International Journal of Minerals, Metallurgy and Materials
Volume 26, Number 10, October 2019, Page 1258
https://doi.org/10.1007/s12613-019-1867-9

One-step electrochemical reduction of stibnite concentrate in molten borax
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Abstract: In this study, antimony production from a stibnite concentrate (Sb,S;) was performed in one step using a molten salt electrolysis
method and borax as an electrolyte. Electrochemical reduction of the stibnite concentrate was performed at 800°C under galvanostatic condi-
tions and explained in detail by the reactions and intermediate compounds formed in the borax. The effects of current density (100—800
mA-cm 2) and electrolysis time (1040 min) on cathodic current efficiency and antimony yields were systematically investigated. During the
highest current efficiency, which was obtained at 600 mA-cm 2, direct metal production was possible with 62% cathodic current efficiency
and approximately 6 kWh/kg energy consumption. At the end of the 40-min electrolysis duration at 600 mA-cm™ current density, antimony

reduction reached 30.7 g and 99% of the antimony fed to the cell was obtained as metal.
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1. Introduction

Antimony is a white frangible metal with a very weak
heat and electrical conductivity that is used as a raw material
in many industries as an additive for hardening and corro-
sion inhibition properties to alloys. In particular, antimony is
used in copper, tin, and lead bearing alloys, and for increas-
ing the strength of lead anodes [1-3].

Although, there are more than 200 kinds of antimony
minerals in nature, stibnite (Sb,S;) is the most common and
most widely used mineral in antimony production. Antimo-
ny is produced from stibnite ores as a result of a multi-stage
pyrometallurgical process with high initial investment and
operating costs, often involving roasting, evaporation, and
carbothermic reduction steps. Firstly, a two-stage crushing
process is applied to the ores for size reduction and enrich-
ment. After crushing, the ore is prepared for flotation by be-
ing subject to ball mills and spiral classifiers. In flotation,
butyl xanthate, sodium diethyldithiocarbamate and shale oil
are generally used as collectors. After flotation, the sulfur of
the concentrate is incinerated at around 1000°C and the an-
timony oxide airborne material is collected using different
precipitators and filters. The reduction of the collected an-
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timony oxide is performed at 1200°C with charcoal in re-
verberatory furnaces. Soda, potash and sodium sulfate are
added to the charge to remove sulfur and gangue residues,
and to reduce antimony volatility [4-6]. During the produc-
tion of antimony using hydrometallurgical methods, anti-
mony compounds are first leached into alkaline (Na,S) or
acidic (FeCl;) solutions and then metallic antimony is pro-
duced by electro-winning. Hydrometallurgical methods are
not much preferred due to reasons such as low efficiency,
high operating costs, and excessive water consumption [7—8].
Metal production from sulfide compounds via electrometal-
lurgical methods has been the focus for many years due to
the low theoretical energy requirement [9—10]. The fact that
metal sulfides have a very high electronic conductivity in
the molten state ensures that the short circuits occurring in
the electrolysis of sulfide compounds. In order to prevent
the short circuits, ionic conductivity-enhancing additives are
required in the electrolyte, and chlorinated and sulfide
compounds are generally used [11-12].

As an alternative to conventional metal production me-
thods, metal production from oxide/sulfide compounds us-
ing calcium chloride as an electrolyte was suggested to be
possible by electrochemical reduction, without melting or
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dissolution, using the FFC Cambridge process, which de-
pends on high-temperature molten salt electrolysis based on
titanium production from titanium dioxide. As a result, met-
al production via electrometallurgy and oxide/sulfide struc-
tures gained new momentum in the late 1990s [13]. In the
FFC Cambridge process, pelleted and sintered solid metal
oxide/sulfide compounds are cathodically polarized and the
metal solidified on the cathode. The sintering temperature,
porosity, and electrolysis time have a significant effect on
the conversion of the metal compounds to metal [14].
Molten salt electrolysis processes are now used in many
areas such as metal [15], alloy production [16] and refin-
ing [17]. As a result of these developments, studies on
electrochemical production of metal (molybdenum [9,18],
titanium [19], vanadium [20], aluminum [21], tungsten [22],
copper [11,23-27], and antimony [28-34]) from metal sul-
fides in chloride- and alkaline-based electrolytes, have been
accelerated.

The antimony production from antimony sulfide via elec-
trolysis is noteworthy in studies on antimony production using
different electrolytes (Sb—Sb,S;[29], NaCl-KCI-Na,S [30],
NaOH [31]). Due to the low melting point of antimony sul-
fide (550°C) and antimony (630°C), they are in liquid form
at the reduction temperature, allowing for the fast produc-
tion of metal in one step starting from sulfide compounds.
Yanagase and Derge [29] studied the electrochemical reduc-
tion of antimony sulfide and obtained the highest current ef-
ficiency of 56% at 635°C in their study using the Sb—Sb,S;
electrolyte at different temperatures above the melting point
of the antimony. Moreover, using the NaCI-KCI-Na,S elec-
trolyte for Sb,S; reduction, Yin et al. [30] determined that
the cathode potential shifted to more negative values and the
cell voltage increased with a reduction in raw material in
reduction processes at a constant current density of 500
mA-cm? at 700°C. At a current density of 500 mA-cm?,
the current efficiency was 88% and the energy consumption
was 1.5 kWh/kg Sb. Furthermore, Qu et al. [31] reduced

Sb,S; compounds into pellets in NaOH electrolyte at 120°C,
reporting the production of powder antimony at a current ef-
ficiency of 90%.

Halide-based electrolytes used in reduction studies on
oxide/sulfide compounds are operated under potentiostatic
conditions considering the decomposition voltage of elec-
trolytes. In the present study, antimony was produced from a
stibnite concentrate under galvanostatic conditions in borax
electrolyte, which is inexpensive and stable under electroly-
sis conditions. The use of an oxide-based borax electrolyte
eliminates the toxic gas emission caused by halide-based
electrolytes. Additionally, since a degrading compound is
not used, galvanostatic conditions can be performed under
experimental conditions. Another benefit of borax as an
electrolyte is the low amount of impurities (FeS,, PbS, SiO,)
within the concentrate should serve as a flux, reducing the
processes required to purify the concentrate, contributing to
the production of metallic antimony at technical purity. Fur-
thermore, compared with halide-based electrolytes, such as
BaCl,, CaCl,, and NaCl, molten borax offers a low vapor
pressure, low corrosivity, and easy handling due to its stable
structure at relatively high temperatures.

2. Experimental

Since the outcomes of the study were aimed at industrial
application, technical quality materials were used and their
properties are given in Table 1. The chemical and phase
analyses of the stibnite concentrate (Sb,S;) obtained from
Eti Bakir Halikdy Isletmeleri are also shown in Table 1.

A schematic representation of the setup and reaction cell
used in the experimental studies is shown in Fig. 1. Borax
was fed to the graphite crucible and heated to 800°C at a
rate of approximately 10°C/min in the medium frequency
induction furnace (50 kHz, 30 kW, 40 A), and was main-
tained at 800°C for 30 min. During the experiment, the cell
was swept with 50 mL/min argon.

Table 1. Materials used in electrochemical reduction experiments

Material Specification
69wt% Sb, 1wt% Fe, 0.15wt% Pb
Sb,S; (550°C ’ ; ’
s ( ) 0.95wt% Si, remaining wt% S
Dehydrated borax .
Technical
(Na,B,0,)(743°C) echnical grade pure
Cathode Graphite crucible, ¢45 mm,
h 100 mm
Anode Graphite rod, $16 mm
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Fig. 1. Schematic illustration of the experimental setup (a) and reaction cell (b). @ —Fume hood; ® —Data acquisition system;
© —DC supply; @ —Furnace controller; (© —Induction furnace; () —Alumina vessel; (@) —Graphite crucible cathode;
® —Graphite rod anode; (D —Gas outlet; () —Gas inlet; ® —Argon cylinder; D —Gas washing bottle.

The effect of time on the electrochemical reduction of
stibnite concentrate in molten borax electrolyte was investi-
gated using the same amount of homogeneous material in all
experiments at a constant reaction temperature of 800°C and
the most ideal current density (100-800 mA-cm?) of 600
mA-cm 2. All experiments were conducted under galvanos-
tatic conditions. The anode immersion depth was deter-
mined by considering the densities of the crucible feeds
[borax electrolyte (2.4 g/cm’)] during electrolysis, and the
relative positions of the matte phase [Sb,S;, antimony sul-
fide (4.5 g/cm’)] and antimony (6.7 g/cm’). The anode was
placed on the antimony sulfide matte in the electrolyte to
prevent short circuit due to the metallic antimony.

The materials produced in the experimental studies were
characterized using an X-ray diffractometer (XRD, Siemens
D5000) and a scanning electron microscope with an ener-
gy-dispersive X-ray spectroscopy.

3. Results and discussion

3.1. Effects of current density on antimony yield and
current efficiency

Since the amount of current is directly reduced by Fara-
day’s Law in electrochemical reduction processes, the
amount of antimony reduced at different current densities
was investigated at a constant temperature of 800°C and a
constant electrolysis duration of 10 min. The results are
shown in Fig. 2. The antimony yield was determined by the
ratio of the amount of antimony produced at the end of elec-

trolysis to the amount of primary antimony in the antimony
concentrate.
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Fig. 2. Variations of antimony yield and the amounts of anti-
mony recovery in experimental and theoretical at different
current densities in molten borax at 800°C for 10 min.

Unsurprisingly, the amount of metal reduced by increas-
ing the amount of current applied to the current density,
while the current efficiency at high current densities contin-
ued to slightly increase. At low current densities, while the
theoretical values remained close to each other, the differ-
ence between the theoretical and experimental values in-
creased with an increase in current density. The empirical
Eq. (1) can be generated from the amount of metal (msgy,) re-
duced and the applied current densities (7).
mg,=0.0134i-0.1439 100 mA-cm™ < i < 800 mA-cm
(800°C, 10 min) @)

The changes in cathodic current efficiency and energy
consumption with current density are shown in Fig. 3. The
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cathodic current efficiency slightly increased with increas-
ing current density up to 600 mA-cm>; however, it did not
change at 800 mA-cm* after reaching its highest value of
62% at 600 mA-cm . In terms of possible cathodic reac-
tions, the increasing polarization values, due to the applied
current density, are more basic, but play an activating role in
the reduction of sodium, which is infinite at the boundary of
the electrode/electrolyte. Yanagase and Derge [29] obtained
the highest current efficiency of 55% at a current density of
500 mA-cm* using an Sb—Sb,S; electrolyte. In addition, in
a study using a Na,S—Sb,S; electrolyte and different ratios
of Na,S, Colom and de la Cruz [32] found that the sodium
ions present in the electrolyte caused a decrease in current
efficiency. The literature shows that current efficiencies can-
not exceed 60% with sodium ions present in the electro-
lyte, with the only exception to this being the work by
Yin et al., [30], which was conducted under galvanostatic
conditions and the cell voltage values were terminated by
electrolysis without reaching Na,S reduction. With respect
to the relationship between current density and energy con-
sumption in the present study (Fig. 3), these parameters con-
tinued in parallel up to 600 mA-cm >, while the current effi-
ciency was reduced at 800 mA-cm* and the energy con-
sumption continued to increase. Therefore, there was no
need to increase the current density further, and no higher
current densities were investigated.
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Fig. 3. Variations of cathodic current efficiency and energy
consumption vs. applied current density at 800°C for 10 min.

Considering the relationship among the amount of metal
reduced, cathodic current efficiency, and applied current
density, the reason why the current efficiency cannot be in-
creased further is due to the formation of Na,S in the elec-
trolyte together with the reduction of antimony and the re-
sulting occurrence of Na reduction in the cathode. This situ-
ation is not specific to the borax electrolyte and also occurs
with halide-based (CaCl,) electrolytes of the oxide/sulfide
compounds in the electrochemical reduction of intermediate
compounds (solid CaV,04[15], CaS [23]). Considering that

a borax-based electrolyte was used and all products resulting
from reduction were in the liquid form and ionic at the
working temperature in accordance with the reactions (Egs.
(2)—(5)) given below, liquid Na,S formation is possible via
reaction with Na" at the phase boundary of the S* ions (Eq.
5) resulting from cathodic reduction. By precise XRD anal-
ysis of the antimony matte on the molten antimony, it was
determined that the formed Na,S reacted again with Sb,S; in
the liquid to produce NaSbS, (Na,S.Sb,S;) (Eq. 10) in the
electrolyte structure (Fig. 4). Due to cathodic reduction of
the low viscosity liquid phase at the phase boundary, ca-
thodic sodium reduction (Eq. 9) occurs, and accordingly, the
effective current efficiency for antimony is not increased at
the targeted rate.
Dissociation-ionization:

2Na,B,0; = 2Na,B,0, + 2B,0, )

Na,B,0,=2Na"+ B,0;” 3)

Sb,S; =2Sb*" + 38+ )

2Na"+ S* =Na,S )
Anode:

S =1/28)(g) +2¢7, AG® gypoc =—474.743kI/mol  (6)

B,0; =B,0;+1/20, + 2¢~ (7)
Cathode:

Sb**+3¢ =Sb, E® =-0.262V,

AG® gy = 303.431 kJ/mol ®)

Na'+e =Na, E® =-2.84V,

AG® gopoc = 274.661 kJ/mol ©)
Chemical reactions:

Na,S + Sb,S; = Na,S-Sb,S; (10)

6Na + Sb,S; = 3Na,S + 2Sb,

AG® gop0c =—737.005 kJ /mol (11)

The gas emissions that may occur in the system were
examined in detail in light of thermodynamic and literature
data. The ionized S* in the cathode reached the anode and
was oxidized to Sy(g):
0.55x(®) + Ox(2) =SOx(8). AG® gqec =~283.576 kl fmol (12)
2C+04(g) =2CO(g), AG® gypoc =—413.464 kJ/mol  (13)
C+0, (g) = COx(g), AG® gypec =—395.938 kJ/mol (14)
C+85(g) = CSx(g), AG® gypoc=—17.814 kJ/mol (15)
2C +Sx(g) =2CS(g), AG® gypoc = 235.404 kJ/mol (16)

In examining the possible reactions on the graphite anode
surface, the formation of CS does not seem possible due to
the thermodynamically positive AG® value. Although CS,
formation seems possible due to the negative AG® value,
it is unlikely to occur when CO, and CO are considered,
which have highly negative AG® values [9]. Due to the
low evaporation temperature, the easily evaporating sulfur
can be discharged elementally without forming compounds
at operating temperatures. The gas emission of the cell was
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investigated with EDS by condensing it on the cold plate to
determine the easily condensed sulfur that passed into the
gas phase due to the low evaporation temperature. Since the

(a) +

s 8]
[~ f=]
~ =
z 5
E g
2L
o . M I =

MJLMJ\.J JJ VJ'LJJ;IULLL_I.‘MU-%;MWM.A,

10 20 30 40 50 60 70 80

20/ (°)

Int. J. Miner. Metall. Mater., Vol. 26, No. 10, Oct. 2019

possible carbon and sulfur oxide compounds were not able
to condense on the plate, only the elemental sulfur emission
was determined from the EDS results (Fig. 4(b)).
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Fig. 4. XRD pattern (a) of the sodium antimony sulfide (NaSbS,) and EDS analysis (b) of the condensed exhaust gases on the sur-
face of the cold upper part of graphite crucible (current density of 600 mA-cm™ at 800°C for 40 min).

In studies using halide [30] and alkaline-based [31] elec-
trolytes for electrometallurgical antimony production, the
necessity of working under the decomposition voltage of the
electrolyte significantly influences the current density, and
thus the production speed. Alternatively, the system devel-
oped with the use of a borax-based electrolyte has no cell
potential limitations. Cell potential changes occurring with
increasing current densities under galvanic conditions were
recorded digitally over the course of the electrolysis period.
Increasing the applied current density from 100 to 800
mA-cm* during the experiment resulted in an increase in
cell voltage from 1.6 to 7.1 V, and the fluctuations (+0.3 V)
became limited (Fig. 5). An unexpected voltage rise at any
current density was not detected to indicate passivation.

In molten salt electrolysis processes, many factors such
as the anode, cathode position, and electrode surface area
can affect the cell potential. In the present study, a standard
molten salt system was used, and it is possible to reduce the
cell potential and unit energy consumption using a more
suitable cell design [33].

Cell voltage / V

S = N W ke N3
T

50 150 250 350 450 550 650 750 850
Current density / (mA-cm™)

Fig. 5. Variations of cell voltage at different current densities
at 800°C for 10 min.

The microstructure of the sample obtained at the highest
current efficiency, at a current density of 600 mA-cm 2, was
examined using optical and electron microscopy, and the
presence of randomly-distributed point structures in the tex-
ture was determined. Examination by EDS revealed that
there were unreduced antimony sulfide structures (Table 2).
The point structures contained 76% antimony and 24%
sulfur, while the main matrix did not contain impurities or
electrolyte contamination in the concentrate, with 100%
Sb.

Table 2. EDS analysis taken from the marked points in the

SEM image in Fig. 6(b) wt%
Region Sb S
1 76 24
2 100 0

Due to the density difference of antimony, sul-
fur-containing structures caused the antimony, antimony
sulfide, and electrolyte to be separated by sharp boundaries;
thus, the experiment was interrupted and the position of the
materials in the crucible investigated. According to Fig. 7,
the antimony, matte phase, and electrolyte of the material in
Fig. 1(b) are in accordance with the cell design, which was
formed by considering the density differences in the cell,
and the density of NaSbS, (3.5 g/cm’) caused by the chemi-
cal reaction of Sb,S; with Na,S was not a problem in the
sharp separation of the phases taking place between the an-
timony and the borax electrolyte. Regarding the density dif-
ference from the cell cross-sectional view shown in Fig. 7,
when considering the antimony, sodium antimony sulfide
(NaSbS;) and the electrolyte in the cell appear to be sepa-
rated by sharp boundaries. The electron microscopy images
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in Fig. 6 clearly show the presence of unreduced structures
in the texture, which indicate that these phases entered the
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antimony structure by physical effects during movement in-
side the cell and casting to the graphite mold.

pm
xV

Fig. 6. Metallographic (a) and SEM (b) images of the samples synthesized at 600 mA-cm for 10 min in molten borax at 800°C.

& v
o
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Fig. 7. Cross-sectional image of the direct electrochemical
reduction cell of antimony produced from Sb,S; with borax
electrolyte.

3.2. Effects of electrolysis time on antimony yield

To observe the changes in anodic passivation, the current
efficiency, and metal recovery efficiency that may occur
over a long experimental time, the effect of electrolysis time
was investigated by conducting experiments at a current

Intensity / a.u

20

density of 600 mA-cm 2, corresponding to the highest cur-
rent density, at 800°C for 10—40 min. During the experi-
ments, the cell voltage was observed and no phenomena in-
dicating anodic passivation were found. Antimony yield and
the amount of metal recovered (Fig. 8) increased linearly
with increasing electrolysis time, and after a 40-min elec-
trolysis period, the antimony yield increased to 99% and the
amount of antimony extraction reached 31 g.

At the end of 40 min, the structure of the cathode product
obtained by reducing all if the stibnite concentrate fed to the
cell was examined by electron microscopy (Fig. 9(a)) and
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Fig. 8. Variations of antimony yield and amount of extracted
antimony vs. electrolysis times at 600 mA-cm™and 800°C.
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Fig. 9. SEM image (a) and XRD pattern (b) of the cathode product after 40 min of electrochemical reduction at 600 mA-cm™ in

molten borax at 800°C.
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XRD (Fig. 9(b)). The antimony did not contain any oxidized
or sulfurous impurities. As the electrolysis time was in-
creased to 40 min, the cathode product was not contami-
nated by the sulfurous phases during the casting process,
and the unexpected sulfurous structures that were clearly
visible in Fig. 6 disappeared. This is important in terms of
recognizing a sufficient time for the separation of phases in
industrial production, and the fact that the molten metallic
antimony is removed from the bottom of the cell and conti-
nuous metallic antimony production by the sulfurous phases
is ensured.

4. Conclusions

In this study, antimony extraction from antimony sulfide
using the direct electrochemical reduction method was car-
ried out with an oxide-based borax electrolyte, which is sta-
ble under electro-reduction conditions and does not generate
environmentally toxic emissions. The experimental results
can be summarized as follows:

(1) During electrolysis, Na,S formed by intermediate
phase reactions, and Na,S combined with Sb,S; to form the
NaSbS, melt phase and reduction was carried out through
this intermediate compound.

(2) At a current density of 600 mA-cm?, at which the
highest current efficiency was obtained, antimony was pro-
duced, consuming approximately 6 kWh/kg energy with
62% cathodic current efficiency.

(3) At a current density of 600 mA-cm~, the antimony
yield reached 99% at the end of the 40-min electrolysis pe-
riod, while the sulfur content of the reduced metal was zero.

(4) With borax used as an electrolyte, NaSbS, formed at
the start of electrolysis, and the product was sorted by den-
sity difference. As a result, continuous production is possi-
ble without changing the electrolyte by removing antimony
from the bottom.
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