnS/Sb molar ratio of
0.32, Na,CO, amount of 20 %, smelting temperature
of 1200 °C and holding time of 120 min, the effects of
coke amount on the Sb yield from the ARLAS were
firstly studied. Besides, the recycling of Pb and Zn
were also focused.

In Figures 4(a) and (b), when the coke amount
increased from 5.0% to 13.0%, the Sb and Pb yields
increased and their respective contents in the smelting
slag decreased. The reason was that as more the
reductant of coke added, more the Pb,Sb,0., Bi,SbO,,
Na,SbO, and Sb,0, in the ARLAS could be reduced
and recovered in the form of Pb-Sb alloy using Egs.
(1)-(3), (5) and (8)-(10). However, when the coke
amount increased further to 14%, a phase of C could
be detected in the smelting slag (Fig. 5(a)), which has
been shown to cause a high viscosity and poor fluidity
of the molten slag based on previous research [26]. It
hindered the separation of the obtained Pb-Sb alloy
from molten slag and decreased the Pb and Sb yields,
as presented in Figure 4(a). Besides, C also entered
into the obtained Pb-Sb alloy as indicated by the
composition of point ‘A’ in Figure 5(b). It could
increase the alloy melting point [27], further
decreased it separation from slag and increased the Pb
and Sb contents in the smelting slag (Fig. 4(b)). It is
noteworthy that a phase of Na,S was detected in the
smelting slag (Fig. 5(a)) and the Sb oxides have been
reduced to metallic Sb (Fig. 5(b)). This phase
evolution confirmed the occurrence of Eq. (8). The
coke amount of 13.0% was proved optimal for
enhancing the recycling of Sb and Pb. Besides, it is
noteworthy that the Zn content in the smelting slag
was low to 0.31 wt% at this coke amount (Fig. 4(b)),

=
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indicating that the added ZnS was efficiently reduced
to Zn (g) using Eq. (8) and then volatilized. The
volatilized Zn (g) could be recycled using a dust
collection.

4.2. Effects of ZnS addition amount

At the conditions of coke amount of 13%, Na,CO,
amount of 20 %, smelting temperature of 1200 °C and
holding time of 120 min, the effects of ZnS amount on
the Sb yield from the ARLAS were studied.

In the absence of ZnS, the deep reduction of
Na,SbO, was limited based on the thermodynamic
analysis in Figures 3(a), and it could be confirmed by
the SEM-EDS result of the smelting slag in Figure
6(a). Figure 6(a) presented that some Na,SbO, were
not reduced and remained in the slag, which caused
that the Sb residual content reached 3.63 wt% in
Figure 7(a). When ZnS was added and its amount
increased, the reduction of Na,SbO, could be
accelerated via Eq. (8) as indicated by Figures 3 (a)
and (c). Concretely, the transformation of Na,SbO, to
Sb,O, by Eq. (11) and then the Sb,O, reduction to
metallic Sb via Eq. (3) were promoted. As a result, the
Sb recovery rate increased from 80.3% to 94.8 % and
its content in the smelting slag decreased from 3.63
wt% to 1.21 wt% as the ZnS/Sb molar ratio changed
from 0.00 to 0.32 in Figures 7(a) and (b). In addition,
the Pb yield and the Pb content in the smelting slag
also presented a similar variation trend in this range of
ZnS/Sb molar ratio (Figs. 7(a)&(b)). As described in
Eq. (10), after that the metallic Pb and Sb were
obtained from the smelting reduction, they would be
combined into a Pb-Sb alloy. More the reduction of
Na,SbO, would cause more the produced Sb to enter
into this Pb-Sb alloy, and the Pb content in the Pb-Sb
alloy decreased with it. It decreased the Pb activity in
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Figure 4. (a) Effects of coke amount on the Sb, Pb and Zn recovery percentages from the As pre-removed lead anode
slime; (b) Effects of coke amount on the Sb, Pb and Zn contents in the smelting slag
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Figure 5. (a) XRD pattern of the smelting slag obtained at the coke amount of 14%, (b) SEM-EDS result of the smelting
slag obtained at the coke amount of 14%

the Pb-Sb alloy according to the raoult ‘s law, which
in turn accelerated the Pb reduction (Fig. 7(c)) and
increased the Pb yield.

However, as the ZnS amount increased further, the
generated Sb,O, from Eq. (11) could be sulfurized to
Sb,S, by ZnS using Eq. (12), and then combined with
the generated PbS via Eq. (13) and Na,S to form a
sodium matte known as Na-Pb-Sb-S using Eq. (14).
The element composition of the point “2” in Figure
6(b) confirmed the generation of this sodium matte.
Besides, Figure 7(d) indicated the feasibility of Eqgs.
(12) and (13) attributed to their stand negative Gibbs
free energies. The generated sodium matte limited the
reduction of PbS and Sb,S, based on previous
research [28], and as a result the Pb and Sb yields
decreased and their contents in the smelting slag
increased in Figures 7(a) and (b) respectively.
Besides, the reduction of ZnS was also hindered, and
its recycling was decreased (Figs. 7(a)&(b)). The
ZnS/Sb molar ratio amount was optimized to be 0.32
to increase the recycling of Pb, Sb and Zn.

2Na,ShO, +3ZnS = 3Na,S + Sb,0, +3Zn0 (11)

Sb,O; +3ZnS +2C = Sb,S, +3Zn0+2C0(g)  (12)

(13)
(14)

PbO + ZnS = PbS + ZnO
PbS + 8b,S, + Na,S = Na — Pb— Sb - S matte
4.3. Effects of smelting temperature and time

Under the conditions of coke amount of 13%,
Na,CO, amount of 20 % and ZnS/Sb molar ratio of
0.32, the effects of smelting temperature and holding
time on the Sb yield from the ARLAS were studied.

As depicted in Figure 3(f), the temperature
affected the Na,S-Na,CO, slag phase composition. It
further affected the physicochemical property of the
molten slag according to previous research, including
its viscosity, surface tension and oxidization-
reduction potential etc. [29]. This would finally
influence the Pb, Sb and Zn yields from the slag.
Specifically, the increase in temperature promoted the
reduction of Sb,0,, Pb,Sb,0,, Bi,SbO, and Na,SbO,
from the ARLAS according to Figure 3(a) and then
increased the separation of the obtained Pb-Sb alloy
from molten slag by decreasing the slag viscosity. As
a result, the Pb and Sb recovery percentages increased
from 80.4 % to 96.1 % and from 66.5 % to 94.8 %



184 Z.-Q. Dong et al. / J. Min. Metall. Sect. B-Metall. 60 (2) (2024) 177 - 189

Element
(0)
Na
Sb

(N N |

Mapping scan

Element wt.%
o 32.08
Na 38.02
Sb 22.63
7.26

S k| s

:'l"'I"'\"'\"'\"'\Tl‘l"'l"‘l"‘l"‘l

c:\edaxz\geneis\genmups.spc ; 20-Apr-023 11:3:56 - . . -
LSecs: 6

Element wt.%

o 12.74

S S 11.12

o Na 19.65

Na Sb 51.72

Pb 4.77

v ¢ “-‘ Pb

_.EH- §0pm " 0.00 2.00 4.00 sd0 g:'-h:ev 1000 1200 1400  16.00

Figure 6. (a) SEM-EDS results of the smelting slag obtained in the absence of ZnS; (b) SEM-EDS results of the smelting

slag obtained with a ZnS/Sb molar ratio of 0.40
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respectively, with the smelting temperature from 900
°C to 1200 °C (Fig. 8(a)). In addition, the increase of
temperature also accelerated the volatilization of the
generated Zn (g), causing that the Zn content in the
smelting slag decreased in Figure 8(b). Though the Pb
and Sb contents in the smelting slag changed little
when the smelting temperature exceeded 1200 °C
(Fig. 8(b)), the Pb and Sb yields decreased in Figure
8(a), which might be ascribed to the promotion on the
volatilization of the generated Pb and the raw Sb,0, in
the ARLAS at higher temperatures. The smelting
temperature should be controlled at 1200 °C.

When the holding time increased from 30 min to
120 min, Figures 8(c) & (d) and Table 4 present that
the yields of Pb, Sb and Zn increased to 96.1%, 94.8%
and 98.9%, and the Pb, Sb and Zn contents in the
smelting slag decreased to 0.38 wt%, 1.21 wt% and
0.14 wt% respectively. Then, all of them remained
almost constant. The holding time was optimized to
120 min. In comparison with previous research [30],

the Sb yield from the ARLAS has an obvious increase
in the presence of ZnS, from 86.89% to 94.8%. Tables
5 and 6 present the chemical composition of the
obtained metal ingot and the distribution percentages
of Sb, Pb and Zn in the metal ingot, smelting slag and
dust respectively. It could be seen that Sb and Pb have
been effectively recovered from the ARLAS and
concentrated in a metal ingot. Meanwhile, the Zn from
the added ZnS was recycled into a dust. Figures 8(e)
and (f) show the XRD patterns of the obtained
smelting slag and metal ingot respectively, which also
indicated that Sb and Pb had been efficiently separated
from the ARLAS and concentrated in a metal ingot.
Little contents of valuable metals were contained in
the smelting slag (Table 4), indicating it did not have
recovery value. Moreover, there were soluble sodium
salts (Fig.8(e)) in this slag, which were easy to be
leached out and polluted environment. According to
previous research, a vitrification technology could be
used to achieve a harmless treatment [31].
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Figure 8. (a) Effects of smelting temperature on the Sb, Pb and Zn recovery percentages from the As pre-removed lead
anode slime; (b) Effects of smelting temperature on the Sb, Pb and Zn contents in the smelting slag; (c) Effects
of holding time on the Sb, Pb and Zn recovery percentages from the As pre-removed lead anode slime; (d)
Effects of holding time on the Sb, Pb and Zn contents in the smelting slag, (e) XRD pattern of the smelting slag
under the optimum condition; (f) XRD pattern of the metal ingot under the optimum condition

It is economically beneficial to increase the
recovery percentages of Sb and Pb from the ARLAS
using the ZnS-Na,CO, smelting reduction proposed in
this paper. The economic feasibility of this process

could be attributed to two aspects :1) The addition of
ZnS promoted the reduction of Na,SbO, and
improved the recovery of Pb and Sb. Moreover, Zn in
the ZnS could be recovered in a dust. 2) In
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Table 4. Chemical composition of the smelting slag obtained at the optimized condition (Wt%)

Element Pb As Zn Bi S
Contents 0.38 2.12 0.14 0.21 16.62
Element Sb C Na (0] Others
Contents 1.21 12.01 30.01 28.38 8.92

*O content was detected by LECO TC-600 nitrogen/oxygen analyzer; S content was detected by elemental analyzer (EA,
Vario Max CN),; Other element contents were characterized by inductively coupled plasma optical emission spectroscopy

(ICP-OES, Analytik Jena AG) and chemical analysis methods.

Table 5. Chemical composition of the metal ingot obtained at the optimized condition (wt%)

Element Sb Pb Bi

As Ag Au Others

Contents 52.93 24.34 6.78

7.45 6.62 0.05 1.83

*Pb and Sb contents were characterized by chemical analysis, and the other element contents were detected by inductively
coupled plasma optical emission spectroscopy (ICP-OES, Analytik Jena AG).

Table 6. The distribution percentages of Sb, Pb and Zn in
the metal ingot, slag and dust at the optimum
condition (%)

Element Alloy Slag Dust
Sb 94.8 3.1 2.1
Pb 96.1 0.7 32
Zn 0.8 0.3 98.9

comparison with the general Na,CO, smelting
reduction, the main additional cost was the ZnS
consumption in the proposed process. While, the
improvement of Pb and Sb recovery percentages has a
higher value than this consumption, which could
cover this cost.

5. Conclusion

In this study, an approach for the recovery of Sb
from an As pre-removed lead anode slime using ZnS
as additive was developed. The recycling of Pb from
the slime and Zn from the added ZnS was also
investigated.

After the As pre-removed lead anode slime was
processed by ZnS-Na,CO, smelting reduction, Sb, Pb
and Zn were effectively recovered. ZnS promoted
Na,SbO, reduction by destroying its stable structure
and increasing its reductive activity. The recovered Sb
and Pb were concentrated in a Pb-Sb alloy.
Meanwhile, the added ZnS was reduced to volatile Zn
(g), realizing Zn recycling after dust deposition. The
results showed that the increasing the smelting
temperature, holding time, coke and ZnS amount
increased the recovery of Sb and Pb from the As pre-
removed lead anode slime. Under the optimum
conditions of a coke content of 13%, a ZnS/Sb molar
ratio of 0.32, a smelting temperature of 1200 °C and
holding time of 90 min, a yield of Sb, Pb and Zn of
94.8%, 96.1% and 98.9%, respectively, was achieved.
However, an excess of ZnS reduced the yield of Pb
and Sb, which was attributed to the formation of a
sodium matte of Na-Pb-Sb-S.
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DOBIJANJE Sb 1Z OLOVNOG ANODNOG MULJA BEZ As REDUKCIJOM
TOPLJENJA ZnS-Na,CO,
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Apstrakt

Olovni anodni mulj se proizvodi u velikim kolicinama tokom elektrolize olova, ima visoki sadrzaj Sb od 10-50 wt%, i on se
moze lako reciklirati. Medutim, u opStem procesu alkalnog luzenja pod pritiskom za uklanjanje As, Sb se delimicno
konvertuje u NasSbOs sa visokom stabilnoséu. Ovo ogranicava redukciju i izdvajanje Sb u narednoj Na:COs redukciji
topljenjem. Uzimajuci u obzir ovu cinjenicu, u ovoj studiji je kreativno koris¢en ZnS kao aditiv za unistavanje stabilne
strukture NasSbOq i povecanje redukcije Sb, dok se ZnS redukuje u volatilni Zn (g) koji se reciklira. U odredenom opsegu,
povecanje kolicine koksa i ZnS povecava prinos Sb, a reciklaza Pb moZe biti ubrzana. Medutim, kada se doda prekomerna
kolicina ZnS, Sb jedinjenja se mogu sulfurisati i zatim kombinovati sa generisanim PbS i Na-S, formirajuci natrijumski mat
Na-Pb-Sb-S. Ovo ogranicava redukciju Sb i smanjuje prinos Sb. U optimalnim uslovima sa sadrzajem koksa od 13%,
molarnim odnosom ZnS/Sb od 0,32, temperaturom topljenja od 1200 °C i vremenom drzanja od 90 minuta, postignuti su
prinosi Sb, Pb i Zn do 94,8%, 96,1% i 98,9%, respektivno.

Kljuéne reci: Olovni anodni mulj bez prisustva As; Dobijanje Sb; ZnS; Transformacija faze, Redukcija topljenjem
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