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Abstract Cleaning of high antimony smelting slag from
an oxygen-enriched bottom-blown was tested by direct
reduction in a laboratory-scale electric furnace. The effects
of added CaO, mass ratio of coal (experimental) to coal
(theoretical) (w) and the slag type on the reduction pro-
cedure were considered. The contents of Sb and Au were
investigated. Iron contamination of the metal phase was
analyzed as this may impede the economical viability of
this process. The initial slag, coal and CaO were mixed and
homogenized before charging into the furnace, and the
residual slag averagely contains 1.26 giton”' Au and
1.17 wt% Sb. However, the iron contamination of anti-
mony alloy becomes unacceptably high in this case as the
metal phases contain up to 10 wt% Fe. In the slag system
with mass ratio of Si0,:FeO:Ca0O = 45:27:18, the residual
slag obtained after reduction under these conditions aver-
agely contains <1 g-ton™' Au and <1 wt% Sb, and the
metal phase contains <7 wt% Fe. The recoveries of Au in
the metal phase are >98 % in all experiments which is
proved to be an economic and cleaning process.
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1 Introduction

Extractive metallurgy of antimony from stibnite is mainly
achieved through pyrometallurgical processes [1-3]. The

H.-L. Luo, W. Liu*, W.-Q. Qin, Y.-X. Zheng, K. Yang
School of Minerals Processing and Bioengineering, Central
South University, Changsha 410083, China

e-mail: ase.6520@163.com

@ Springer

traditional commercial route involves roasting of concen-
trate, volatilization of antimony trioxide in a blast furnace
and carbon-based reduction of antimony trioxide to
metallic antimony in a reverberatory furnace. In these
processes, however, antimony smelting at high temperature
causes (1) serious environmental pollution during roasting
and smelting, since abundant antimony sulfide, some
relevant low-boiling-point metals (e.g., lead, arsenic and
cadmium), and a little SO, are emitted through volatiliza-
tion, and (2) large energy consumption, since abundant
high-quality coal is consumed to sustain the pyrochemical
process (1100-1400 °C). Currently, more than three tons of
standard coal is required to produce one ton of antimony in
China.

An oxygen-enriched bottom-blown stibnite (Fig. 1) pilot
plant at the oxidation smelting stage was successfully op-
erated for direct recovery of antimony from stibnite con-
centrate by Central South University, China, and was
proved to have advantages such as high feasibility. Steady-
state pilot operation of 10 ton-day ' was normally ob-
served within 100 days. The oxygen autogenous smelting
was realized without the addition of any other fuels. The
amount of limestone added as flux greatly decreased
compared with the blast furnace, and the fluidity of slag
was improved. Through detection and calculation, SO,
(above 8 wt%) was efficiently captured as sulfuric acid.
This process has significant environmental and economic
benefits compared with previous processes. However, the
gold is mainly liquated in the slag, which contains 30 wt%
antimony concentrate. Further reduction is needed to re-
cover antimony and gold from the slag.

The slag dumped from oxygen-enriched smelting of a
bottom-blown furnace or antimony smelting of a blast
furnace is a valuable source of antimony, but without
treatment, it may cause enormous waste of resources and
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Fig. 1 Schematic flow of direct recovery of antimony from stibnite concentrate

constitute an ecological threat to the surrounding environ-
ment. Hence, slag cleaning is important from both eco-
nomical and environmental perspectives.

The removal of metals from this slag can be conducted
via a pyrometallurgical or hydrometallurgical route [4]. A
pyrometallurgical route mainly uses reduction of metal
oxides in the slag, and this process has been investigated
extensively. Banda et al. [5] separately utilized CaO,
CaF, and TiO, as slag modifiers during carbothermic
reduction of waste smelter slag to reduce the activity of
FeO under vacuum and argon, and TiO, effectively re-
duced the activity coefficient of FeO owing to the strong
affinity between the two oxides. Zhai [6] used activated
carbon as a reducing agent with CaO and TiO, as
modifiers to recover cobalt from converter slag of
Chambishi Copper Smelter.

Many empirical equations [7-12] were proposed to es-
timate the solubility of nonferrous metals in the slag as
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functions of their chemical composition especially the
contents of SiO,, FeO and CaO, which will prominently
affect the recovery of valuable metals from the slag. The
possibility of slag cleaning via the hydrometallurgical route
by roasting with sulfuric acid or ferric sulfate [13] was
proposed, and the recovery rates of copper, cobalt and zinc
were higher than 80 %. However, contamination by Fe
appeared to be a major handicap as more than 80 % Fe was
simultaneously extracted from the slag.

Pyrometallurgical treatment of the slag obtained during
smelting of the antimony sulfide ores saves great energy, as
the slag can be treated at its melting temperature when it
was trapped from the furnace before cooling down and
losing thermal energy in the air [14, 15]. In this study, the
antimony smelting slag was directly reduced from oxygen-
enriched bottom-blown stibnite concentrate, thus resulting
in ‘cleaned’ slag by the removal of antimony and gold from
the dumped slag.
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2 Thermodynamic analyses

The chemical compositions of the slag used in this study
are presented in Table 1. The slag, essentially a mixed
oxide phase, contains antimony oxide, such as Sb,O3 and
Sb,0O,4. The Gibbs energy (AG) of antimony oxide com-
pounds reacting with carbon at varying temperature was
calculated (Fig. 2). Obviously, these reactions can occur
spontaneously when temperature is maintained above
1200 °C because of their AG < 0. Therefore, it can be
concluded that antimony oxide can be reduced to Sb by
carbon while these reduction reactions are endothermic
reactions.

3 Experimental

Carbon-based direct reduction of the antimony smelting
slag was conducted in an electric furnace. Powder solid
slag (1 kg) and coal and slag modifier (CaO) at corre-
sponding weights were premixed and loaded in a graphite
crucible which was then put in the electric furnace. Carbon
used in the reduction process was added in the form of
metallurgical coal. The weight of metallurgical coal was
calculated considering the antimony in the slag as Sb,O3
and 85 wt% carbon in the coal. The crucible was taken out
and naturally cooled to room temperature in air after
100 min of smelting. The depleted slag and antimony alloy
in the crucible were manually separated, weighed, ground

Table 1 Chemical compositions of slag from oxygen-enriched bot-
tom-blown stibnite concentrate (wt%)
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Fig. 2 Relationships between AG and temperature in antimony
compound reactions
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in a vibrating mill and sampled. The contents of antimony,
iron and gold in the depleted slag and antimony alloy were
detected by chemical analysis.

4 Results and discussion
4.1 CaO added to slag

The slag is FeO—Ca0O-Si0O, slag system, and the contents
of iron and silicon in the slag are 20 wt% FeO and
23 wt% SiO,. To save energy and fully use the slag’s
thermal energy in industry at the same smelting tem-
perature, the same slag system was chosen. With such
high content of SiO,, however, polymerization occurs
readily between the silicate anions, thus producing three-
dimensional structures with high viscosity that may lead
to reduced fluidity and slow separation of the alloy from
the slag. In addition, high corrosion of the MgO-based
refractory may also result from the increased acidity of
the slag. For these reasons, any possibility of increasing
the SiO, content during the reduction process should be
considered. FeO can be added for that purpose as it helps
to lower the slag’s surface tension and viscosity by
breaking the polymerized chains. However, the FeO
content in the starting slag is already at a high level and
cannot be increased further during the cleaning process,
and thus, iron is not reduced into the metal phase.
Another option is to introduce lime into the slag. Lime is
a strong base that can reduce the solubility of weak bases
in the slag, therefore improving their activities by sub-
stitution. The ternary diagram suggests the mass ratio of
SiO; to CaO for the slag fusible at 1200 °C, and the ratio
was chosen as CaO/SiO, = 0.4.

The initial slag, coal and CaO were mixed and ho-
mogenized before charging into the furnace. The heating of
the loaded furnace up to 1200 °C took 100 min. To reduce
all Sb,0; in the initial slag into antimony alloy, the cor-
responding coal mass was 1.4 times the theoretically cal-
culated value. This consideration yields a ratio @ = coal
mass/coal mass by theoretical calculation. The same ex-
periment was conducted six times.

The corresponding gold and antimony chemical com-
positions of the residual slag after reduction and the metal
phases are shown in Fig. 3a and b, respectively. The slag
averagely contains 1.26 g-ton~' Au and 1.09 wt% Sb. The
slag contains 0.60-3.00 gton~' Au, and 0.60 and
1.90 wt% Sb. The average recovery of Au in the metal
phase is 98.69 %. These results show a good advantage to
recover the gold and antimony from the slag. However, the
iron contamination of antimony alloy becomes unaccept-
ably high in this case as the metal phases contain iron up to
10 wt% iron.
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4.2 Effect of coal amount

To reduce iron contamination in the antimony alloy,
w = 1.2, 1.4 and 1.6 were considered to elucidate the ef-
fect of coal values on metal recovery and iron con-
tamination. Each test was conducted twice, and the
chemical compositions are their average.

The corresponding chemical compositions of gold and
antimony in the residual slag after reduction and in the
metal phases are shown in Fig. 4a and b, respectively.
Clearly, the metal phases contain less Fe than those in
previous experiments, 1.23 wt% Fe in the case of = 1.2,
¢t = 80 min. It shows a rule of coal for the containment Fe
in the metal phase that the larger amount of coal results in
higher iron content in the metal phase. The slag averagely
contains 0.32 g-ton~' Au and 3.12 wt% Sb. The average
recovery of Au in the metal phase is 99.66 %. However,
the antimony content in the slag is high with the decreased
amount of coal.
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4.3 Slag type

There are two contradictions: (1) the antimony and gold
contents in residual slag, as low gold residual slag cor-
responds to high antimony; (2) the amount of coal and the
containment of iron in the metal phase, as less iron metal
phases need a low amount of coal but it results in an
antimony rich residual slag. The contradictions result
from high FeO in the slag with mass ratio of FeO/
SiO, of 87 %. In this experiment, SiO,, CaO and high »
of coal were added to reduce the contents of antimony
and gold in the residual slag and the iron content in the
metal phase. The slag system with mass ratio of SiO;:-
FeO:CaO = 45:27:18 and w = 1.4, 1.6 and 1.8 were
considered.

Figure 5a and b shows that after reduction under these
conditions, the residual slag averagely contains <I g-ton™ '
Au and <1 wt% Sb and the metal phase contains <7 wt%
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b B Au(g-ton™)

g 2001 B Sb(Wt%)
= N Fe(wt%)
= 160
[*)
g
£ 120
S
=]
S 80
[P)
B
=)
<2 40
=
<

0

1 2 3 4 5 6
Samples

Fig. 3 Chemical compositions of a gold and antimony in residual slag and b gold, antimony and iron in metal phase after reduction
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Fig. 5 Chemical compositions of a gold and antimony in residual slag, and b gold, antimony and iron in metal phase after reduction at different

 at mass ratio of SiO,:FeO:Ca0O = 45:27:18

wt% iron. The recoveries of Au in the metal phase are more
than 98 % in all experiments.

5 Conclusion

The recovery of Sb and Au through direct reduction of the
slag from oxygen-enriched bottom-blown stibnite concen-
trate is feasible. The initial slag, coal and CaO were mixed
and homogenized before charging into the furnace and the
slag averagely contains 1.26 g-ton™' Au and 1.17 wt% Sb.
The average recovery of Au in the metal phase is 98.69 %.
However, the iron contamination of antimony alloy be-
comes unacceptably high in this case as the metal phases
contains up to 10 wt% iron. The iron contents in metal
phases increase with mass ratio of coal (w). The lower ratio
yields a metal phase <1.23 wt% Fe. However, a rule of
coal for the containment iron in the metal phase is that a
greater amount of coal results in higher iron content in the
metal phase. However, the lower ratio of coal yields a high
content of antimony in the residual slag. In the slag system
with mass ratio of Si0,:FeO:CaO = 45:27:18, the residual
slag obtained after reduction under these conditions aver-
agely contains <1 gton”™' Au and <1 wt% Sb, and the
metal phase contains <7 wt% Fe. The recoveries of Au in
the metal phase are >98 % in all experiments.
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