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Abstract: High-purity antimony (Sb) is essential for industries like semiconductors and photovoltaics, driving research
on its production. This review summarizes research advances in production and preparation techniques for high-purity
Sb. Three process flowcharts to produce high-purity Sb are described according to different raw materials. Various
process parameters of vacuum distillation, zone refining purification techniques and research progress in the field of
high-purity Sb are discussed. Numerical simulation, atomic scale simulation, and research progress of alloying elements
in the field of high-purity Sb are highlighted. It is shown that for the difficult removal of As element in Sb, the addition
of Al makes the regional refining process more effective in reducing the arsenic content. Finally, the purification of
high-purity Sb is summarized, providing insights into achieving efficient and environmentally friendly high-purity Sb

production and outlining future directions.
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1 Introduction

Sb is a member of group VA in the periodic
table, belonging to the same group as As and
Bi, and is typically considered a semimetal or
metalloid [1,2]. Due to its scarce reserves,
non-renewable nature, widespread applications,
irreplaceability, and strategic importance in military
applications, Sb, along with rare earth elements,
W, and Sn, constitutes one of the four strategic
resources in China [3—5]. In terms of elemental
abundance in the Earth’s crust, Sb ranks the 63rd.
Furthermore, Sb resources are unevenly distributed
globally. This uneven distribution, coupled with its
critical role in multiple key areas, makes Sb an
element of significant strategic value [6]. Sb is a
silver-white metal that is toxic, brittle, and lacking

ductility, but it possesses excellent corrosion
resistance. Sb and its compounds are extensively
used in a variety of applications, such as flame
retardants, semiconductors, military industries,
pharmaceutical and chemical industries, glass
production, pigments, memory devices, and thin-
film solar cells. For a detailed list of uses and
application fields of Sb and its compounds, refer to
Table 1 [7-11].

There are over a hundred Sb minerals in nature,
among which stibnite (Sb,S3) is the primary ore
mineral source of Sb [12]. The global distribution
of Sb resources is uneven, mainly concentrated in
several key regions: the Mediterranean region, the
circum-Pacific belt, and the Tian Shan orogenic belt
in Central Asia [13]. Table 2 [14] shows the global
distribution of Sb resources. By 2021, the total
identified Sb resources worldwide exceeded 2x10°t.
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Table 1 Application of Sb and its corresponding
compounds [7—11]
Material

Use and field

Sb elementary Si or Ge single crystal doping;

substance alloy preparation
Catalysts for PET production;
Sb,03 flame retardants in plastics,
textiles, and rubbers; pigments
Sb,0s Flame retardants
NaSbOs, Flame retardants, and decolorants
NaSb(OH)s used in optical glass production
Lubricants in brake pads,
SbyS; .
optoelectronic conductors
Sb,Ss Rubber vulcanizing agents
Sb(CH3COOH);  Catalysts for polyester production
InSb Infrared detectors
Ge SbyTes Storage
PbSh Positive grid f(?r lead-acid
batteries
SbySes Light absorber layer for thin film
solar cells
Substrate materials for fiber optic
GaSb . .
communication devices
PbSbSn Bearing alloys, printing alloys and

cable sheathing materials

SbCl3, SbCls Fluorocarbon production

Photovoltaic cells, and liquid

$b205/5n0; (ATO) crystal displays

K,Sby(C4H206)2:3H,0
ZnSb

Emetics in medicine

Lithium-ion battery

Sb nanoparticles Sodium-ion battery

CsHoO6Sb Catalyst

Table 2 Reserves of Sb resources in world [14]

Country Reserve/10°t Proportion/%
China 4.8 24.0
Russia 3.5 17.5
Bolivia 3.1 15.5
Kyrgyzstan 2.6 13.0
Myanmar 1.4 7.0
Turkey 1.0 5.0
Australia 1.0 5.0
Other countries 2.6 13.0
Total number >20 100%

China, Russia, Bolivia, and Kyrgyzstan are the
countries with the richest Sb reserves, each
possessing more than 10% of the global total
reserves. Among these four countries, China has the
most abundant Sb resources, with reserves reaching
4.8x10°t, accounting for 24% of the global total
reserves, ranking the first in the world [15]. China’s
Sb resources are characterized by abundant reserves,
large scale, favorable mineralization environments,
and relatively concentrated Sb deposits [16].
China’s Sb resources are distributed across 18
provinces and autonomous regions, particularly
concentrated in the following six provinces and
autonomous regions: Hunan, Guangxi, Tibet,
Guizhou, Yunnan, and Gansu. The Sb reserves in
these provinces account for 20.4%, 15.9%, 13.5%,
10.5%, 8.8%, and 8.4% of the national total,
respectively [14]. Hunan Province leads the country
in Sb reserves, with 37 Sb deposits.

According to the data presented in Table 3 [14],
China, Russia, and Tajikistan were the top three Sb
producing countries from 2015 to 2021. China
ranked the first, typically accounting for around
50% of global annual production. From 2015 to
2019, China’s annual Sb output remained relatively
stable at around 1x10°t. The global demand for
flame retardants is a major driver of Sb
consumption, followed by the lead-acid battery
sector [17]. Although China’s Sb resources are
abundant and production capacity is high, as seen in
Table 3, from 2015 to 2022, China’s Sb production
has shown a decreasing trend year by year. On the
one hand, Sb is a scarce resource with low
substitutability [9]. On the other hand, the early
development of China’s Sb industry was not
rational [18], often involving rough extraction
methods, putting the country’s Sb reserve resources
at certain risk. Additionally, Sb itself is toxic, and
large-scale mining and smelting of Sb release some
Sb and harmful substances into the surrounding
environment [8,19]. In recent years, increasing
attention to ecological environmental protection in
China has impacted the Sb production, which is one
of the reasons for the decline in Sb output [20].

With the rapid development of high-tech fields
such as electronics, information technology, and
new energy, the market demand for high-purity Sb
has surged [21]. Particularly in the semiconductor
industry, an extremely low impurity content is a key
factor in ensuring excellent performance and stable
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Table 3 Outputs of Sb in world from 2015 to 2022 [14] (t)
Country 2015 2016 2017 2018 2019 2020 2021 2022
China 110000 108000 98000 89600 89000 61000 60000 60000
Tajikistan 8000 14000 14000 15200 28000 13000 13000 17000
Russia 9000 8000 14400 30000 30000 25000 25000 20000
Australia 3700 5000 3120 2170 2030 3900 3400 4000
Bolivia 4200 2670 2700 3110 3000 2600 2700 2500
Turkey 2500 4000 2000 2400 2400 1330 1300 1300
Myanmar 3000 3000 1000 2640 6000 2200 2000 4000
Others 1600 3300 1780 1880 1570 1970 4600 1200
Total 142000 148000 137000 147000 162000 111000 112000 110000
operation of semiconductor devices [22—24]. The refining techniques. These methods typically

production of high-purity Sb metal involves both
chemical and physical methods [22]. Chemical
methods primarily include multi-stage extraction
and electrolytic refining techniques [25], while
physical methods encompass directional solidi-
friction [26], vacuum distillation [27,28], and zone
refining [29,30]. Since a single technique is often
insufficient to achieve the required high-purity of
Sb metal, a combination of chemical and physical
methods is typically employed [31]. Chemical
methods offer high flexibility and selectivity during
the purification process but generally can only
purify Sb metal to a 4-5N purity level. By
integrating physical purification techniques such as
vacuum distillation and zone refining, the purity
of Sb metal can be further enhanced to 7N or
higher [32]. This study aims to analyze and
summarize the latest research progress in the
production and purification technologies for
high-purity Sb metal. It explores the process
flowcharts for producing high-purity Sb from
different feedstocks and methods, including
theoretical analysis, influencing factors, and
impurity distribution models.

2 Progress in preparation of high-purity
Sb metal

The techniques for producing high-purity Sb
can be broadly categorized into three main
approaches based on the feedstock [33,34]:
(1) extracting high-purity Sb from Sb compounds;
(2) extracting high-purity Sb from industrial-grade
pure Sb metal through pyrometallurgical processes;
(3) obtaining high-purity Sb through electrolytic

leverage the specific properties of Sb or its
compounds, employing single refining operations
such as recrystallization, distillation, hydrolysis,
electrolysis, hydrogen reduction, vaporization,
extraction, and zone refining. These operations are
rationally combined to target the impurity elements
present in the feedstock [32]. In practical
production, chemical and physical methods are
often used in combination to achieve optimal
purification effects. Whether chemical or physical
methods are employed, the typical approach
involves selecting the most effective single
refining process for initial purification, followed by
zone refining techniques to obtain high-purity
products [35]. For Sb purification, this approach is
particularly crucial. The initial refining step aims to
remove the bulk of impurities, while subsequent
zone refining further enhances the purity to the
desired level.

2.1 Extracting high-purity Sb from Sb compounds

One method for extracting high-purity Sb
from antimony compounds involves the use of
SbCls [36]. Using SbCls as a raw material, it is
first treated with dry HCl gas to produce
HSbCls 1/2H,0. This compound crystallizes into
fine crystals upon cooling. These crystals are
separated and dissolved in a small amount of water.
By repeating this process multiple times,
HSbCl 1/2H,0 can be purified. The purified
antimony chlorate solution is diluted with a large
amount of water and heated to promote hydrolysis,
forming a precipitate. Subsequently, the precipitate
is washed with hot water to remove residual
chlorine, and impurities are removed through
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filtration and drying steps. Finally, using either
hydrogen or potassium cyanide as a reducing agent,
the antimony compound is reduced to obtain
high-purity metallic Sb.

The process for producing high-purity Sb from
industrial-grade Sb oxide is shown in Fig. 1. The
core of this process lies in first preparing
high-purity SbCls, then hydrolyzing SbCls to obtain
a white precipitate containing Sb,O3 and Sb4OsCl,.
Next, distillation purification is performed in a
vacuum environment at a temperature below the
melting point of SbCls to further purify the product.
Finally, through hydrogen reduction technology,
high-quality high-purity Sb can be obtained. It is
worth noting that, whether using high-purity Sb
oxide or lower quality Sb oxide produced by
pyrometallurgy as raw materials, distillation
purification can yield SbCl; with a purity exceeding
5N, providing a reliable raw material basis for the
subsequent process. If necessary, zone refining is
also performed on the high-purity Sb to produce
ingots, resulting in the final product.

High-purity Sb can be prepared through the
conversion process of SbCls, as detailed in the
process flowchart shown in Fig. 2. This method [37]
is particularly effective for removing As impurities,

which are commonly present and difficult to
eliminate from Sb. The principle is based on the
different boiling points and vapor pressures of
the chlorides of Sb and its impurities at the same
temperature, allowing separation by distillation.
First, pre-distillation is carried out at temperatures
ranging from 473 to 493 K to remove water,
hydrochloric acid, and some low boiling-point
impurities. Then, distillation at around 493 K is
performed to evaporate and separate SbCls, while
high boiling-point impurities remain in the residue,
resulting in high-purity SbCls. This process begins
with the reaction of metallic Sb with Cl, or SbOs;
with hydrochloric acid to generate SbCls, followed
by distillation to obtain pure SbCls. Unlike the
process shown in Fig. 1, which prepares high-purity
Sb from SbCls, the process in Fig. 2 directly
reduces the obtained SbCl; with hydrogen, rather
than first preparing SbCls. Additionally, there is a
another process where 10 wt.% of pure water is
added to the distilled SbCls, followed by hydrogen
reduction at temperatures between 1073 and 1173 K,
yielding high-purity Sb with a purity exceeding
5 N [38]. One advantage of this method is that the
high-purity SbCls obtained through distillation
does not leave the system, thereby avoiding potential

Sb,0; and HCI H,

Chlorinating

SbCl,

5
Pre-distillation

\J
o ) SbCl,
Hydrochloric acid, water, high

T

| Catalyst type 105 |

Gas cylinder

| Concentrated sulfuric acid ‘

and low boiling point compounds

| Twice distillating |

i ¥
High-purity SbC1
Hydrochloric acid, high and ErpuTy : Gas cylinder
low boiling compounds '
Hydrolyzi Ammonia
Ion exchange water I
High-purity Sb,04
=2
[

| Hydrogen reduction [

High-purity Sb

High-purity Sb ingots

Fig. 1 Process flowchart of high-purity Sb by hydrogen reduction of SbCls
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Fig. 2 Process route for preparation of high-purity Sb by distillation—hydrogen reduction of SbCls

contamination risks. Currently, many factories
employ this process in actual production.

2.2 Preparation of high-purity Sb by purification

of refined Sb

Currently, there are two main methods for
directly preparing high-purity Sb from refined Sb:
vacuum distillation of industrial pure metal Sb
and the fumigation method of 4 N Sb [36,39,40].
According to Refs. [36,41], the vacuum distillation
method can produce high-purity Sb with a purity of
over 5 N. However, due to the high melting point
(1908 K) of Sb and its strong corrosiveness in
the molten state, it easily forms intermetallic
compounds with various metals. This makes the
choice of materials for smelting equipment
challenging. Particularly in industrial production, as
the equipment scales up, the requirements for
materials become stricter. The 4N Sb fumigation
method is a technology used by the Xifengshan
Antimony Refinery of China. This method uses 4N
Sb as the raw material and involves two fumigation
processes, two reduction smelting processes, and
alkaline refining to remove arsenic. High-purity Sb
is then obtained through vacuum distillation and
zone refining. The process flowchart is shown in
Fig. 3. The main purpose of fumigation is to
remove lead and iron. Nevertheless, the arsenic
content remains high. By adding pure soda, arsenic

4N Sb

| First fumigation |

i
Sb,0,

Charcoal —>| Reductive melting|

Na,CO, —>| Succinct |<—| Air |

Low-As Sb
—OW-AS 20

|Sec0ndary fumigati0n|

Sb,0,

Charcoal —>| Reductive smelting |

]

High-purity Sb raw material

Na,CO; —>| Succinct

|Vacuum distillation|

High-purity Sb

Fig. 3 Process flowchart of 4N-Sb fumigation method to
produce high-purity Sb

is oxidized to arsenic pentoxide and removed. After
two fumigation and alkaline refining processes, the
raw material undergoes vacuum distillation to
remove mechanical inclusions and some metal
impurities, achieving the separation of high boiling-
point impurities such as copper, iron, gold, and
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silver from Sb. The product from vacuum
distillation is further purified by zone melting,
where the primary role of zone melting is remelting.

Additionally, some researchers have tried
adding 15%—-20% sodium carbonate to industrial-
grade Sb to create slag, stirring at 1173—1203 K,
and then standing at 1023 and1073 K to remove the
slag. The obtained Sb is placed in a graphite
crucible, using a key as the condenser, filtered
through a copper mesh, and distilled in a vacuum to
produce low-As pure Sb [36]. However, this
method mainly removes As from Sb and is limited
in removing other impurities. The purity of the
resulting product still cannot reach above the 4N
standard.

2.3 Preparation of high-purity Sb from Sb

electrolytic refining

High-purity Sb can be produced through
an electrolytic process, which can be divided
into acidic and alkaline electrolytic refining
methods [36,42]. In the acidic electrolytic refining
process, SboO; is first dissolved in industrial-grade
HCIL. The solution is heated to 381 K to remove
the azeotrope of HCl and water, simultaneously
eliminating As impurities. At 473 K, SbCls is
separated through distillation. SbCl; is then
prepared into an electrolyte with the following
composition: 400 g/L SbCl; (Sb content); 1.5 mol/L
HCI; 3.3 mol/L H>SOs. During the electrolysis process,
the temperature is maintained at 298—305 K, and
the current density is controlled at 10—15 A/m?.
Spectroscopically pure SN graphite is used as the
anode, while a Pt sheet serves as the cathode. This
electrolytic method enables the production of
high-purity Sb with a purity exceeding 5N. The
alkaline electrolytic refining of high-purity Sb is
conducted in a two-stage process [14,43]. Initially, a
sulfide—alkaline electrolyte is used to produce Sb at
the cathode, which is then remelted to serve as
anodes for the second stage. In the second stage, an
electrolyte composed of NaOH, Na;CO,, and
xylitol is employed for electrolysis. The Sb
obtained from the cathode is subjected to 4 to 5
rounds of zone refining to yield Sb with a purity
exceeding 4N. An alternative method involves
hydrolyzing distilled SbCl; in ammonia water to
form Sb,0;, which is then dissolved in a mixed
solution of sorbitol and NaOH. Electrolysis is

carried out using a nickel-plated titanium mesh as
an inert anode in a temperature range of 313—343 K,
with a cell voltage of 3—5 V and a current density of
150—400 A/m? [32,36,39]. The advantage of this
method is the reduced contamination due to the use
of a nickel-plated titanium anode, as opposed to
the use of graphite, which can flake off and
contaminate the cathodic Sb during electrolysis.
Moreover, this method offers higher production
efficiency and less stringent requirements for the
electrolyte composition and electrolysis temperature
compared to the two-stage process.

The current processes for producing high-
purity Sb metal have their unique characteristics
and limitations. The electrolytic method is favored
for its high yield and convenience in industrial
production [44—46], but the purity of the Sb
produced typically ranges between 4N and S5SN.
Additionally, the electrolysis process can generate
highly toxic gases such as AsH; and SbH3, posing
significant safety risks [47]. In laboratory settings,
methods for directly preparing high-purity Sb from
industrial-grade refined Sb have been explored.
However, the high requirements for equipment
materials and the challenges of industrialization
limit their widespread application. In industrial
practice, a more common and widely recognized
process purifying  SbCl;  through
distillation of the chloride of antimony, followed by
hydrogen reduction. This method is considered a
classic process for producing high-purity Sb metal,
capable of achieving purities of SN or even 6N.

involves

3 Research progress on purification
methods for high-purity Sb metal

The preparation of high-purity materials
typically requires the integrated use of multiple
purification techniques to ensure the effective
removal of Common purification
techniques include vacuum distillation [48], zone
refining, directional solidification, and solid-state
electromigration, among others [49,50]. Each
technique has its unique advantages and limitations,
often targeting specific types of impurities for
removal. In the production of high-purity Sb, a
diversified purification strategy that combines
physical and chemical methods is employed [27,32].
For instance, methods such as vacuum distillation,

impurities.
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zone refining, and electrolytic refining can be
used in combination. The combined use of these
processes can complement each other, enhance the
purification efficiency, and ensure the acquisition of
high-purity Sb materials.

3.1 Vacuum distillation
3.1.1 Fundamental principle

Vacuum distillation is a technique for metal
purification based on the differences in saturated
vapor pressures of different substances [51,52].
It offers advantages such as simple operation,
environmental friendliness, and high raw material
utilization, and has been widely applied in the
production of high-purity metals. Figure 4 [32]
provides a schematic diagram of a vacuum
distillation furnace, which helps to visually
understand its structure and operating principles. In
the vacuum distillation process, when the solid
phase and gas phase reach equilibrium, the resulting
vapor pressure is called the saturated vapor
pressure, or simply vapor pressure [53]. Different
substances have varying vapor pressures, and these
pressures change with temperature. Figure 5 [32]
illustrates the vacuum distillation process for
high-purity Sb metal, further explaining the
implementation steps and principles of this
purification technique.

_— Lid

_—» Quartz tube

- Quartz condenser

- Distillate

Vacuum valve

-~ Heating element

~ Graphite connector

Vacuum system
1 5} S

T —~ Sb melt
|
|
— Graphite crucible

A
< >
v

—— Insulating materials

Fig. 4 Schematic diagram of vacuum distillation
furnace [32]

3.1.2 Basic equations for vacuum distillation
Generally, substances with higher saturation
vapor pressures are more prone to evaporate and
transition into the gas phase, whereas those with
lower saturation vapor pressures tend to concentrate
within the liquid melt [53,54]. The relationship

between the saturation vapor pressure of a metal
and temperature can be described by the following
formula [32,55,56]:

lg p*=AT '+Blg T+CT+D (1)
where 4, B, C, and D are specific constants derived
from parameters in related literature. These constants

are related to the saturation vapor pressure (p*) of
each component and the temperature T.

Condensing surface

Distillate

Condense

Separate

Liquid-gas interface
Liquid boundary layer
@ Liquid Sb

© ()
. © @ . Gaseous Sb

@ @ () Liquid impurities
@

Gaseous impurities

Residual gas

Fig. 5 Schematic diagram of Sb and impurity migration
during vacuum distillation process [32]

The separation coefficient at the equilibrium of
gas—liquid phases can be used to qualitatively
assess whether impurities can be separated from the
main metal using vacuum distillation and the ease
of such separation [32,41]. The calculation equation
is expressed as follows:

Ba=(aPs) (75P3) @)

where fa is the separation coefficient of component
A, ya and yp are the activity coefficients of
components A and B, respectively, which are
related to the composition of the components and
the state in which the system is located, and pa and
ps are the saturated vapor pressures of components
A and B, respectively. Generally, if fa is less than 1,
the component A tends to be enriched in the melt
during distillation with only a small amount of
volatilization into the gas phase. Conversely, if f4 is
greater than 1, then component A tends to volatilize
into the gas phase during distillation. If fais close
to 1, it is difficult to separate components A and B
by vacuum distillation. Figure 6 [41] shows the
relationship between the vapor pressures of various
components in crude Sb and temperature.
3.1.3 Research status

At present, a substantial body of research has
been dedicated to the extraction of high-purity Sb
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Fig. 6 Variation of saturation vapor pressure for
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using vacuum distillation methods. MENG et al [41]
used a custom-built vertical vacuum furnace with
heating, cooling, and temperature
measurement systems to investigate the effects of
temperature and holding time on impurity removal.
Two main purification methods include low
temperature—high temperature vacuum distillation
(LHVD) and high temperature—low temperature
vacuum distillation (HLVD). For LHVD, in the first
stage at 773—873 K low boiling point impurities are
removed, and in the second stage at 923—1173 K
high boiling point impurities are removed. For
HLVD, in the first stage at 923—1173 K high boiling
point impurities are removed, and in the second
stage at 773—873 K low boiling point impurities are
removed. Their main findings are: the LHVD
process achieved a higher purity of 99.9961% Sb
with 39x107°°® total impurities; the HLVD process
achieved a purity of 99.9947% Sb with 52.94x107°
total impurities. The LHVD process had better
removal rates for Bi (77.20%) and Cd (27.82%),
while the HLVD process had a better removal rate
for Zn (83.51%). Figure 7 [41] illustrates the LTVD
process, highlighting the impact of two critical
factors: the effect of distillation temperature on the
process, and the influence of the soaking time on
the outcome.

The previous studies have shown significant
differences in impurity concentrations in the
distillate, leading to unclear average impurity
concentrations in the final distilled product [57]. To
address this, ZHENG et al [57] developed a model
to quantitatively predict the average concentrations
of high and low volatile impurities in the distillate
during vacuum distillation of Sb metal, in order to

vacuum,

()

[ 5]

Content/ppm
- 3

Removal rate/%

|3

Content/ppm
Removal rate/%

F0.4

3 60 90 120

t/min ]

Fig. 7 Process of LTVD: (a) Effect of distillation

temperature on process; (b) Influence of soaking time on
outcome [41]

ensure the distilled product meeting purity standards.
A two-section distillation furnace with a
temperature rise and heat preservation stage was
used, the distillates under argon pressure were
remelted, impurity concentrations were measured
using inductively coupled plasma optical emission
spectrometer (ICP-OES), and microstructure and
composition were analyzed using the scanning

electron microscope and energy dispersive
spectrometer (SEM-EDS). Five continuous
distillation experiments and two verification

experiments were conducted. Figure 8 [57] shows
the relationship between the impurity concentration
of distillates from different regions in experiment
and the SEM micrographs.

The average concentrations of high and low
volatile impurities in the distillate during the
vacuum distillation process can be depicted by the
models developed by the ZHENG et al [57].
Figure 9 [57] shows the saturation vapor pressures
of As, Sb, and Bi (Fig. 9(a)) and the evaporation
coefficients of As and Bi impurities (Fig. 9(b)).
The concentration of As impurity in the residue
decreases exponentially during the distillation, while
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the concentration of Bi impurity increases
exponentially. The models for impurity behavior in
the residue and distillate were generally supported
by the experimental data, with some deviations [57].
Figure 10 [57] illustrates a comparative analysis of

the dimensionless impurity concentrations in the
residue against experimental data.

ZHANG et al [58] proposed a model to
describe the behavior of As impurity during the
vacuum volatilization purification process of Sb
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metal with the goal of determining the optimal
degree of volatilization and predicting the As
impurity concentration in the purified Sb metal.
They find that the concentrations of As impurity in
both residue and volatile exhibit an exponentially
decreasing trend throughout the entire volatilization
process. And the decrease in the condensing
temperature at the different locations of volatiles
leads to an increase in As impurity concentration,
which is accompanied by the variation in crystal
morphology. Figure 11 [58] shows the scanning
electron microscope micrographs of volatiles at
different locations. At volatilization degrees of
36.94%, 30.28%, and 47.09%, the As impurity
concentration decreases from the initial values to
10 mg/kg, which meets the purity standard of 4.5 N.
Figure 12 [58] shows the prediction curves of As
impurity concentration in Sb metal purified by
vacuum volatilization.
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Ab initio molecular dynamics (AIMD)
simulations have been proven to be highly reliable
in predicting the structural properties of a wide
range of materials, encompassing both liquid metals
and semiconductors [59—62]. SONG et al [59]
studied the structural and electronic properties of
liquid Pb—Sb alloys using AIMD, and found that the
Pb—15wt.%Sb point is the azeotropic point. The key
finding of the research is the identification of the
azeotropic point of the Pb—Sb alloy at 15 wt.% Sb,
which is supported by both the AIMD simulations
and the experimental results [59]. Figure 13 [59]
shows the partial pair correlation functions of
different compositions in Pb—Sb alloys at 1173 K.

MENG et al [63] performed a study on the
evaporation rate and kinetic mechanism of pure and
noble Sb under vacuum conditions, using a vacuum
differential gravimetric furnace to measure the
continuous mass change of the samples at different

00 02 04,06 08 10

5

Fig. 10 Dimensionless impurity concentrations in residue against experimental data: (a) As; (b) Bi [57]

Fig. 11 SEM images of volatiles in different locations [58]
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Fig. 12 Predicted concentration curves of As impurities

during vacuum volatilization purification of Sb metal at
different temperatures: (a) 700 °C; (b) 730 °C; (c) 760 °C [58]

temperatures and pressures, and analyzed the data
using mathematical and statistical methods. They
found that the actual evaporation rates of pure and
noble Sb at 823—1023 K and 5—600 Pa increased
with increasing temperature and matched a
nonlinear logistic model. And the critical pressure
values of pure and noble Sb increased linearly
with increasing temperature. The actual maximum
evaporation rates of both pure and noble Sb were
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Fig. 13 Partial pair correlation functions of different
compositions in Pb—Sb alloys at 1173 K [59]

less than the corresponding theoretical maximum
evaporation rates, and the evaporation coefficient
(a) was less than 1.

Meanwhile, LI et al [32] investigated the
variation in contents of Cu, Fe, Ni, Pb, and Bi
impurities in Sb melt and distillate during vacuum
distillation, establishing models to describe these
variation tendencies and finding differences in the
mass transfer processes and removal efficiencies of
the impurities. Figure 14 [32] shows the theoretical
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trends in kex impurity content across various
scenarios. Use a vertical vacuum distillation furnace
to purify Sb. Place 4.8 kg of raw Sb material in a
graphite crucible inside a quartz tube connected to a
quartz condenser. Evacuate the system to below
10 Pa, and then heat the material to 1003.15 K for
35 min. Maintain the pressure at 5—10 Pa, switch to
a high vacuum of 102-10"'Pa and distill for
30 min, with the condenser 290 K cooler than the
distillation temperature. Collect and analyze the
residue and distillate after each run. Repeat the
distillation 5 times, with the residue from the
previous run as the new raw material.
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Fig. 14 Theoretical trends in ke impurity content across

various scenarios: (a) In melt; (b) In distillate [32]

It is found that during the vacuum distillation
process, the concentrations of impurities such
as Cu, Fe, Ni, Pb, and Bi in the Sb melt and
distillate exhibit exponential growth. And the
rate-determining step is the mass transfer of
impurities Cu, Fe, and Ni at the liquid—vapor
interface, whereas the transfer of Pb and Bi is
governed by a combination of mass transfer
processes in the liquid boundary layer and at the
liquid—vapor interface. The experimental and
computational results for the dimensionless

impurity concentrations in the melt are presented:
(a) Cu; (b) Fe; (c) Ni; (d) Pb; (e) Bi. The removal
rates of the impurities follow the deceasing order:
Cu, Fe, Ni > Pb > Bi, with the Cu, Fe, and Ni
impurities having the highest removal rates and the
Bi impurity having the lowest rate.

3.2 Zone refining
3.2.1 Fundamental principle

Zone refining is a technique that achieves
purification of the primary metal by utilizing the
differences in solubility of impurities in the solid
and molten states of the main metal [64—66]. This
process redistributes solutes, thereby altering the
distribution of impurities to purify the primary
metal. Zone melting has been applied in the
preparation of high-purity materials, i.e., Al [67—69],
Cu [61,70,71], In [72], and Sb [73]. Figure 15 [31]
shows schematic diagrams of zone melting. Place
the metal rod to be purified in a high-purity graphite
crucible. Once the heating coil reaches the melting
point of the metal, it uniformly and slowly moves
from one end of the crucible to the other,
completing a single refining cycle. As the coil
passes, the metal rod melts, and upon the coil’s
departure, the metal re-solidifies, causing impurities
to migrate and accumulate at the ends of the rod
during the melting and solidification process. After
multiple refining cycles, by excising the impurity-
enriched ends, the purified metal is obtained from
the central section.

(a)

Solidified interface
Heater

Melting zone

Melting interface
P v A Y

»|
»|

(b)

Heater

—>

Melting zone
Fig. 15 Schematic diagrams of zone refining process
highlighting two distinct approaches: (a) Single-pass
zone refining; (b) Multi-pass melting zone refining with
iterative cycles [31]
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3.2.2 Basic equations for zone melting

The equilibrium distribution coefficient (Ko)
and the effective distribution coefficient (K.r) are
key factors influencing the efficiency of the
purification process and the final purity. The
relationship between them can be described by the
following equation [31,74]:

K= ad
T Ky +(1- K, )exp(—vS/D)

3

where v is the wvelocity of the molten zone
movement, D is the diffusion coefficient of the
impurity in the molten state of the primary metal,
and ¢ is the thickness of the diffusion layer at the
solid—liquid interface.
3.2.3 Impact of distribution coefficients on zone
melting
The equilibrium Kp is a core parameter
influencing impurity migration and plays a decisive

role in the entire separation and purification process.

The greater the deviation of Ko from 1 is, the more
significant the effect of zone refining on removing
impurities is. When predicting the theoretical
distribution of impurities during the zone refining
process, the effective distribution coefficient Kegr
can reflect the actual situation more accurately [31].
For example, CHEUNG et al [75] found that
predictions in Sb zone refining based on the
effective  distribution coefficient more
consistent with experimental data. The distribution
of Pb concentration in Sb samples through the
zone refining process was analyzed. After 10 zone
refining passes, the difference in impurity
distribution predicted by the equilibrium distribution
coefficient and the effective distribution coefficient
could reach two orders of magnitude.
3.2.4 Impact of melting times on zone melting

The efficiency of a single zone melting
purification is constrained, necessitating multiple
iterations for enhanced purification [76]. The
distribution of impurities in the metal rod after
successive zone melting processes is illustrated in
Fig. 16 [31]. The empirical formula for the number
of zone melting iterations (n) is given by n=kL/I
(where £ is an empirical constant ranging from 1.0
to 1.5, L denotes the length of the metal rod, and / is
the width of the melting zone). However, LI and
LUO [77] observed in their study on zone refining
of high-purity zinc that after 10—20 refining passes,
the concentration of most impurities significantly

WEre

decreased. When the number of refining passes
increased to 20-25, the impurity concentration
stabilized. This indicates that once the number of
refining passes reaches a certain threshold, further
increase has limited effectiveness in improving
impurity removal rates. To enhance the efficiency
of zone refining, in practical operations, multiple
heaters are often evenly spaced along the metal rod
to create multiple molten zones simultaneously [78].
This not only effectively reduces the purification
time required but also enhances the efficiency of
impurity removal.
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Fig. 16 Relationship between impurity concentration and
number of zone refining cycles [31]

3.2.5 Impact of melting zone velocity on zone
melting

Equation (3) indicates that for a given zone
melting system with known diffusion coefficient D
and diffusion layer thickness J, a reduced melting
zone travel rate v leads to the effective distribution
coefficient K. to be closer to the equilibrium
distribution coefficient ko, enhancing the purification
outcome. For instance, PRASAD et al [79]
observed a significant reduction in impurity levels
during the purification of Te by zone melting. By
decreasing the melting zone velocity from 1.0 to
0.75 mm/min, the concentration of Se impurities
dropped from 75.65x107°¢ to 17.69x10°°, and Pb
impurities decreased from 4.8x107° to 1.5x107°C.
Upon further reducing the velocity to 0.5 mm/min,
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the concentration of Se impurities was further
lowered to 13.92x107°%, and Pb impurities to
1.15x107. In the purification of Si, MEI et al [80]
demonstrated that reducing the melting zone
velocity from 10 to 1.0 mm/min can effectively
remove the majority of impurities, thus enhancing
the purity from 2N to 4N. This suggests that a lower
melting zone velocity results in better purification
outcomes. However, an excessively low velocity
can prolong the purification cycle and decrease
production efficiency. Consequently, the optimal
selection of the melting zone velocity should
balance the purification effectiveness with the
reduction of the production cycle.
3.2.6 Impact of molten zone width on zone melting
The width of the molten zone plays a crucial
role in determining the distribution of impurities
between the liquid and solid phases. This width
is influenced by various factors, including the
temperature distribution, the speed of the molten
zone movement, the thermal conductivity of the
crucible, and the consistency of the raw material.
When the number of zone refining passes is low, a
wider molten zone helps to remove impurities more
effectively. Conversely, when the number of zone
refining passes is high, a narrower molten zone
provides better impurity removal efficiency. By
combining the use of wide and narrow molten zone
techniques, the efficiency of impurity removal can
be significantly enhanced. For example, HUANG
et al [81] adopted a strategy of initially using a wide
molten zone followed by transitioning to a narrow
molten zone during the purification of Ce, thereby
enhancing the efficiency of impurity removal in the
zone refining process. Selecting the appropriate
molten zone width is crucial for purification needs
of different metals, varying zone refining passes,
and types of difficult-to-remove impurities. HO
et al [82] developed a numerical model capable of
predicting the optimal molten zone width (/) for
different numbers of zone refining passes. This
model shows that the optimal molten zone width
increases with the increase of the equilibrium
distribution coefficient and decreases with the
increase of the number of zones refining passes. In
cases with a high number of zone refining passes,
using a narrow molten zone for purification not
only maximizes impurity removal efficiency but
also improves the yield of acceptable samples.

3.2.7 Impact of heat source on zone melting

The impact of the heat source during the zone
melting process is primarily reflected in the control
of the melting zone width and the diffusion
interface. A narrow heating device with a rapid
temperature rise rate can effectively control the
width of the melting zone. The heating methods
used in zone refining include resistance
heating [83—85], induction heating [86—88],
electron beam heating [80,89,90], and plasma arc
heating [91], among others. Resistance heating,
with its broad application and mature technology,
stands as the mainstream technique in current zone
refining. Induction heating is primarily utilized for
the zone melting of metals or semiconductors with
high electrical conductivity. Electron beam heating
is mainly applied to the zone melting of certain
metals with high melting points, characterized by
its controlled melting zone width and pronounced
temperature gradient, yet its development is
hindered by the stringent requirement of high
vacuum conditions. Plasma arc heating [91] boasts
advantages such as high heating temperatures and
rapid temperature rise, but its complex equipment
design and high operational difficulty have limited
its widespread application.
3.2.8 Type of zone refining

Zone refining techniques can be categorized
into several different types based on their
operational methods and application characteristics.
All these types are based on the same principle
of impurity distribution, and each has its own
improvements and specializations. The main types
include horizontal zone refining [92], vertical zone
refining [93], floating zone refining [94], and
continuous zone refining [95]. Horizontal zone
refining, due to its mature technology and wide
application, is suitable for the purification of most
metals. Vertical zone refining, although it occupies
less space, has limited applications due to its
complex operation and the risk of crucible cracking.
Floating zone refining, by moving the molten zone
vertically without contact with the crucible,
effectively avoids secondary contamination and is
particularly effective in removing volatile metal
impurities and gaseous impurities. This method is
especially suitable for purifying reactive metals.
Continuous zone refining has attracted attention for
its high production efficiency and low secondary
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contamination. However, due to the complex
equipment, operational difficulties, and high costs,
it is currently still in the research and development
stage and has not yet been widely adopted for
industrial applications.

4 Application of simulation to purification
of high-purity Sb

4.1 Numerical optimization simulation

Numerical simulation plays an important role
in optimizing the vacuum distillation process.
Through simulation, the behavior of impurities in
the distillation process can be predicted, process
parameters can be optimized, and purification
efficiency can be improved.

ZHENG et al [57] proposed a new method
to predict the concentration of impurities in
high-purity Sb metal, and experimentally verified
the validity of the model. A model for the variation
of the average concentration of impurities was
developed based on the principle of mass
conservation of solutes during vacuum distillation.
Five successive distillation experiments of crude Sb
metal were carried out to obtain the variation rule of
the average concentration of impurities in the
distillate, and two wvalidation experiments of
vacuum distillation were carried out to verify the
model. The results showed that the concentration
of As impurities in the residue decreased
exponentially with the distillation process, while
the concentration of Bi impurities increased
exponentially. The concentration gradients of As
and Bi impurities in the distillate showed an
increasing and a decreasing trend, respectively.
With the reduction of the condensation temperature,
the average concentrations of As and Bi impurities
in the distillate showed a linear decreasing and an
exponentially increasing trend, respectively. The
average concentrations of As and Bi impurities in
the distillate were calculated with the two validation
experiments. The calculated average concentrations
of As and Bi impurities in the distillate match well
with the values of the two validation experiments,
confirming the validity of the model. Figure 17 [57]
shows the comparison between the calculated and
experimental results of the dimensionless average
impurity concentration in distillates at different
degrees of distillation.

3.0
(a) —a— Experimental
25F 2 —a~— Calculated by 2.285
=1 b N
= N
) s
\'%2.0 X L N
1) s
15} 3‘\\
\3\\
~e
1.0
0.2 0.4 0.6 0.8 1.0
S
ith .(b) —a— Experimental
—o— Calculated by 0.190
s 0.40
- 4
Q ///
@» 7”7
= 0.32F 2
1Y) P 5’7
o F
0.24} . 877
= ="
0.16 A s a N s
) 0.2 0.4 0.6 0.8 1.0
A
Fig. 17  Comparison  between  calculated and

experimental results of dimensionless average impurity
concentration: (a) As; (b) Bi [57]

Zone refining experiments are characterized by
long cycles and high energy consumption. Relying
solely on traditional experimental methods to study
the preparation of high-purity metals is not only
time-consuming and energy-intensive but also
sometimes even unfeasible. Therefore, developing
numerical and simulation models to predict
impurity behavior during the zone refining process
is crucial for optimizing experimental design and
guiding the experimental process.

Modeling for the simulation and optimization
of experimental parameters holds significant
importance. Building upon the Pfann model, SPIM
et al [96] introduced an innovative model that
meticulously delineates the impurity distribution
zones within a metal rod. The model can analyze
the effects of molten zone width, the number of
zone passes, and the distribution coefficient K on
purification efficiency. Setting the number of zone
passes n=5 and the normalized molten zone width
Z=10%, impurities will concentrate at both ends
of the metal rod after multiple zone passes. By
removing sections equal to one molten zone length
from each end, a higher purity sample can be
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obtained. Using the model to calculate impurity
distribution under different experimental conditions
allows for the determination of the optimal molten
zone width and number of zones passes for specific
raw materials, thereby significantly enhancing
experimental efficiency and the direct yield of the
product.

Additionally, the model
equilibrium distribution coefficient Koy of impurities
by fitting experimental data. ZHANG et al [29]
utilized the Spim model to initially calculate the
theoretical distribution of impurities such as Pb, As,
and Fe in Sb at various melting zone travel rates.
Subsequently, by fitting the experimental data, they
revised the equilibrium distribution coefficients to

can adjust the

obtain the effective distribution coefficients under
specific conditions. For instance, at a melting zone
velocity of 2.0 mm/min, the distribution coefficients
for Pb, As, and Fe in Sb were 0.33, 0.80, and 0.10,
respectively. After correction with the Spim model,
these coefficients were adjusted to 0.15, 0.80, and
0.30. It is important to note that in the actual
zone melting process, the effective distribution
coefficient K. varies.

4.2 Atomic scale simulation for AIMD

Zone purification utilizes the principle of
segregation for purification. It is well known that
the segregation process occurs at the solid—liquid
interface front. Understanding how solute atoms
achieve segregation at the interface is crucial for
controlling the segregation process [97-99].
Therefore, it is essential to study the microscopic
mechanism of segregation at the atomic scale,
understand the kinetics of segregation, and find
effective methods to regulate the equilibrium
distribution coefficient of solute elements. AIMD
calculations can reflect many properties of the melt
and provide valuable guidance for practical
applications [100—106]. The results of AIMD
calculations can clearly indicate the relative
strengths of atomic interactions between different
species in the melt and can also show the forms in
which these atoms are bonded. For example, AIMD
simulations on liquid Sb by HAO et al [1] revealed
a shoulder in the high wavenumber side of the first
peak in the structure factor s(g), indicating residual

structural units of crystalline Sb remain in liquid Sb.

There is a noticeable bending around 1023 K in the
temperature dependence of the first-peak height of
s(q), cluster properties, suggesting that an abnormal
structural change may occur in the temperature
range of 973—1023 K. The evolution of cluster
properties implies that structural units with features
of crystalline Sb, including Peierls distortion, are
present in liquid Sb. But the Peierls distortion
weakens and vanishes at around 1023 K.

ZUO et al [107] presented a comprehensive
theoretical and experimental study on the separation
of As and Sb through a vacuum sublimation-
graded condensation process. They adopted thermo-
dynamic analysis and MD simulations to explore
the interaction between As and Sb and the behavior
of As—Sb clusters in the gas phase. And vacuum
sublimation-graded condensation experiments to
purify As by separating it from Sb. The thermo-
dynamic and MD calculations show that As and Sb
form covalent bonds and clusters during vacuum
sublimation, = complicating  their  separation.
Different diffusion coefficients and condensation
temperatures of the As—Sb clusters can be leveraged
to separate them during the vacuum sublimation
process. Figures 18(a) and (b) [107] show the
mean square displacement (MSD) and diffusion
coefficients of Ass, As3Sb, As,Sb,, and AsSbs. The
proposed vacuum sublimation-graded condensation
process can effectively remove Sb from crude
As, achieving a removal rate of 91.37% under
optimized conditions of 748 K, 10 Pa, and 60 min.

Meanwhile, LI et al [108] used the AIMD
method to research Sb—X (X=As, Bi, Cu, Fe) local
structure and dynamic properties of binary melts.
They found that the local structure around As atoms
in the Sb melt is the most loose and relaxed
compared to Bi, Cu, and Fe. The local structure
around Cu and Fe atoms is more ordered and stable
compared to As and Bi. The stable and compact
local structure around Fe atoms at lower
temperatures hinders their diffusion in the Sb melt,
leading to its maximum concentration being away
from the solid-liquid interface. The loose and
unstable local structure around As atoms facilitates
their diffusion from the bulk melt to the solid
phase, explaining how elements with distribution
coefficients close to 1 (like As) can be purified
through segregation-based methods.
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5 Influence of alloying elements on
purification of high-purity Sb

The segregation method for preparing
high-purity Sb is a physical method that solely
utilizes the phenomenon of solute redistribution
during the metal solidification. However, the
purification efficiency of the segregation method is
currently not ideal and is affected by inherent
defects. Solute elements with an equilibrium
distribution coefficient greater than or close to 1
cannot be completely removed by segregation.

For example, the production of solar-grade
silicon aims at metallurgical techniques that are
low-cost, energy-efficient, and low in pollution.
Among the common purification techniques,
vacuum distillation is used to remove P, while zone
refining is used to remove V, Ti, and Fe. However,
the segregation method has limitations in removing
B, as the segregation coefficient of B is as high as
0.8 at a temperature of 1687 K [109], making it
difficult to effectively remove B through segregation.
CHEN et al [110] investigated a method to enhance
the removal of B impurities from silicon using an
Al—Si solvent with the addition of V, which forms
more stable VB, compounds. Increasing the amount
of V from 0 to 1500x10°° increased the B removal
rate from 51.9% to 76.8%.

The impurity element As in Sb has an
equilibrium distribution coefficient close to 1,
making it very difficult to completely remove As

18 MSD (a) and diffusion coefficients (b) of Ass, As3Sb, AsySb,, and AsSbs at 698—798 K [107]

using zone melting. Adding an appropriate small
amount of the third element during zone refining
can enhance the purification effect [110]. ZHANG
et al [73] investigated the separation behavior of
As and Pb from Sb during vacuum distillation
and zone refining processes, and found that the
addition of Al significantly improved the removal
of As in both processes. During vacuum distillation
process, the addition of 1% Al led to a 67%
reduction in the amount of As in the condensate.
And a large concentration gradient of As appeared
in the residual Sb, indicating the formation
of Al-As intermetallic compounds shown in
Fig. 19 [73]. For zone refining, the addition of
0.1% Al reduced the As concentration in the entire
Sb bar from 456x107¢ to below 150x107¢ after just
one pass, due to the enrichment of Al and the
formation of Al—As intermetallic compounds at the
end of the bar.

6 Conclusions

This review comprehensively summarizes the
production processes of high-purity Sb and the
strengths and weaknesses of various purification
methods. The aim of this study is to offer
theoretical guidance for achieving an efficient
industrial production of high-purity Sb. Although
there has been extensive expansion in the research
and application fields of high-purity Sb, its
production and purification still face numerous
challenges that require further investigation.
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Fig. 19 Schematic diagram illustrating removal of arsenic during zone refining of Sb using aluminum as an

additive [73]

The vacuum distillation and zone refining
faces challenges in terms of production efficiency
and cost. For instance, zone refining requires
multiple passes at a relatively slow molten zone
travel rate, which extends the production cycle and
increases energy consumption. Therefore, exploring
ways to improve vacuum distillation and zone
refining technology to shorten the process, enhance
production efficiency, and reduce costs has become
a key research direction. Numerical simulation
plays an important role in optimizing vacuum
distillation and zone refining processes. Through
simulation, the behavior of impurities in the
vaccum distillation and zone refining processes can
be predicted to optimize the process parameters and
improve the purification efficiency. With the
deepening of the research, the vacuum distillation
and zone melting technologies will be developed in
the direction of low-cost, high-efficiency, high-
reliability and highly targeted industrialization.

To enhance purification efficiency and ensure
process stability and reliability, it is necessary to
improve single-process methods or integrate
multiple purification techniques to develop new
processes that are short, efficient, and stable in
operation. In the zone refining process, for
impurities that are difficult to remove, such as As in
high-purity Sb, it is essential to study their
migration mechanisms deeply and improve their
removal rates. Traditional methods are not ideal for
impurities with equilibrium distribution coefficients
close to 1. Using AIMD simulations, it is possible
to explore the microscopic mechanisms of
segregation at the atomic scale and understand the
dynamics of the process. This research direction is
crucial for finding effective methods to regulate
the equilibrium distribution coefficient of solute
elements. This line of research helps to efficiently

remove some of the impurities that are difficult to
remove.
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