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Abstract: The production process of antimony produces a large amount of solid waste, such as
waste rock in mining, tailings in the beneficiation, metallurgical slag in the smelting, and so on. At
present, most of these solid wastes are currently in storage, and the storage of a large amount of
solid wastes is not only harmful to the local ecological environment but also a waste of resources. In
view of this situation, this paper will take antimony tailings and metallurgical slag as examples and
summarize them according to their different treatment methods. The comprehensive utilization of
antimony tailings is mainly recovering metals by beneficiation and metallurgy and using antimony
tailings as building materials and underground filling materials, while the comprehensive utilization
method of antimony metallurgical slag is mainly the recovery of valuable metals by pyrometallurgy
or hydrometallurgy or the stabilization technology. This paper summarizes the advantages and
disadvantages of different treatment methods and puts forward the prospect of future research
directions for the treatment of different metallurgical slags and tailings.

Keywords: antimony tailings; antimony metallurgical slag; resource recovery; sorting;
comprehensive utilization

1. Introduction

Antimony is a common metal. Based on its excellent properties, antimony is widely
used in many fields such as national defense, people’s livelihood, and economy, which
include solar panels, semiconductors, refractories, and so on [1]. Therefore, the world’s
demand for antimony is increasing, and stibnite is also listed by the EU as a key raw
material list in 2020 [2]. Although antimony is not very abundant in the Earth’s crust,
at about 0.2 g/t, it is widely distributed in more than 100 minerals [3]. China is the
country with the richest antimony resources in the world. According to the results of the
United States Geological Survey in 2021, China’s antimony reserves account for about
25.6% of the world’s total reserves [4], which is the country with the largest antimony
reserves in the world. The distribution of antimony resources in the world is shown in
Figure 1. In recent years, with the increasing demand for antimony resources, the mining
activities of antimony ore are also increasing year by year. The large-scale mining and
smelting activities of antimony have seriously affected the regional ecological environment.
According to statistics, about 3.8 × 104 t of antimony is released into the environment every
year through mining, beneficiation, smelting, and other activities [5]. Due to the large
amount of antimony-containing waste discharged, the ecological environment in many
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areas has been seriously polluted [6]. Among them, the most polluted solid wastes are
antimony tailings and antimony metallurgical slag. Although a lot of research has been
done on the resource utilization of these two solid wastes, most of the antimony tailings
and antimony metallurgical slag are still in storage. Toxic elements such as antimony and
arsenic will migrate due to long-term storage. Antimony and its compounds will have a
long-term effect on human health [7]. This has aroused extensive attention and further
research on the treatment of antimony tailings and antimony metallurgical slag [8].
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2. Pollution Status and Problems

At present, antimony resources mainly exist in the form of antimony sulfide ore, and
the enrichment of the ore is mainly carried out by flotation [2], but a large amount of
antimony tailings is produced in the beneficiation process, which is characterized by low
content of target minerals or difficult to extract and utilize valuable metals, and most of
the tailings are very fine. Due to the particularity of its properties, there is no suitable
treatment method for most antimony tailings at present. The production factor of antimony
tailings in the antimony beneficiation process (the number of tailings produced per ton
of antimony ore after beneficiation) is generally 0.96 to 0.97 t/t raw ore [9]. According to
the data analysis results of OCED, more than 60% of antimony in the waste needs to be
recycled to alleviate the shortage of antimony resources [10]. However, taking China as
an example, there are 34 antimony tailings ponds in 2019, with a total inventory of more
than 9.62 million cubic meters [9]. Nevertheless, the comprehensive utilization rate of
tailings is only 34.05% [11], which is far less than the target utilization rate. In addition, at
present, 20% of China’s current tailings ponds have no management, 60% of them have no
design plan for safe utilization, and 50% of them are diseased (dangerous) ponds, which
have a serious impact on the safety of the local ecological environment [12]. For example,
the leakage of Xihe antimony tailings pond in China in 2015 caused serious pollution of
the surrounding environment and a series of problems such as excessive heavy metal
content in the local soil [13]. In 2003, the Abaróa antimony tailings pond in southern Bolivia
leaked due to rainfall. About 5500 cubic meters of tailings were leaked in this accident,
resulting in concentrations of lead, antimony, and zinc in the lower reaches of Rio Tupiza
exceeding the local agricultural standards [14]. After a long period of weathering and
rainwater erosion, the stored antimony tailings have become the main source of heavy metal
pollution [15]. If not treated properly, they can do great harm to the local environment. With
the gradual depletion of high-quality antimony ore resources, more and more refractory
antimony resources have gradually become a difficult problem that the beneficiation must
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face. Although the separation of antimony from vein minerals can be solved to a certain
extent by increasing the liberation of antimony through fine grinding, the fine tailings
increase the difficulty of subsequent solid waste reuse and cause more serious potential
environmental hazards.

The metallurgy of antimony is mainly divided into two methods, namely pyrometal-
lurgy and hydrometallurgy. Pyrometallurgy refers to the method that is used to separate
metals and impurities such as gangue at high temperature, which causes a series physical
and chemical reactions. Different from pyrometallurgy, hydrometallurgy is a process of
separating and enriching useful metals in solution by reaction, while leaving the impurities
in the solid phase. Pyrometallurgy accounts for more than 95% [16]. The main method
of pyrometallurgy is the volatilization smelting in blast furnace of antimony concentrate.
During the smelting process of antimony concentrate, a large amount of smelting slag
is produced, including smelting slag, arsenic alkali slag, lead removal slag, and so on.
Disordered stockpiling of smelting antimony slag is one of the main sources of antimony
pollution [17]. Taking arsenic alkali slag as an example, since the sodium arsenate and
soluble sodium carbonate cannot be well treated, they often fail to meet the landfill require-
ments and can only be stored [18]. At present, the stockpiling of arsenic slag in China has
exceeded 200,000 tons and is still growing at the rate of 5000 tons per year [19]. However,
an environment contaminated by metallurgical slag is difficult to restore; for example,
some antimony contamination has been found at medieval metallurgical sites in southern
France [20]. Due to the high content of toxic elements such as antimony and arsenic in this
kind of slag, the separation is not complete, and it is difficult to reuse and can only be stored.
However, long-term storage causes a large number of toxic elements in the slag to infiltrate
into the surface, resulting in greater pollution with the migration of groundwater [21].

Over time, how to properly solve the problem of solid waste stockpiles and reuse
them as resources has become a key challenge. The byproducts of the antimony production
process represented by antimony tailings and antimony metallurgical slag seriously endan-
ger the ecological environment around the selection plant and smelter, and also waste a lot
of resources. Currently, recycling has become the key method to cope with the shortage of
resources. Many scholars have carried out a lot of research on how to make rational use
of such solid wastes to meet the pollution-free target and recover the valuable metals to
alleviate the current situation of resource shortage.

3. Comprehensive Utilization Status of Antimony Tailings

Antimony resources are dominated by antimony sulfide ore, accounting for 85% of
the total antimony resources. The main minerals of antimony sulfide ore are stibnite
(Sb2S3) and lead antimony sulfide ore (Pb4FeSb6S16). Antimony oxide ores are mainly
senarmontite and valentinite (Sb2O3) [22]. In the process of beneficiation, to achieve the
monomer dissociation of antimony-containing minerals and obtain a better grade and
recovery rate, antimony ore is generally ground to a finer grain size, which brings some
difficulties to the follow-up treatment of antimony tailings. According to the content of
antimony in the antimony tailings, different technical means will be used for treatment.
It can be seen from Table 1 that the content of precious metals such as gold and silver in
antimony tailings is high and can be recycled. As can be seen from Table 2, the content of
valuable metals is low, which can be recycled, and the tailings can also meet the needs for
mining backfill or building materials.

Table 1. Compositions of typically recoverable antimony tailings [23] (%).

Groups Au Ag Sb S Zn Pb As TiO2 SiO2 Al2O3 CaO MgO C

content 2.92 0.50 1.21 0.76 0.01 0.10 0.38 0.59 64.42 14.50 1.54 1.81 1.62

The unit of Au and Ag is g/t.
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Table 2. Composition analysis of typical unrecoverable metal antimony tailings [24] (%).

Groups SiO2 Al2O3 Fe2O3 CaO MgO K2O TiO2 MnO Pb2O5 Na2O FeO LOI

content 88.78 3.86 0.98 0.61 0.11 0.42 0.17 0.03 0.04 0.02 0.27 2.98

3.1. Recovery of Antimony Tailings Resources

For the antimony tailings with high grade of valuable metals, the main treatment
method is to recover the high-grade metals. In this process, not only antimony can be
recovered, but also the associated metals such as gold, silver, and mercury can be recovered.

In view of the different properties of antimony tailings, different technical means are
often used for treatment. In the treatment of antimony oxide tailings, the gravity separation
and shaking table are often used to recover the fine antimony oxide. The principle is to
use the difference in relative density between fine antimony oxide and other components
to separate. However, the use of shakers has the problem of low recovery. In view of this
difficulty, Chu et al. [25] used an agitated reflux classifier to pretreat the antimony tailings;
the degritting rate of this process was as high as 73.13%, and the final recovery could be
increased from 35.68% to 39.82% and the grade from 9.01% to 10.54% by pretreatment.

Some scholars have tried many methods to recover antimony oxide tailings. Liu et al. [26]
pretreated antimony oxide tailings by the countercurrent separator. By optimizing the
parameters of feed size, bottom flow, and rising water flow, and constructing the second-
order response function, the advantages of the counter-current sorter for the separation of
fine-grained antimony oxide ore were verified. Under the condition that the raw material
grade is only 0.8%, it finally increases the concentrate grade to 2.31%. The recovery rate is
83.17%, which provides a strong support for the separation of fine antimony oxide.

For the mixed tailings of sulfide ore and oxide ore, a variety of separation methods
are usually selected to achieve effective recovery. Kangwofei [27] re-selected this type
of antimony tailing. Antimony sulfide was mainly beneficiated by flotation. Antimony
oxide was first classified by hydrocyclone, and then fine antimony oxide was recovered
by a suspended cone concentrator. The concentrate grade and recovery of fine-grained
oxidized ore are improved by adjusting the vibration frequency of the suspension vibration
cone concentrator and the disc rotation speed. The experimental results show that the
concentrate grade can reach 13.54% and the recovery rate is 45.08% when the vibration
frequency is 15 Hz.

Some scholars have studied the recovery of gold, silver, and mercury associated with
antimony tailings. Ming Tianping [22] conducted an experimental study on the flotation of
antimony tailings from a processing plant in Qinghai to recover gold. The main problem
with the tailings treatment was pelletization, which led to a low gold recovery rate. In
view of this characteristic, the carbon-in-leach method is used to leach gold. By adjusting
the leaching concentration and the fineness of the tailings during leaching, the final gold
recovery rate can reach 65.10%. Antimony tailings not only contain precious metals but
also contain other valuable elements. Ren Linzhu et al. [28] carried out comprehensive
flotation recovery of mercury and antimony from antimony tailings containing mercury. By
optimizing the regulation of the agent in flotation, grinding fineness and other conditions,
the process flow was finally determined (Figure 2). The closed-circuit experiment was
carried out under the condition of using this process. When the mercury grade of the raw
ore was 0.084% and the antimony grade was 0.21%, the final antimony concentrate grade
was 15.01%, and the recovery rate could reach 41.17%. The grade of mercury concentrate
is 46.89%, and the recovery rate is 50.24%. The mercury and antimony in the antimony
tailings are effectively recovered, and the tailings are recycled, which solves the difficulty
of the tailings reuse.
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The secondary resourceization of antimony tailings is mainly through flotation, re-
election, leaching, and multiple other methods to recover the valuable metals in the tailings
and make full use of the tailings. It can not only create certain economic value, but also
effectively alleviate the problem of resource shortage.
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3.2. Using Antimony Tailings to Prepare Building Materials and Underground Filling Materials

Antimony tailings are used as underground filling and building materials. The princi-
ple is to use the solidification/stabilization technology to solidify the toxic elements that
may be leached from the tailings and adjust the compressive strength, fluidity, and other
conditions for use. The method technique has been used to some extent [29].

3.2.1. Using Antimony Tailings to Prepare Raw Materials for Building Materials

The main use of tailings as building materials is to replace the aggregate in traditional
concrete or to prepare cementitious materials instead of cement in combination with other
solid wastes. Many scholars have dug down deep into this field. For example, Li et al. [30]
and Wang et al. [24] used antimony tailings as coarse aggregate instead of lifting coarse
aggregate in conventional concrete and explored its indices in terms of strength, stability,
and toxic leaching aspects. When antimony tailings were used as coarse aggregate, the
specimens had better tensile strength and compressive modulus of elasticity than the
concrete using a natural rock as coarse aggregate; the cubic compressive strength, splitting
tensile strength, and prismatic compressive elastic modulus are 1.31, 2.22, and 1.40 times
that of natural rock, respectively, but their alkali activity and cracking sensitivity were
less compared to conventional concrete. Wu et al. [31] used Portland cement, S95 slag
powder, fly ash, phosphogypsum, water-based aluminum powder paste, foaming agent,
and antimony tailings to prepare test blocks and put them into molds. After curing for
3 d, 7 d, 14 d, and 28 d, the compressive strength, flexural strength, and toxicity leaching
were measured. The flexural strength of the final test block can reach 2.5 MPa and the
compressive strength is 15 MPa at 28 d, which has good mechanical properties. In addition,
the water absorption of the curing body is about 27%, the softening coefficient is about
0.7, the dry density is 900 kg/m3, and the wet density is 1100 kg/m3, which meets the
requirements of waterproof and lightweight. In this experiment, antimony tailings were
solidified by synergistic utilization of various solid wastes. The optimum ratio of raw
materials was determined by strength tests, toxicity leaching, and other test methods. The
leaching concentration of Zn in the toxicity leaching results of the test block was the highest,
which was 1.2 mg/L. The leaching concentrations of other elements under the two curing
conditions were lower than 1 mg/L, and As was not detected in the two solidified bodies,
which was relatively safe.

3.2.2. Using Antimony Tailings as Underground Filling Materials

In addition to the preparation of building materials, some scholars have proposed to
use a variety of solid wastes to prepare cementing materials as the cementing agent for
antimony tailings and prepare underground filling materials for the disposal of antimony
tailings. Li et al. [32] used high-content antimony tailings, blast furnace slag, steel slag,
and flue gas desulfurization gypsum to prepare green mine filling materials. According to
the test results, its compressive strength is greater than 1 Mpa, which meets the needs of
mine filling. In addition, the solidification rate of the filling material for Sb in the tailings
can reach 99%, and the result of toxic leaching meets the requirements of green mining
filling samples. Li Yunyun [10] used antimony tailings as aggregate, steel slag, slag, and
desulfurization gypsum as cementitious materials to prepare full tailings sand paste filling
material. Figure 3 shows the preparation process of this all-tailed sand paste charging
material. According to the experimental results, the compressive strength is greater than
3 Mpa, and the fluidity of the filling material is 225 mm greater than the cement fluidity
under the same conditions. Both of them meet the fluidity required for pumping and meet
the requirements of underground filling.
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In addition, scholars have analyzed the mechanism of curing/stabilization technology.
Gao et al. [29] used semi-dynamic leaching experiments to study the diffusion mechanism
and solidification mechanism of As and Sb in antimony tailings in metallurgical slag-
based binder (MSB). In this experiment, three different leaching agents were used for the
experiments separately. According to the experimental results, the variation curves of As
and Sb leaching concentration with the mass fraction of calcium superphosphate in MSB
were drawn. The slopes of the three curves of Sb were between 0.47 and 0.60, indicating
that Sb was diffusion leaching. While the slope of the curve of As does not fall within
the interval, it is mainly diffusive leaching and to a lesser extent, dissolved leaching. In
addition, this scholar explored the curing mechanism of Sb by adjusting the content of steel
slag powder in MSB. According to the experimental results, it can be seen that with the
increase of steel slag powder, the effective diffusion coefficient of As is decreasing, and the
effective diffusion coefficient of Sb is increasing. Therefore, the mechanism of solidification
of As is mainly chemical precipitation, and the mechanism of solidification of Sb is physical
encapsulation.

In summary, the stabilization/solidification treatment technology of solid waste such
as antimony tailings is mainly based on physical packaging. By using cementitious materi-
als or binders, the toxic elements are solidified, reducing mobility and meeting the basic
needs of underground fill and building materials.

4. Comprehensive Utilization Status of Smelting Slag

The flow chart of the blast furnace volatilization smelting method is shown in Figure 4.
The metallurgical slag of antimony produced by the blast furnace volatile smelting method
mainly includes smelting slag, lead removal slag, arsenic alkali slag, etc.

Smelting slag is a byproduct produced in the smelting process of the blast furnace in
the blast furnace volatilization smelting method. Crude antimony and antimony matte are
mainly obtained by this process. Table 3 shows the composition of typical melting slag. It
can be concluded from the table that the main components of the smelting slag are FeO,
SiO2, and CaO, and the content of antimony in smelting slag No.2 and No.3 is higher than
that in smelting slag No. 1.

Table 3. Typical composition of melting slag (%) [32,33].

Pb Zn Sb In * FeO SiO2 CaO

1 3.01 5.04 0.76 103 13.54 25.52 16.73
2 0.91 6.56 3.21 110 16.97 20.44 14.82
3 0.10 -- 1.22 -- 26.64 42.03 16.11

Note: No. 1 and No. 2 are blast furnace smelting slag of brittle sulfur lead antimony ore; No. 3 is the smelting slag
of a stibnite blast furnace; * represents the unit is g/t; ‘--’ indicates that the element has not been detected.
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Arsenic alkali slag is a byproduct produced by the refining of the reverberatory furnace
in the process of antimony smelting. This process is mainly to remove arsenic from crude
antimony. Table 4 is the main chemical composition of arsenic alkali residue.

Table 4. The main chemical composition of arsenic alkali residue [34] (unit: %).

Component As Sb Se Na2CO3 NaHCO3

Content 3.8 1.0 0.18 34.0 8.2

Lead removal slag is a byproduct obtained by adding lead removal agent in the blast
furnace reaction after removing arsenic from crude antimony, and the main process is lead
removal. The composition of lead removal slag is unstable, with antimony content ranging
from 5 to 45%, and lead content from 5 to 15% [35]. The main problems with these slags
are that the metal is difficult to dissociate and the arsenic content is high. The high arsenic
content is the main factor hindering its effective utilization [36].

The comprehensive utilization of metallurgical slag is mainly to recover valuable
elements and stabilize or solidify them. The recovery of valuable elements is mainly
through the separation and recovery of antimony, lead, arsenic, zinc, and other elements in
metallurgical slag by wet and fire methods. The stabilization/solidification method is to
use a variety of materials to encapsulate and adsorb the toxic elements that can be leached
from the metallurgical slag to achieve harmless treatment.

4.1. Recovery of Valuable Elements from Metallurgical Slag

As there are more valuable metals in smelting slag, the content of antimony in the smelt-
ing slag is high, which can be recycled for secondary utilization. For example, Qiu et al. [37]
prepared nano-Sb2O3 by vacuum evaporation, which can absorb the smelting slag without
secondary pollution. However, this method has the problem of high energy consumption
and little demand for the prepared products. Mo Wei [38] used the fuming volatilization
method to treat the stored smelting slag. The principle of this method is to mix the pulver-
ized coal and air into the molten slag and use the fly ash as the fuel and reducing agent
to provide the reducing atmosphere and the heat required for deducing metal, so that the
metals such as lead, antimony, and zinc in the slag are volatilized and enriched in the form
of oxides and recovered in the soot. Figure 5 shows the process flow diagram of the fuming
volatilization method.

The method is to start feeding when the temperature in the furnace is 1200–1300 ◦C.
The secondary recovery of the melting slag is carried out by controlling the furnace tem-
perature, air coefficient, and reduction time, and finally the metal is collected by cloth bag
dust collector. Under these conditions, the recovery rate of Pb and Zn can reach more than
80%, and the recovery rate of Sb can reach more than 85%. He Qixian et al. [39] used the
fuming volatilization method, at the condition temperature of 1250 ◦C, the feeding and
slagging time was 1.5–2.5 h, the reduction blowing time was 2 h, and the recovery rates of
lead, antimony, zinc, and indium were 86.9%, 83.4%, 62.5%, and 57.7%, respectively. The
feasibility of the method is proven again. This method is currently the most commonly
used method for treating smelting slag. The advantage is that the metal in the smelting
slag can be enriched, but the metal cannot be completely separated. Only a mixture of
metals can be obtained and needs to be reprocessed, which increases the cost and reduces
the economic benefits.

The iron in the smelting slag is a big problem in the traditional pyrometallurgical
methods. Some scholars have optimized the traditional pyrometallurgical method to
solve the problem of iron pollution. Luo et al. [40] conducted experimental purification
experiments on oxygen-rich bottom-blown high antimony smelting slag using the reduction
method and determined the optimal process conditions for this technique by examining
the effects of CaO and coal addition, and slag type on the reduction process. In the slag
system with SiO2:FeO:CaO mass ratio 45:27:18, the grade of Au in the remaining slag after



Sustainability 2023, 15, 13947 10 of 17

reduction is <1 g/t, and the grade of Sb is <1%. In the metal phase, the recovery rate of
gold is as high as 98%, the recovery rate of antimony can reach 80%, and the content of
iron is less than 7%, which effectively controls the influence of iron. From the reaction, it
can be concluded that the larger the amount of coal, the higher the content of iron in the
metal phase, and the smaller the amount of coal, the higher the content of antimony in the
residue. According to this law, the ratio of raw materials is adjusted to reduce the content
of impurities in the product to realize the recovery of antimony, so as to achieve greater
economic effects.
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The recoverable metals in the lead removal slag are mainly lead and antimony. Its
traditional recovery method is similar to that of smelting slag, and it is also pyrometallurgy.
However, there are some problems such as low recovery rate of lead and antimony and
secondary pollution, which lead to a large amount of lead removal slag still in storage [41].
Shan Taoyun [36] has made some adjustments to the method of pyrometallurgical treatment
of lead slag removal. In this method, alkali, lead removal slag, and iron chips are mixed
according to the corresponding proportion. The mixed material is heated to 1035–1050 ◦C
and kept for 30–90 min. During this period, the material will undergo the following four
states: melting, reaction, clarification, and cooling. Finally, antimony–lead alloy and scum
are obtained. The experimental results show that the recovery rate of lead and antimony in
this method can reach more than 90%, which effectively solves the problem of partial lead
slag storage, and there is no secondary pollution. This method mainly uses the principle of
replacement, using active metal iron to replace the lead and antimony crystals in the lead
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removal slag to achieve the effect of recovering lead and antimony in the lead removal slag.
Equations (1)–(4) are the main reaction chemical equations of this method.

2SbPO4 + 3Fe
Hyperthermy−−−−−−−→ Fe3(PO4)2 + 2Sb ↓ (1)

Sb2(HPO4)2 + 3Fe
Hyperthermy−−−−−−−→ 3FeHPO4 + 2Sb ↓ (2)

Pb3(PO4)2 + 3Fe
Hyperthermy−−−−−−−→ Fe3(PO4)2 + 3Pb ↓ (3)

PbHPO4 + Fe
Hyperthermy−−−−−−−→ FeHPO4 + Pb ↓ (4)

Compared with the traditional hydrometallurgical treatment, this method has the
advantage of no potential secondary pollution in the treatment of lead slag. In addition,
compared with the reduction reflector treatment of deleaded slag, the method is more
advantageous in controlling temperature, and the recovery rate of lead antimony can be
improved by uniform temperature. However, this method has the problem of incomplete
separation of lead and antimony, and the lead and antimony obtained by replacement is a
mixed metal, which needs further separation.

In response to this problem, some scholars proposed using wet leaching to treat the lead
removal slag to achieve effective separation of lead and antimony. Wei Yansong et al. [42]
used nitric acid as the leaching agent and sulfuric acid as the precipitant. By adjusting the
experimental conditions such as liquid–solid ratio and acid concentration, the liquid–solid
ratio was finally determined to be 4, the temperature was 80 ◦C, the leaching time was
50 min, and the nitric acid concentration was 7.0 mol/L. The final leaching rate of lead
can reach 94%. This method effectively achieves the separation of lead–antimony, but its
reaction waste acid still has a certain risk of pollution, and a large amount of acid used will
increase the cost and thus reduce the economic efficiency.

Arsenic alkali residue is a kind of hazardous waste, and its environmental pollution
is very serious. Arsenic alkali residue is the biggest problem in the current disposal
of solid waste. Due to the incomplete separation of arsenic and alkali in the treatment
process, arsenic–alkali mixed salt is easily formed, resulting in secondary pollution [43].
This problem has not been well treated, leading to no mature process to recover valuable
metals in arsenic–alkali residue. Some scholars have put forward some solutions, such as
Deng Weihua, Chai Liyuan, et al. [44]. A new process of hydrothermal leaching–antimony
salt oxidization–concentration crystallization for recovering antimony, arsenic, and alkali
from the arsenic alkali residue of antimony smelting has been put forward. The method
is to separate antimony and arsenic from arsenic–alkali slag by hydrothermal leaching,
antimony salt oxidation, and crystallization. The feasibility of the method was further
verified by industrial experiments based in the laboratory. This method uses secondary
arsenic alkali residue containing 9.86% antimony and 4.51% arsenic as raw materials. The
recovery rates of antimony and arsenic can reach 95.27% and 95.21%, respectively, and the
arsenic content in the crystal is only 0.6%, which greatly meets the purpose of antimony
and arsenic separation.

In addition, Long et al. [45] proposed a new process for the treatment of arsenic–alkali
residue by water leaching, CO2 secondary alkali recovery, acidified selenium recovery, SO2
reduction evaporation, and arsenic recovery. This method uses the difference in solubility
at different temperatures to obtain the product. Figure 6 is the flow chart of recovering
arsenic, antimony, and selenium from arsenic–alkali residue. In this process, the arsenic–
alkali residue is first immersed in water, and antimony is enriched in the residue. Then,
CO2 is used to recover the alkali in the leaching solution to achieve the effect of arsenic–
alkali separation. The acidification treatment of the solution after alkali removal can not
only achieve the effect of deep alkali removal but also extract selenium. Finally, arsenic
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is recovered from the solution. The experimental results showed that the recoveries of
antimony, arsenic, and selenium could reach 98.2%, 79.4%, and 80.6%, respectively.
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The most important feature of this technology is that the complex metals in the
arsenical slag can be effectively separated and the valuable metals in them can be recovered
separately. It has a potential application prospect in the future, but the process is more
complicated and the production cost is higher. In addition, the problem of steam with
arsenic is generated in the production process. All these problems limit the application of
this method.

Tian et al. [46] proposed the use of an integrated chemical precipitation and distribu-
tion crystallization method to treat arsenic–alkali slag, which is a novel and safe process.
The method has three main components, which are arsenic–alkali slag leaching, selective
detachment of arsenic, and evaporative crystallization of the alkali solution. Figure 7 shows
the flow chart of the comprehensive disposal of arsenic–alkali slag.

The products obtained by this process are leaching residue containing 0.83% arsenic,
arsenic residue containing 24.93% arsenic, and sodium carbonate containing 0.18% arsenic.
In the first stage, the process is mainly grinding and stirring leaching. The innovation of
this process is the addition of NH4HCO3 during the leaching process, which provides a
reactant for the subsequent arsenic separation. In the second stage, MgSO4 and NH4HCO3
react with the leaching solution to form magnesium ammonium arsenate precipitation to
separate arsenic. In the third stage, Na2CO3 is obtained in alkali solution by evaporation
crystallization, which can effectively separate arsenic and alkali, but the leaching process
is complicated.
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In summary, the difficulty of recovering valuable components from metallurgical slag
mainly lies in how to separate metals, reduce energy consumption, and avoid secondary
pollution. Methods that can effectively separate metals often have problems such as
high energy consumption and complicated processes. However, simple processes cannot
effectively treat metallurgical slag currently. There are some problems in both the fire
method and the wet method, which make them unable to be widely used.

4.2. Stabilization/Solidification Method for Metallurgical Slag Treatment

At present, recovering metals from metallurgical slag is only applicable to the slag
produced by some smelters. The most common methods for treating metallurgical slag are
still stabilization/solidification and stockpiling. The stabilization/solidification method
uses microorganisms or minerals to encapsulate and adsorb toxic metals dissolved in
metallurgical slag to eliminate their environmental hazards.

For example, Jia et al. [47] studied the adsorption of antimony in smelting slag by
Shewanella oryzicola. The scholar studied the dissolution behavior of smelting slag and
bacteria under reduction conditions. The experiment showed that Shewanella oryzicola had
an adsorption effect on Sb and preferentially adsorbed Sb3+. Under the combined action of
Fe3+ and Shewanella australis, Sb and Fe were co-precipitated to form Sb5+-O-Fe3+ secondary
minerals to achieve the effect of solidifying Sb. This experiment provides certain theoretical
support for solidifying antimony.

Wang et al. [48] used ferrous sulfate and lime to solidify arsenic alkali residue.
Sun et al. [49] prepared geopolymers with fly ash to cure arsenical slag, and according
to the test results, the leaching toxicity was reduced from the original 2343.73 mg/L to
0.18 mg/L at 28 d after curing with geopolymers. Figure 8 shows the schematic diagram
for curing arsenic from arsenical slag using geopolymer at different pH conditions.
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The principle of curing arsenical slag with geopolymer varies under different pH
conditions. In a strong acid environment, the iron element in the geopolymer will form iron
arsenate with arsenic, which hinders the leaching of arsenic. In a weakly acidic environment,
the physical adsorption is mainly carried out by iron hydroxide and magnetite. In a weakly
alkaline environment, it is mainly solidified by forming calcium arsenate. In a strongly
alkaline environment, As-containing particles are mainly encapsulated. The method has a
more pronounced curing effect on As at wider pH conditions, allowing the product to be
used in a wider range of conditions. The stability of the As–Fe system as well as the As–Ca
system is confirmed, and the formation of iron arsenate, as well as calcium arsenate, can
greatly stabilize the solidification of As therein. In addition, partially active metallurgical
slag can also be used as building materials; for example, some of the active smelting slag
can be used as cement raw materials [35].

The stabilization/solidification techniques can effectively solidify metallurgical slag
and prevent it from polluting the environment. However, this technology lacks long-term
observation to determine whether the cured product is unstable for a long run. In addition,
in the secondary resourceization, because of the use of highly toxic metallurgical slag as
raw materials, the sales of its products are not optimistic.

5. Conclusions and Prospect

Currently, due to the fine particle size and the low metal content of antimony tailings,
the treatment technology of antimony tailings is mainly to fill and prepare building ma-
terials, and the resource technology is less. In terms of metal recovery, antimony, gold,
mercury, and other valuable elements often associated with sulfide ore are still dominantly
recovered by flotation. Oxidized ore mainly depends on gravity, such as shaking table to
separate or make new equipment. The main problem is that the value elements in the stored
tailings are not high, and many symbiotic and associated metals are not easy to recycle. A
variety of treatment methods should be combined to achieve comprehensive recovery of
multi-minerals and improve economic value. Antimony tailings that are difficult to recover
can be used as building materials or underground filling materials to solidify antimony
and arsenic by adsorption and encapsulation between minerals, but there is no long-term
safety guarantee for toxic leaching. The uncertainty of leaching should be solved as far as
possible to avoid secondary pollution during use.

In terms of metallurgical slag, due to the various properties of the metallurgical slag,
some mature technologies are only suitable for specific slag, and most of the process of
mental separation is not complete and cannot make full use of the metal. The method
of partially separable metals has some problems, such as high cost of separating metals,
secondary pollution, and high arsenic content in the products obtained after treatment. For
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the metallurgical slag produced by antimony smelting, the development of new technology
to recover valuable elements should follow the principles of green environmental protection
in order to reduce secondary pollution. The separation effect of metals should be improved
to create higher economic value. For metallurgical slag with low content of valuable metals,
the solidification/stabilization method can be used to solve a large number of stockpiling
problems. However, the metal content in metallurgical slag is much higher than that
in tailings, which has certain activity. Therefore, it is necessary to establish a long-term
leaching risk assessment to determine whether the products produced by this method can
be used safely in the long time.
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