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Abstract

Metallic antimony production from antimony-bearing materials is a research hotspot. The conventional electrowinning
technology of antimony is a challenging problem due to the sulfur compounds that come from both the ore itself and the
leaching solution in the electrolysis system. The electro-production of antimony in modified non-diaphragm cells is of
interest because of the high price and maintenance issues associated with diaphragm cells.

A sulfur-based problem in non-diaphragm cells was the focus of this study, which investigated the effects of various salts
on this problem and also optimized antimony production conditions. Various salts (i.e., BaCl, CaCl, Ba(OH), Ca(OH),)
were used as a precipitating agent for the formation of insoluble salts (BaSO /CaSO,, and BaSO /CaSO,). Sb concentration,
amount of NaOH and Na,S in the bath, electrowinning time, and temperature were investigated to optimize reaction
parameters. The Taguchi experimental design was used to determine the effect of each factor on the Sb deposition. The
phases and structures formed during electroproduction were identified with the help of various measurement techniques.
This study found that in the presence of 96 mM BaCl, 45 g/L of Sb concentration, 100 g/L of NaOH, and 60 g/L of Na,S
were the most suitable factors. It was found that 40 °C was the optimal electrowinning temperature. This result also

demonstrated that increasing concentrations of BaCl, reduced specific energy consumption.

Keywords: Antimony; Electrochemical process,; Metallic salts,; Precipitation

1. Introduction

As a significant key non-ferrous metal, antimony
plays an important and leading role in the
development of flame retardant materials; it is also
used as an alloying metal in lead alloys, in lead-acid
batteries, as a catalyst and stabilizer in plastics
fabrication, and as an additive in glass and ceramics.
Until recently, antimony has been found in over 100
different mineral species, but stibnite (Sb,S;) has been
accepted as the principal ore mineral. Owing to the
availability of a crisis for the whole of the industries,
all raw materials, even when not classed as critical,
can be more necessary for a sustainable world
economy [1]. The term ‘critical materials/metals’ is
used, preferably when it comes to raw materials
heavily dependent on imports and minerals. Up to
now, the EU and the USA have included antimony as
critical metal in their list. Right now, the EU and the
USA get most of this mineral from China and Russia
that control more than 80 percent of the world’s
antimony production. Antimony has not been added to
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the list of Brazil and Japan [1-4]. Being one of the
critical raw materials on the EU’s list, around 43% of
antimony (in the form of antimony trioxide) is
employed in the manufacturing of flame retardants.
Another important usage area of the metalloid,
accounting for about 32% of global antimony
utilization, is the alloying of lead metal for bearing
hard-lead alloys in the manufacture of lead-acid
batteries [5-7]. Other usage areas are the fabrication of
low-load bearings used in the automotive sector, in
addition to the assembling manufacture of household
and decorative items such as teapots, vases, and lamp
stands. Additionally, tin-lead-antimony solders are
utilized broadly in the electronics industry.

The use of antimony can be investigated in four
sections: semiconductor manufacturing, high-capacity
batteries, critical minerals, and pharmaceuticals.
According to published studies of antimony for
strategic technologies and sectors in the world.
Antimony will play a key role in achieving a more
sustainable future powered by renewable energy. For
these reasons, to supply high grade Sb,O, or other
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compounds of antimony, the metallic antimony
production process should be investigated and/or re-
designed with environmentally friendly and
straightforward updates [6, 8].

Up to now, the extraction of metallic antimony has
been carried out in both pyrometallurgical and hydro-
electrochemical processes [8-10]. The principle
production process of metallic antimony is the
pyrometallurgical method that contains roasting and
subsequently direct reduction steps. Due to the high
producing cost along with the implementation of more
strict environmental rules by the governments, hydro-
electrochemical technology is more popular than
others. However, the hydrometallurgical process is to
be reasonable if ore contains precious metals. For
example, Sunshine Mining Co. used a similar method
to separate valuable metals from antimony [9].

Even though there are some applications based on
molten salt and acidic media electrolysis of antimony
[11, 12], conventional processes are carried out in
alkaline media because of the selective dissolution of
antimony [10, 13-16]. According to the alkaline-based
hydrometallurgical process, stibnite ore is leached by
the combination of sodium sulfide (Na,S) and sodium
hydroxide (NaOH) for the selective dissolution of
antimony. The residue of the leaching process
contains a high quantity of precious metals such as
gold and silver. Metallic antimony can be produced
from the filtered antimony-rich solution by
electrolysis. Interestingly, nowadays electro-
production of antimony has been preferred over the
low-grade antimony ore [16]. For instance, J.C.
Jiménez-Lugos et al. [17] recovered metallic
antimony from spent lead-acid battery terminals
through metallurgical process.

The industrial electro-production of antimony uses
diaphragm-cell electrolysis including at the Sunshine
Mining Co. The diaphragm-cell electrolysis is
specific electrolysis that separates the electrolyte into
two parts, i.e., the anolyte and the catholyte [18].
During the electro-production of antimony, sulfur is
oxidized in several stages and forms polysulfides,
sulfates, sulfides, and thiosulfate. This reduces the
antimony deposition efficiency. Thus, the diaphragm
is used to prevent these sulfur species from migrating
toward the cathode surface [6, 8]. However, recent
research focuses on non-diaphragm cell electrolysis
because of the high maintenance cost of diaphragm-
cell electrolysis. The first non-diaphragm cell
electrolysis process was patented in 1940 by Holmes
[19]. The barium ions were precipitated as the
oxidized sulfur species in the form of barium sulfate
in the bath. Afterwards, the first industrial application
on the barium salt was carried out by Sunshine
Mining Co. in 1942. In this process, the soluble
barium salts (e.g. BaCl,) could be used to remove the
oxidized sulfur species during antimony electro-

deposition. However, the process was initially carried
out in diaphragm-cell electrolysis.

The first non-diaphragm cell electrolysis of
antimony from an alkaline sulfide solution was
introduced by Lindstrom [20]. The SO,* anions that
occurred during electrolysis on the anode surface
reacted with Na" cations to form a saturated Na,SO,
solution. The excess Na,SO, was precipitated and
removed from the solution to overcome the
decreasing current efficiency caused by sulfur
oxidation. However, this process was not sufficient
because of the formation of polysulfides and
thiosulphates due to low current efficiency [21]. The
other electrochemically antimony production from
alkaline sulfide solution using non-diaphragm cell
electrolysis was conducted by Anderson, Nordwick
[9]. According to this process, leached antimony was
crystallized and re-dissolved in NaOH solution to
remove the sulfur species from the solution. This
process is useful in removing sulfur species, but an
extra precipitation step is still required for the process.
A recent study on metallic antimony production with
non-diaphragm cell electrolysis from alkaline sulfur
solution was studied by Awe and Sandstrom [21]. In
that study, the oxidation of sulfur ions was prevented
by increasing the anode current density, which
preferably led to oxygen evolution instead of the
oxidation of sulfur ions. Around 90% of the cathode
current efficiency was obtained using 10 M NaOH.

When the salt chloride is used as precipitating agents
in order to precipitate sulfur species in the bath, the
accumulated chloride ions in the bath could be removed
from the solution using a reverse osmosis filtration
system after repeated electrodeposition. The reverse
osmosis filtration system is a cost-effective solution to
provide plenty of chlorine-free drinking water for a
household. The chloride ions are captured in the Granular
Activated Carbon (GAC) filter in the filtration system.

As summarized from the literature, diaphragm cells
are used to prevent the oxidized ions from migrating
towards the cathode side, but the high cost and
maintenance problems of diaphragm electrolysis cells
were observed. The effect of various salts (BaCl,,
CaCl,, Ba(OH),, Ca(OH),) in the non-diaphragm bath
was studied here. According to this process, various
salts were used as precipitating agents for the formation
of MeSO, and MeSO, (i.e., Me: Ba™ or Ca™) salts to
overcome the detrimental effect of the oxidized sulfur
ions. Additionally, Sb concentration, amount of NaOH
and Na,S quantity in the bath, electrowinning time, and
temperature were investigated. The Taguchi
experimental design was used to understand the effect
of each factor on the Sb deposition.

2. Theoretical Background

The primary cathodic reaction for the antimony
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electrodeposition process from alkaline sulfide
solution is shown in equation 1.

SbS,” + 3¢~ — Sh°+ 357 E=-0.900 V (1)

As in all electrometallurgical processes, the main
reason for the decrease in efficiency is the undesired
side reactions that takes place instead of equation 1.
Some of the major undesired side reactions that
reduce the electrolysis efficiency are given in
equations 2-4.

H,O + e > 1/2H,, + OH" E =-0.828V (2)

ShS;} +2e — SbS, + S E =—0.660V  (3)
S0 + 2 > 8 + SO E =—0.631V 4)

The hydrogen gas formation reaction is the
common undesired reaction of all electrodeposition
processes. Equation 2 shows the formation of
hydrogen gas for alkaline solutions. Fortunately, this
reaction can be inhibited when the Sb concentration in
the solution is more than 20 g/L [21]. Another
undesired side-reaction that causes unnecessary
energy consumption on the cathode surface is the
reduction reaction of Sb (V) to Sb (IIl), shown in
equation 3. Pentavalent Sb in solution is formed by
the oxidation of trivalent Sb by thiosulfates according
to equation 5 [6].

5,0 + SbS;” — SbS,” + SO (5)

As a result, the thiosulfate formed during the
electrolysis is directly responsible for the undesired
cathodic reaction indicated in equation 4 and
indirectly responsible for the undesired cathodic
reaction indicated in equation 3.

The main oxidation reactions occurring at the
anode, including the formation of thiosulfate, which
reduces the yield in antimony electrolysis, are
represented in equations 6 -12.

40H — 2H,0 + O,+ 4¢ E =—04011V (0

S* > 8°+ 2 E=-0476V )

ST+ 87— 8, @®)

S,* + 60H — 5,0, + 3H,0 + 6¢ )
E=-0353V

S* + 60H — SO + 3H,0 + 6e (10)
E=-0598 V

S* + 80H —> SO + 4H,0 + 8¢ an
E=-0.679V

S,0," +100H™ — 250" + 5H,0 + 8¢ (12)

E=-0.799 V

Equation 6 describes the typical oxygen gas
evolution reaction in alkaline solutions. It is the
desired reaction since there is no oxidation of sulfur.
On the other hand, thiosulfate formation is indicated
in equation 9. Here, thiosulfate is formed by the
oxidation of polysulfide as shown in equations 7 and
8. Other anodic reactions, which are not preferred to
occur thermodynamically due to their low oxidation
potentials, are shown in equations 10, 11 and 12.
Since these reactions do not contribute to the
formation of thiosulfate, they increase the efficiency
of antimony electrodeposition. Awe et al. reported that
the increase in the anodic current density causes these
reactions to occur preferentially, which does not
contribute to the formation of thiosulfate. In this
study, a new method to prevent the formation of
thiosulfate is proposed. Decreasing the sulfate and
sulfide concentrations in the solution increases the
oxidation potentials of equations 10, 11, and 12,
which  allows these reactions to occur
thermodynamically. In order to reduce the
concentration of sulfate and sulfite, the cation that
forms insoluble compounds with sulfate and sulfide is
added to the electrolyte.

In addition, our hypothesis can be supported by Le
Chatelier's principle. The overall reaction of the
electrolysis process is given in equation 13.
According to Le Chatelier's principle, a decrease in
sulfate concentration causes the reaction to proceed to
the right.

8SbS,” + 240H — 8Sb"+ 218> + 350,>
+ 12H,0

Fig. 1 shows that sulfur is more stable in the form
of SO, in alkaline media, which oxidizes Sb (III) to
Sb (V).

There are two main approaches to overcoming the
problem of antimony.

The first is to prevent the migration of oxidized
sulfur to the cathode side, which is diaphragm cell

(13)

E {volts)

Figure 1. The Eh-pH diagram for the S-H,O system
collected from FactSage Program 6.3 [22]
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electrolysis. In this method, an oxidized sulfur species
accumulates only on the anolyte side of the electrolyte
because of the diaphragm of the cell. Thus, an
oxidized sulfur-free catholyte is obtained.

The second approach is to prevent the oxidation of
sulfur by increasing the anodic current density. In this
method, oxygen evolution becomes more favorable
than sulfur. Preventing the oxidation of the sulfur
inhibits the undesired antimony oxidation, which
increases the Sb deposition efficiency. A higher
amount of NaOH present in the solution ensures
oxygen evolution.

3. Materials and Methods

Antimony (III) oxide (Sb,0,) was used as an
antimony source (CAS Number: 1309-64-4 and
Product No. 1.07836). Table 1 shows the chemical
assay of the purchased material.

Table 1. The chemical assay of Antimony (III) oxide

Parameters Specification (%)
Assay (bromometric) >99.0
As <0.03
Ca <0.002
Cu <0.002
Fe <0.003
K <0.002
Na <0.002
Pb <0.025

The first step of the experimental procedure was
the leaching of Sb,0, in the combination of Na,S and
NaOH solutions. For example, an alkaline sulfide
solution was prepared by dissolving 15 g of NaOH

Figure 2. The Experimental setup (1.The electrolysis cell;
2.The power supply;, 3.The magnetic stirrer;
4.Data-logger;  5.Camera  for recording
experiments; 6.Computer connected with the
data-logger to record data during the
experiment)

pellets in 1L distilled water followed by the addition
of 50 g of Na,S flakes. Afterwards, an 30 g of Sb,0,
(i.e. 15 g/L of Sb**) was added to the leaching solution
at room temperature and the mixture was
mechanically / magnetically stirred for 15 minutes for
the complete digestion of Sb,O,. The suspension was
filtered, and the filtrate was wused for the
electrodeposition  studies.  Electro-deposition
experiments were conducted in 100 mL borosilicate
beakers. Being inert in alkaline solutions, 316
stainless steel plates were used as both the anode and
the cathode. The experimental setup is given in Fig. 2.

Before starting the experiment, the initial weight
of the electrode (i.e., cathode) was recorded, and the
necessary amount of precipitating agent salt was
added to the electrolyte solution. The concentrations
of the precipitating agents were chosen as mM
(millimolar). For all experiments, the distance
between electrodes was held at 1 cm via a custom-
designed cap containing a doubled slit, and electrodes
were connected to a power supply (Unit
UTP3315TFL) for electrochemical experiments. A
digital multi-meter, Unit UT 181A True RMS, as well
as a data-logger, were used to monitor the change in
voltage of the electrolysis cell; the current output was
checked with a higher precision amp meter. Only 30
cm? of the marked electrodes were immersed in the
electrolyte to obtain 47.6 A/m?* and 95.2 A/m? current
densities, respectively. All experiments were initiated
after the electrolyte reached the desired temperature.
The temperature was adjusted with a hot plate and
measured with a thermometer. The magnetic stirrer
was used to mix the electrolyte.

After completing the electro-deposition process,
the cathode was rinsed with distilled water to remove
the spent electrolyte from the surface of the electrode
(See Fig.3). After the cleaning process, the Sb-coated
cathode was dried in a drying oven for 4 hrs. at 100
°C. The weight of the Sb-coated cathode was
measured to five decimal points to ascertain the
quantity of the accumulated antimony on the cathode
surface.

Figure 3. The picture of Electrodeposited Antimony on the

cathode
BY SA
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The spent electrolyte was then filtered, and the
antimony concentration remaining in the solution was
determined by Atomic Absorption Spectrometry
(AAS); the produced antimony sponge was
characterized by X-ray Fluorescence (XRF), X-ray
Diffraction (XRD), and Scanning Electron
Microscope (SEM).

The Sb deposition efficiency (%) was calculated
according to the equation below:

m..
Sb deposition efficiencu (%) =—222" 100

theoretical

(14)

Where, m is the weight of deposited Sb for
experimental and theoretical.

Furthermore, the theoretically expected amount of
antimony was calculated according to the Faraday law
given below:

MxIxt
zxF

(15)

theoretical ~—

Where, M is the atomic mass of Sb (121.76 g/
mol), I is the current in ampere, t is the time in
seconds, z is the required electron number for one
antimony atom (3 in our case), and F is the Faraday
constant (96485 Coulomb).

On the other hand, consumed energy (E) during
the electrolysis was calculated according to the
equation given below:

E=VxIxt (16)

Where, V is the Volt, I is the current in ampere,
and t is time in hrs.

The specific energy consumption Es was
calculated by:
E
E =
: mdeposized ( 1 7)

Where, E is the energy consumed and m is the
weight of deposited Sb.

Seven variables were determined to investigate the
Sb deposition efficiency. These variables and their
levels are represented in Table 2.

The additives to be used in the production of
antimony by the electroproduction process were
compared to determine the most suitable additive.
These experimental series were carried out to
compare the precipitating agents’ effect on Sb
deposition. For this context, BaCl,, CaCl,, Ba(OH),,
and Ca(OH), salts were selected as precipitating
agents. The oxidation of antimony was prevented by
precipitating agents occurring insoluble sulfate/sulfite
salt of them during the electro-production process.
The quantities corresponding to 48 and 96 mM of

Table 2. Variables of antimony deposition and their levels

Parameters 1 2 3 4
Sb (g/L) 15 25 35 45
NaOH (g/L) 100 200 | 300 | 400
Na,S (g/L) 60 80 100 | 120
Time (hrs) 1 3 6 9
Cathodic Current Density
(A/m?) 47.6 | 95.2 - -
Temperature (°C) 25 40 55 70
Precipitating Agent Salt 0 24 48 9%
(mM)

each sample were weighed and added to the
electrolysis cell.

4. Statistical Design

A traditional full factorial experiment design
requires thousands of experiments if the number of
parameters is high enough. On the other hand, the
Taguchi experimental design is widespread and much
easier to implement, especially for the optimization of
experiments [23]. There are eight steps to performing
the Taguchi experimental design. The first step is the
selection of response variables to be optimized. The
second step is the determination of parameters that
affect the output variable. The third step is selecting a
suitable orthogonal array in consideration of some of
the parameters and levels of these parameters. The
fourth step is to match the parameters with the
selected orthogonal array. The fifth step is to perform
the experiments. The final step is to analyze the
results in consideration of signal-to-noise ratio (S/N)
and to determine the impact of the various parameters.
There are three calculation approaches for the Taguchi
experimental design: “smaller-the-better”, “nominal-
the-better”, and “larger-the-better”. The most suitable
levels of parameters are then determined. Finally, the
confirmatory experiment is performed to determine if
the analysis result is compatible with the real value
[24]. All parameters except cathode current density
had four levels. The cathode current density has two
levels. Thus, an L32 mixed orthogonal array was
selected to perform the experimental design. The main
goal of the study was to achieve the highest Sb
deposition efficiency. Thus, the S/N ratio was
calculated according to the “the larger-the better”
approach.

S IS 1
F = —10g10|:—z—2:|

nio Vi

Here, y, represents the current efficiency value of
the performed experiment, and n represents the total
number of experiments (n=32). Minitab software [25]
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was used for both the preparations of experimental
design and the analysis of experimental results.

5. Results and Discussions

Before starting the Taguchi experimental setup,
the precipitating agent effects on the Sb deposition
were investigated in detail. A new process was
designed to deposit Sb with environmentally friendly
electro-extraction processes being non-corrosive and
non-hazardous.

6. Comparison of Precipitating Agents

In this experimental series, each experiment was
carried out at 25 °C for 3 hrs. and 47.6 A/m?. The bath
solution contained 25 g/L Sb, 100 g/L NaOH, and 80
g/L Na,S. Stainless steel anode and cathode were used
in all experiments. Experimental results are shown in
Fig. 4. According to the results, the most promising
additives were determined as BaCl,, Ba(OH),, CaCl,,
and Ca(OH),, respectively.

60

55 - 8
® 50 4 L . a
S b &
3 £
2
8 451
3
-]
C 40 4 e BaCl,
o Ba(OH),
T v CaCl,
35 A Ca(OH),
10 T T
0+ T T T T
0 24 48 72 96

Amount of Salt, mmol
Figure 4. Comparison of precipitating agents for antimony
deposition

As can be seen in Fig. 4, the barium salts appear to
be more effective than the calcium salts. Considering
the Ksp values given in Table 3, these results were
expected. The determining factor is thought to be the
difference in solubility product constant (K_) values
between the precipitated hydroxide and sulfate
compounds. The K_ value of Ba(OH), was greater
than the K value of BaSO ,- Since the pH level of the
electrolyte was high (pH = 14), Ba(OH), precipitated
first when BaCl, was added to the electrolyte,
Ba(OH), was already precipitated in experiments with
Ba(OH),. A higher K, value of Ba(OH), suggested
that there were relatively more barium ions in the
solution. Barium ions in solution were in sufficient
quantity to form a BaSO, compound with oxidized
sulfur ions on the anode surface. Ba(OH), precipitate
served as a source of barium during the electrolysis

process. During the electrolysis process, Ba(OH), was
depleted and transformed into BaSO, and BaSO,. All
of the final precipitate, formed as a result of the
electrolysis process, consisted of BaSO, and BaSO,.
This result was confirmed by XRD analysis (see Fig.
10). On the other hand, the K value of Ca(OH), was
relatively lower. This made it difficult to use Ca(OH),
as a source of calcium ions. However, the lower K,
value of the CaSO,.0.5H,0 compound enabled the use
of calcium hydroxide in antimony electrolysis. As
seen in Fig. 4, calcium compounds also contributed to
the increase in current efficiency, although not as
much as barium compounds.

Table 3. Ksp values of Compounds [18]

Compound K,
BaSO, 1.08x10°1°
BaSO, 5.0x1071°

Ba(OH),.8H,0 2.55%x10*
Ca(OH), 5.02x10¢
CaSO, 4.93x10°
CaS0,.0.5H,0 3.1x107

Another important finding seen in Fig. 4 is the
contribution of chlorine ions to current efficiency. It is
understood that chlorine-containing compounds are
more effective in terms of current efficiency than
hydroxide compounds of the related metal. MeCl,
compound added to the solution with high pH
precipitates as Me(OH),, CI" ion formed NaCl and
remained in the solution. This caused an increase in
the chloride ion concentration in the electrolyte. Thus,
a new reaction was added to the possible oxidation
reactions that may occur on the anode surface. This
reaction is given in equation 18.

Cl

+20H",, == OCI",,

E'= —089V (18)

Chlorine gas, which is both harmful to the
environment and causes corrosion of the anode, was
expected to form because of the oxidation reaction of
chloride ions. Therefore, the formation of chlorine gas
was avoided in industrial applications. However, the
reaction (Eq. 18) occurred in basic solutions instead
of chlorine gas formation. This reaction reduced the
likelihood of a sulfur oxidation reaction. Thus,
chlorine ions indirectly contributed to the current
efficiency by making the oxidation of sulfur difficult.
In addition, it was worth mentioning that no corrosion
was observed on the surface of the stainless-steel
anodes used in the experiments. Considering all this,
it was claimed that BaCl, was the most promising
additive to be used in the antimony production
alkaline bath by electroproduction process.

+ H,0, + 2¢”

(aq) (aq) )
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7. Analysis of Taguchi Experiments

The “the-larger-the-better” calculation method
was chosen based on the Sb deposition efficiency. The
current efficiency was calculated based on the ratio of
the amount of deposited antimony to the amount of
theoretical antimony deposition calculated by
Faraday’s law. All experiments were performed twice,
and average results were recorded by Minitab
Software [25] (see Fig. 5); the main effects plots for
the S/N ratio graph were obtained from the results.

7.1. Effect of current density

In this study, 47.6 A/m? and 95.2 A/m’ current
densities were investigated. There were no significant
differences between these two values. However,
increasing the current density increased the
coarseness of the deposition [26]. This phenomenon
caused non-adherent structures to form on the cathode
surface. For this reason, relatively low current
densities should be chosen while performing the
experiments.

7.2. Effect of Sb amount

The current efficiency was increased by increasing
the antimony concentration as expected. A higher
amount of antimony preferred the reduction of
antimony ions to metallic antimony. Here, 25 g/L
antimony was found to be unsuitable for electro-
production production of antimony, which was in
agreement with the literature. In contrast,
precipitation of antimony in the form of Sb,0, was
observed when a higher Sb concentration was used,
which was why the freshly prepared solution was used
every time the experiment was performed. The
solution should be kept continuously mixed while
awaiting the experiment to prevent this precipitation.

Main Effects Plot for SN ratios
Data Means
Current Density (A/nr’) Sb (/) NaOH (g/l)
36 o e
33 g e B
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2 (@) (b) (©
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: 30|
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S 6011180115100 #4120 i 1 2 3 4051 40555500
= @ (© ®
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33l
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Figure 5. (a): Effect of current denisty, (b); Effect of
antimony amount, (c); Effect of NaOH amount,
(d), Effect of Na,S amount, (e) Effect of time, (f);
Effect of temperature, (g); Effect of BaCl,
concentration

7.3. Effect of NaOH

According to the results seen in Fig. Sc, in the
presence of BaCl,, less NaOH was preferable for
antimony production in terms of current efficiency.
Increasing the amount of NaOH could prevent the
oxidation of sulfur to higher stages and decrease the
amount of precipitated BaSO, and BaSO, salts.

7.4. Effect of Na,S

The higher amount of sulfur negatively affects the
cathode current density as expected. As seen from Fig.
5d, the increasing amount of Na,S had an adverse
effect on the current efficiency. 60 g/L of Na,S was
chosen in the experiments. However, the presence of
sulfur in alkaline antimony solutions was inevitable
because Na,S was both a suitable solvent for
antimony compounds, and most antimony ores
contained sulfur. The effect of Na,S was investigated
in detail in the next stage (see “effect of Na,S and
BaCl, addition™).

7.5. Effect of time

Current efficiency decreased with increasing time.
During electrolysis, the concentration of antimony
naturally decreased because of metallic antimony
deposition with time. The best results were obtained
for 1 hr. according to the Taguchi experimental results
(see Fig. 5e). However, refreshing the electrolyte
every 1 hr. caused energy loss when applied
industrially, and this was the reason why 3 hrs. of
electro-deposition time was chosen for further
experiments.

7.6. Effect of temperature

According to the experimental results, a
temperature of 40 °C was the most effective
temperature for the electro-production of antimony in
the presence of BaCl,. However, this result
contradicted the literature. Increasing temperature
resulted in an increment in the current efficiency for
the electrowinning of antimony [27, 28] since the
activation energy of the cathode reaction decreased.
This result could suggest that higher temperatures
increased the solubility of the barium salts, which
then reduced the effect of barium ions.

7.7. BaCl, addition

The addition of a precipitating agent to the
electrolyte made a significant contribution to the Sb
deposition efficiency. The barium ions prevented the
precipitation of the sulfide and sulfate ions generated
from oxidized sulfur on the anode surface. Thus, the
antimony ions (Sb**) were protected from oxidation
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by sulfur-based ions. This finding encouraged the
further optimization of the electro production process
since the reaction could produce new chemical
compounds such as barium sulfite or sulfate. This was
an important advantage since barium sulfate was
easily converted to barium carbonate to produce
barium chloride at ambient conditions. Fig. 5g shows
a linear correlation between the amount of BaCl, and
the current efficiency. The effect of BaCl, was
investigated in detail in the next stage (see “effect of
Na,S and BaCl, addition”).

8. Confirmation Experiment

Table 4 shows the contribution of the parameters
affecting the current efficiency of antimony
deposition according to the Taguchi experimental
design. Time is the most effective parameter in terms
of Sb deposition efficiency. This means that changing
the level of the time parameter makes a bigger
difference in the current efficiency. In contrast, the
current value had less effect on current efficiency.

As a result of Taguchi experiments, the most
practical combination of levels was predicted in
consideration of the “the-larger-the-better” strategy.
Table 5 shows the levels of the parameters.

A new confirmation experiment was performed in
two repetitions according to predicted values. At the
end of the experiments, 0.22 g of antimony was
deposited, which means that 96.9% of the Sb

Table 5. Response table for signal-to-noise ratios for
“larger-is-better.”

Current | Sb | NaOH | Na,S | Time [Temperature| BaCl,
(A/m’) | (g/L) | (gL) | (gL) | (h) (°C) | (mM)
47.6 45 100 60 1 40 960

Table 6. Second stage experimental values

Exp No 1‘2‘3‘ 4 5‘6‘7‘ 8 9\10‘11‘12 13‘14‘15‘16
Na,S (L) 60 80 100 120

BaCl,(mM))|0/24/48/96/0/24/48/96| 0/24/48/96 | 0/24/48/96

According to Fig. 6, the negative effect of Na,S
was observed. Expectedly, the amount of Na,S
linearly decreased the antimony deposition without
BaCl,. At this condition, approximately 0.55 g of Sb
was deposited in the presence of 60 g/L Na,S and the
deposited Sb efficiency was also found at 81.5%.

In the following experiments without BaCl,, the
decreasing trend was observed when increasing the
Na,S content up to 120 g/L. The lowest deposition
was recorded at around 0.18 g of Sb with 26% a Sb
deposition. To understand the effect of BaCl, addition,
three different concentrations (i.e. 24, 48, and 96 mM)
of BaCl, were investigated with changes of Na,S
concentration. The addition of BaCl, had an
interesting positive effect on collected Sb quantities,

deposition efficiency was achieved; the values 0.0 == [ o
predicted by Taguchi analysis were confirmed by the 0ies o 2¢mmBaci, i
experiment 080 v:_48mhiBecl, 8
: —-— A 96mM BaCl, L 80
75 °
9. Effect of Na,S and BaCl, addition g 050 Grosn Synibols— PO
o 045 res &
The effect of Na,S and BaCl, was investigated in ~ § o TS o %
another experimental series to make a detailed g o3 o &
observation. Parameters of 100 g/L NaOH, 40°C, 25 030 I
g/L Sb*, and 47.6 A/m> were chosen as constant 025 L 35
parameters. Despite the best results obtained for 45 020 -
g/L of Sb*', a lower Sb concentration (i.e. 25 g/L of 0151+ ; ; ; ; ; — L2
Sb*") was selected to observe the effect of both Na,S oo e e
and BaCl, concentration on the electro-production ) . He .
process. The second stage of experimental values is ~ Figure 6. Deposited Sb as a function of Na,S and BaCl,
given in Table 6. quantity
Table 4. S/N ratio values predicted by Taguchi Experimental Design
Temperature
Level Szxrlrsel?; Sb (¢/L) | NaOH (g/L) NaS (g/L) Time (h) i’C) BaCl, (mM)
1 34.65 32.75 35.83 35.01 37.48 32.78 157.6
2 33.66 32.28 34.99 34.50 35.71 36.04 163.8
3 35.66 32.59 34.44 34.24 33.04 164.5
4 35.78 33.05 32.51 29.03 34.61 169.5
Delta 0.92 35 3.23 2.5 8.44 3.26 2.49
Rank 7 2 4 5 1 3 6
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as well as Sb deposit percentage. Here, 24 mM BaCl,
addition slightly prevents the harmful effect of sulfide
ions on Sb deposition. It was concluded that the
presence of BaCl, suppressed the negative effect of
the sulfate ion. A 95.7% Sb deposition efficiency was
attained in the presence of 96 mM (i.e. 20 g/L) BaCl,,
in the bath containing 60 g/L Na,S. However, the
lowest Sb deposition efficiency was achieved in the
presence of 120 g/L Na,S. Similarly, for the
experiments performed with 120 g/L Na,S, the Sb
deposition percentage increased from 26% to above
57% (around twofold) in the presence of 96 mM
BaCl,.

Fig. 7 shows the voltage change during the
electro-deposition process. Experiments No.3 and 4
were chosen to demonstrate the effect of the addition
of BaCl, on the polarization of the electro-production
process. Both experiments were performed under the
same conditions, i.e. 40 °C, 100 g/L NaOH, and 60
g/L Na,S, and 47.6 A/m?, 3 hrs.

The main difference between the two experiments
was the amount of BaCl,, which was 48 and 96 mM,
respectively. Both experiments showed similar
fluctuating voltage changes. The average voltage
changes of exp. 3 # and exp. 4 # were 1.85 V and 1.99
V, respectively. The average voltage difference
between the two experiments was approximately 140
mV. This voltage decrease was probably caused by the
removal of oxidized sulfur species, which were
concurrently precipitated by barium ions.

On the other hand, the energy consumption of
metallic antimony production could be deduced from
Fig. 7. The areas under the lines were directly
proportional to energy consumption. Accordingly,
energy consumption in exp. 3 # and exp. 4 # was
0.833 J and 0.896 J, respectively. Besides, specific
energy consumption values could be generated from
energy consumption values and the amount of
deposited antimony, which were 0.614 g for exp. 3
and 0.652 g for exp. 4, respectively. The specific
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Figure 7. Voltage changes during experiments No:3 and 4
as function a time

energy consumption of exp. 3# containing 48 mM
BaCl, was 2.19 kWh/kg. The specific energy
consumption of experiment 4 containing 96 mM was
1.99 kWh/kg. These results revealed that increasing
the amount of BaCl, decreased the energy
consumption per 1 kg of deposited metallic antimony.

10. Kinetics Mechanism of Antimony Electro-
production

In the kinetic analysis of the electro-production
process, the voltage-current density graph was drawn
as seen in Fig 8. According to this figure, it was
observed that the current started to occur after
applying 0.5 volts to the stainless-steel cathode
surface. Alternatively, the experiment was repeated
using the antimony-coated cathode. In this case, the
voltage at which the current started to occur was
observed as 1.1 V.

This indicates that the reduction of sulfur at the
antimony surface requires more voltage. This
phenomenon is called “sulfur overvoltage” on
stainless-steel surfaces. Just like in the present study,
the choice of the cathode is important in the
production of antimony from alkaline solutions by the
electro-production process. However, when the
antimony completely covered the cathode surface, the
quality of the cathode became insignificant. In
addition, when the voltage-current density graph was
examined, it was seen that the limiting current density
value had not been reached. It is known that limiting
current occurs in diffusion-controlled processes. The
density of the cations to be reduced in the region
called the Nernst layer on the cathode surface comes
to the minimum level. This occurs when the reduction
rate is greater than the diffusion rate at higher
voltages. In such cases, it is called "diffusion control"
since the mechanism with the slower rate is decisive.
To provide a diffusion-controlled reaction, the number
of unreacted cations on the cathode surface should be
relatively high. Although there were unreacted Ba**
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Figure 8. Current density changes as a function of voltage
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and Na" cations in the solution, the amounts of these
cations were not sufficient for the diffusion-controlled
reaction. In light of these findings, the Tafel plot was
drawn from the current density versus voltage graph
(i.e., Fig. 9). The electro-production process was
compared with one another in the absence/presence of
BaCl,.

@ Without BaCl, y = 1.6998x +2.279 R*=0.98
O 96mMBaCl, y=14154x+2755 R*=0.93

Ln (current density)

1.0 12 1.4 1.6 1.8 20 22
Over Voltage (V)

Figure 9. Tafel Plot

According to the Tafel plot, the slope of the line
formed by the experiment containing BaCl, was
found to be 1.4154, and the slope of the line formed
by the experiment without BaCl, was found to be
1.6998. By extrapolating the Tafel lines, the exchange
current density values were calculated through the
logarithmic current density values corresponding to
the 0-volt over-voltage value (equilibrium state). The
point where the Tafel line of the experiment with 96
mM BaCl, intersected with the y-axis was 2.755; the
point where the Tafel line of the experiment without
addition intersects with the y-axis is 2.279.
Considering these values, the exchange current
density value of the electrolysis process containing
BaCl, was calculated as 15.72 A/m?, and the exchange
current density value of the electrolysis process
without additives was calculated as 9.776 A/m?.

The reduction of sulfur cations is a homogeneous
reaction. The reactants and products of the reaction
are in the same phase. On the other hand, the
reduction of antimony is a heterogeneous reaction.
Antimony cations in the aqueous phase pass into the
solid phase after reduction. In equilibrium,
homogeneous reactions occur more easily than
heterogeneous reactions. Therefore, a lower exchange
current density was expected for homogeneous
reactions compared to heterogeneous reactions since
two electrons were involved in a homogenous
reaction and three electrons were involved in a
heterogeneous reaction. As a result, the increase in
exchange current density with the addition of BaCl,
was an indication that the efficiency of sulfur had

decreased. In other words, it was proved by the
obtained Tafel plot that the addition of BaCl, made the
reduction of sulfur difficult on the cathode surface, as
claimed.

11. Characterization of powders

After the -electro-production process was
completed, the electrolyte solution was filtered.
Afterward, the precipitated residue was rinsed several
times with distilled water and dried in a vacuum
desiccator to carry out the analysis via XRD. The
XRD results are presented in Fig. 10. It is known that
the current efficiency is dependent on the formation of
barium sulfide and barium sulfate salts because these
salts have almost no solubility in the solution, which
in turn increases the current efficiency due to the
elimination of oxidized sulfur species.
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Figure 10. The XRD results of the precipitated powder in
the bath

The XRD result showed that the major phase of
the residue was BaSO,. The minor phase was found to
be BaSO,, which ment that oxidized sulfur
compounds were precipitated with barium ions.
Increasing the current efficiency owing to the
presence of barium ions proved that sulfur ions were
removed from the electrolyte before the oxidation of
antimony to further oxidation step.

Figure 1la, 11b, and 1lc display the XRF and
XRD patterns and SEM images of the produced
metallic antimony, respectively.

Both XRF and XRD patterns proved that the
produced product was metallic antimony. The SEM
image of the produced metallic antimony was
presented in Fig.11c. It was seen from the SEM image
that antimony had accumulated spherically on the
cathode surface and the size of the formed grains
varies between 200 nm and 400 nm.
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Figure 11. The characterization of the produced metallic
antimony using XRE, XRD, and SEM

12. Conclusion

The major problem of antimony production by
electrolysis is the efficiency loss caused by the
oxidized sulfur ions. The present study covered the
electro-production of antimony via non-diaphragm

cells. The use of precipitating agents was inspired by
a previously published patent to overcome this
problem. Various precipitating agents (i.e., BaCl,
CaCl,, Ba(OH),, Ca(OH),) were used in this context
to precipitate the oxidized sulfur ions in order to
increase current efficiency and determine Sb
deposition quantity. The highest Sb deposition was
found in BaCl, salt. Factors that affected current
efficiency were optimized via the Taguchi
experimental design method. For example, 45 g/L Sb,
100 g/L NaOH, and 60 g/L Na,S concentrations were
determined as the most optimum values for antimony
production; 40°C was determined as the most efficient
temperature for electro-production in the presence of
Ba*". Furthermore, the current efficiency decreased
with increasing time, in line with the scientific
literature [22], and the XRD result of the precipitated
powder in the bath showed that oxidized sulfur ions
were precipitated by BaCl,.

The results showed that BaCl, had a positive effect
on the current efficiency in that an increasing amount
of BaCl, led to an increase of 31.1% in the current
efficiency. However, this effect was more profound if
the electrolyte contained a higher concentration of
sulfur ions. Na,S was an efficient solvent for
antimony compounds, and most antimony ores
contained sulfur, so that BaCl, could be successfully
employed as a precipitation agent during electro-
production. In the case of lower sulfur concentrations,
it was recommended that BaCl, addition could also be
used to enhance the current efficiency with other
applications such as increasing the anodic current
density. Here, BaSO, and BaSO, salts were obtained
as side products. For industrial applications, these
salts were recommended to be converted back to
BaCl,. Several studies are published in the literature
regarding the conversion of barium sulfate to barium
chloride. Recently, barite (BaSO,) ore can be easily
converted to barium carbonate to produce other
compounds of barium.

At 10 g/L BaCl,, the specific energy consumption
was 2.19 kWh/kg, and at 96 mM BaCl,, it was 1.96
kWh/kg. These results revealed that increasing the
amount of BaCl, caused a decrease in energy
consumption per 1 kg of deposited metallic antimony.
Further study for producing antimony metal, the
calculation of the economic balance may show how
the improvement is important to the process.
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ELEKTRODEPOZICIJA ANTIMONA BEZ DIJAFRAGME: UTICAJ
PARAMETARA PROCESA I SREDSTAVA ZA TALOZENJE
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Apstrakt

Proizvodnja metalnog antimona iz materijala koji sadrzi antimon je jedna od najistraZivanih tema u ovoj oblasti.
Konvencionalna tehnologija dobijanja antimona elektrolizom predstavija izazovan problem zbog jedinjenja sumpora koja
potic¢u iz same rude i iz rastvora za luzenje u sistemu elektrolize. : Elektro-proizvodnja antimona u modifikovnim celijama
bez dijafragme je od interesa jer celije koje sadrze dijafragme imaju probleme sa odrzavanjem i visoku cenu kostanja.

U fokusu ovog istrazivanja je bio problem sumpora u celijama bez dijafragme i zbog toga su ispitivani efekti razlicitih soli
na ovaj problem, a uslovi proizvodnje antimona su optimizovani. Kao talozni agens za formiranje nerastvorljivih soli
(BaSO /CaS0O, i BaSO/CaS0,) koriscene su razlicite soli (tj. BaCl,, CaCl, Ba(OH), Ca(OH),). Koncentarcija Sb, kolicina
NaOH i Na,S, vreme ekstrakcije elektrolizom i temperatura ispitivani su kako bi se optimizovali reakcioni parametri.
Koriséen je Taguci eksperimentalni dizajn za odredivanje uticaja svakog faktora na taloZenje Sb. Faze i strukture nastale
tokom elektro-proizvodnje identifikovane su uz pomo¢ razlicitih tehnika merenja. IstraZivanje je pokazalo da su u prisustvu
96 mM BaCl,, 45 g/L koncenntracije Sb, 100 g/L. NaOH i 60 g/L Na,S faktori bili najpogodniji za postupak. Utvrdeno je da
Jje 40 °C optimalna temperatura za ekstrakciju elektrolizom. Ovaj rezultat je takode pokazao da povecéanje koncentracije
BaCl, smanjuje specifichu potroSnju energije.

Kljucéne reci: Antimon, Elektrohemijski proces; Metalne soli; TaloZenje
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