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This study aimed to investigate the recovery of antimony (Sb) from slag generated in an antimony smelting plant
using leaching followed by hydrolysis processes. The leaching behaviors of rare earth elements (REEs) were also
examined. The physicochemical properties of the slag were determined using various analytical techniques. The
slag (4.12 % Sb) was mainly composed of quartz and minor minerals, including microline, magnetite, heden-
bergite, and stibiconite. The Sb types in the slag determined by XPS were found to be in the oxide form. The
concentrations of REEs (La, Y, Ce, and Nd) in the slag were 169.21 g/t. Preliminary leaching experiment results
indicate that (i) HCI was selected rather than other acids due to its high extraction ability on the Sb from the slag,
(ii) a sample with a dsp of < 25 um should be used, (iii) the slurry should be mixed at 300 rpm. In the following
leaching tests, the effects of leaching parameters (HCl acid concentration, amount of tartaric acid, solid-to-liquid
ratio, reaction temperature, and time) on the extraction rates of Sb, impurities, and REEs were investigated. At
the best leaching conditions (HCl: 8 M, amount of tartaric acid: 1 g/L, stirring speed: 300 rpm, reaction tem-
perature: 75 °C, and time: 180 min), the extraction rates of Sb from the slag were determined to be 91.19 %, but
the extraction rates of REEs were measured to be < 50 %. The activation energy (Ea) for Sb leaching was found to
be 46.75 kJ/mol, indicating that the reaction was governed by the chemically controlled mechanism. In
particular, it was understood from the additional experimental results that the leaching procedure should be
carried out for 20 h to extract La with an extraction rate of > 90 %. However, the extraction rate of Sb was
negligible in extended times. It was determined that using tartaric acid positively affected La’s leaching mech-
anism, and the required leaching time for La decreased to 180 min from 20 h with the increase of tartaric acid
from 1 g/L to 6 g/L. Hydrolysis tests were conducted using the Taguchi approach (L32, 2"1 4°3). The effects of
the alkaline type (NH4OH and NaOH), stirring speed (100, 200, 300, and 400 rpm), temperature (50, 60, 70, and
80 °C), and pH (1.5, 2, 2.5, and 3) on the precipitation of Sb from the PLS were investigated. NH4OH was
suggested for use in the hydrolysis test to obtain precipitates with higher purities. The product obtained under
the optimal conditions comprised 81.43 % Sb, 16.23 % O, and 2.34 % Fe. The product was identified as antimony
oxide by XRD.

1. Introduction

Antimony (Sb) is a brittle, silver-white, shiny, and important metal
with a specific gravity of 6.68 g/cm® and a melting point of 630 °C,
which is widely used in modern industrialized societies today. Sb metal
breaks too easily to be used on its own, but it gives strength, hardness,
and resistance to corrosion to alloys [1]. Sb is rarely found in its native
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form due to its strong affinities with other elements, including sulfur,
copper, lead, gold, arsenic, and silver [2]. There are more than 100
antimony-bearing minerals present in the nature, but the most common
one is stibnite (SbyS3) mineral.

Sb with superior properties has many uses in the industry, such as in
the hardening of metals, protection against corrosion and fire, paper,
plastic, paint, and photovoltaics. For instance, lead-acid accumulators
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Table 1 Table 4

The chemical composition of the slag. Different chemical kinetic models and equations used in this study.
Element Al Ca Fe K Mg Mn Na Model Equation
Amount (wt.%) 2.10 1.32 2.12 0.55 0.51 0.05 <0.05 Inner diffusion-controlled model 1-2/3a+ (1-a)?® =kxt
Element Cu Sb Ni P Si Ti Cr

Amount (wt.%) 0.03 4.13 0.04 <0.01 33.39 0.09 0.03
Element S Loss on ignition: 2.60 wt%
Amount (wt.%) 0.51

Table 2
The concentration of REEs and other elements in the slag.
Element Ce Dy Er Eu Gd Ho La
Amount 31.11 3.91 1.10 0.44 4.46 1.24 78.52
g/t
Element Lu Nd Tb Th Tm U Co
Amount 0.45 33.78 0.96 2.43 0.34 24.30 11.65
(g/0
Element Y Yb Lu Pt As Cd Pb
Amount 25.80 0.87 0.11 5.32 441.00 13.00 93.80
(g/0)
Element Sc Sm Pr Rb Li Sr A
Amount 3.41 2.56 6.17 84.55 39.60 47.60 33.70
Element w Zn Zr Ni Ba Be Bi
Amount 0.16 942.00 23.50 348.00 43.50 1.50 0.03
(g/v)
Element Cr Ga Ge Mo Au Ag
Amount 356.00 6.15 0.14 11.95 3.70 23.70
(g/t)

(the kind commonly used in automobiles) contain lead-alloyed anti-
mony by 4-6 %, and antimony’s resistance to corrosion is the reason
why the so-called “lead” battery terminals are made of lead-antimony
alloy. Very high-purity antimony metal (99.99 % + pure) is used by
the semiconductor industry as the main component for infrared de-
tectors, diodes, and other devices and applications in silicon sheets in
the form of compounds such as InSb, GaSb, and SbTe [3]. Moreover, Sb
in the form of antimony trioxide (Sb2O3) is a widely used flame retardant
across many different industries such as; adhesives (to decrease the fire
risk), paints (to prevent flames and smoke from the layer during a fire),
paper (to reduce the fire risk and allow the paper products to withstand
fire for long periods), plastic (to increase the durability of the product in
case of fire), rubber and textile floor coverings (as a fire retardant ad-
ditive). The main markets for flame-retardants include electronics,
plastics, and fabrics used in the construction of children’s clothing,
airplane and automobile seat covers, and bedding. In the semiconductor
industry, silicon wafers containing very high-purity antimony metal are
used to create infrared detectors, diodes, and other electronic compo-
nents. SbyO3 is also evaluated in additional applications such as glass
production, alloys, brake pads, lithium-sodium batteries, and battery
production [4-7].

Sb,03 was also added as a clarifying agent in solar glasses during the
production of transparent photovoltaic panels. It is well known that
Sb,0s3 significantly enhances the properties of solar glass, making it an
essential material for sustainable energy production. The demand for
Sb,0s3 is expected to increase due to the rapid expansion of its use in the

Table 3
The parameters investigated in the leaching test.

Parameters Value

Particle size (dso) <25 ym

Stirring speed (rpm) 300

Acid concentration (M) 1,2,3,4,5,6,7,8, and 9

Amount of tartaric acid (g/L) 0,1,3,5,and 6

Solid-to-liquid ratio (g/mL) 1/8,1/10,1/12, and 1/15

Time (min) 45, 75, 90, 180, 240, 360, 480, 600, 900, and 1200
Temperature (°C) Room temperature, 40, 60, and 75

Liquid boundary layer diffusion controlled model
(Jander equation)
Chemical reaction controlled model

1-(1-a)?® =kxt

1
1-(1-a)3 =kxt

1 P
1-2(1—a)p +(1-a)?® =
kxt

Both chemical and diffusion controlled

photovoltaic industry. The Sb,Oj3 thin films doped with various elements
(Ag, F, Ni, Cu, Er, and Co) were prepared through different techniques,
including spray pyrohydrolysis [8] and thermal evaporation [9]. Among
them, previous researchers have suggested to use F-doped Sb,Oj3 films
that can be utilized in many optoelectronic and photovoltaic applica-
tions [8].

There are many reports published in recent years by different
countries around the world (Australia, South Korea, Canada, The United
States of America, and Japan), country communities (European Union,
EU), research institutions (British Geological Survey), and the World
Bank [10]. When these reports are examined, it is seen that antimony
(Sb) metal is considered as one of the “most important critical raw
materials” in terms of supply risk and economic value in seven of the
eight lists. Moreover, antimony is not only present in the 2023 report
also have been in the critical raw materials reports published in 2011,
2014, 2017, and 2023 [11]. Although China is the largest supplier of
antimony, the report published by the EU (2023) indicates that Turkey is
the major supplier of antimony with a rate of 63 % for EU countries,
whereas the rest of the antimony supply was provided by Bolivia (26 %)
and China (6 %).

It is seen that antimony mine production in China accounts for 49 %
of global antimony mine production. However, Zhong et al. [12] pre-
dicted that known antimony reserves will be depleted by 2050 due to the
rates of ore production. Anderson [13] (2019) indicated that the de-
mand for Sb in lead-acid batteries will decrease, but the use of Sb in
flame-retardants will increase in the plastics industry. Therefore, it is
inevitable that metallurgical slags will evaluated as secondary Sb re-
sources, except for primary ores and end-of-life products (lead-acid
batteries). Also, the use of these slags as raw Sb sources decreases the
potential pollution of the environment [14]. Although there are many
studies on the production of Sb from an antimony ore in the literature,
studies focused on the recovery of Sb remaining in the slag after the
pyrometallurgical process by using hydrometallurgical methods are
limited. These studies focus on the recovery of Sb found in anode slime
resulting from pyrometallurgical processes involving metals such as
lead, copper, and tin [15-19].

The production of Sb from primary ores is a well-known process and
is described in detail in previous studies [20,21]. However, the recovery
of Sb from end-of-life products and metallurgical slag should be inves-
tigated in detail to gain knowledge of Sb recovery. Currently, there are
many studies carried out using pyrometallurgical or hydrometallurgical
processes on the recovery of Sb from different industrial wastes lead-
acid battery [15,22,23], metal oxide varistors [24,25], smelter slag
[4], arsenic filter cake [26], Sb containing concentrates (copper
concentrate [27,28]), copper electro-refining stream [29], antimony-
rich oxidizing slag [30], Sb-bearing dust [12], etc. Dupont et al. [31]

Table 5
Hydrolysis experiments parameters with their levels.

Parameters Level

Alkaline types NH4OH and NaOH
Stirring speed (rpm) 100, 200, 300, and 400
Temperature (°C) 50, 60, 70, and 80

pH 1.5, 2, 2.5, and 3
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Table 6

The experimental conditions in the hydrolysis test.
Exp. No Alkaline type Stirring speed Temperature pH Exp. No Alkaline type Stirring speed Temperature pH
1 NH4OH 100 50 1.5 17 NaOH 100 50 3
2 NH,OH 100 60 2 18 NaOH 100 60 2.5
3 NH4OH 100 70 2.5 19 NaOH 100 70 2
4 NH4OH 100 80 3 20 NaOH 100 80 1.5
5 NH,OH 200 50 1.5 21 NaOH 200 50 3
6 NH4OH 200 60 2 22 NaOH 200 60 2.5
7 NH4OH 200 70 2.5 23 NaOH 200 70 2
8 NH4OH 200 80 3 24 NaOH 200 80 1.5
9 NH4OH 300 50 2 25 NaOH 300 50 2.5
10 NH4OH 300 60 1.5 26 NaOH 300 60 3
11 NH4OH 300 70 3 27 NaOH 300 70 1.5
12 NH,4OH 300 80 2.5 28 NaOH 300 80 2
13 NH4OH 400 50 2 29 NaOH 400 50 2.5
14 NH4OH 400 60 1.5 30 NaOH 400 60 3
15 NH4OH 400 70 3 31 NaOH 400 70 1.5
16 NH4OH 400 80 2.5 32 NaOH 400 80 2

used to provide an acidic medium to extract Sb from different raw ma-
Table 7

The experimental conditions of additional hydrolysis test.

Exp. No Alkaline type Stirring speed (rpm) Temperature (°C) pH
HE-1 NH,OH 100 50 1.5
HE-2 NH4OH 100 50 1.25
HE-3 NH4OH 100 50 1.00
HE-4 NaOH 100 50 1.5
HE-5 NaOH 100 50 1.25
HE-6 NaOH 100 50 1.00
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Fig. 1. XRD pattern of the slag used in this study (Q: Quartz, S: Stibiconite).

reviewed in detail the recovery of Sb from end-of-life and industrial
process residues. In another work, the trends, applications, and strate-
gies in the Sb recovery were systematically reviewed by researchers
[32]. Three options, including electrodeposition, hydrolysis, and
cementation, can be conducted on the recovery of antimony from the
pregnant leachate solution (PLS) [33].

It is possible to process complex antimony ores with this method.
Based on the mineralogical composition of raw material, acid or alkaline
leaching can be applied. For example, the selective dissolution of Sb
with an extraction rate of 96.64 % from a stibnite ore was possible in the
alkaline (NayS — NaOH) medium [34,35]. The recovery of Sb and Bi from
tin anode slime was investigated using soda roasting followed by alka-
line leaching processes [16]. However, it was stated that the leaching
behavior of Sb from Sb-bearing ores was investigated based on pH-
dependent release characteristics [36]. Also, different leaching agents,
including FeCls [35], HCI with ozone [37], and HCI-NaCl [38], can be

terials. In another study, Sb with an extraction rate of 98.53 % from ore
was dissolved under the following conditions: a temperature of 50 °C, an
8:1 of liquid-to-solid ratio, and a time of 1 h. There was no need to use
oxidants for the leaching of Sb [33]. However, the addition of tartaric
acid prevents the precipitation of Sb dissolved during the HCl leaching
[39,40]. NaCl was further used to prevent Sb hydrolysis. Previous
research suggested the use of ultrasonic treatment during the leaching.
The required reaction time for the leaching of Sb with high extraction
rates by conducting ultrasonic power was three times lower compared to
that of the regular leaching procedure [30]. Slurry electrolysis (a com-
bination of leaching, purification, and electrolysis) was recommended to
extract Sb from high As and Au-containing stibnite ore [41]. In another
work, a potential-controlled chlorination leaching process was sug-
gested to increase the extraction of Sb. The solution potential increased
from 260 to 450 mV with the addition of Cl; and Sb, which was dissolved
with an extraction rate of > 99 % [42]. Sudova et al. [43] suggested the
use of deep eutectic solvents (a mixture of choline chloride and ethylene
glycol) in the presence of iodine as an oxidant for the extraction of Sb
from mining residues and all of Sb was dissolved at a temperature of
100 °C for 4 h.

Previous researchers stated that the presence of Fe ions in the solu-
tion may create problems in terms of the precipitate’s purity, as the
precipitation rate of Sb and Fe reached 99 % with the addition of
NH4OH. The separation mechanism of Sb from an Sb-Fe mixed solution
was systemically investigated by the hydrolysis technique [44]. Hashi-
moto et al. [45] determined the chemical equilibrium conditions of the
Sb(II)-HCI-H20 system and subsequently obtained various morpholog-
ical properties of Sb compounds by precipitation with the addition of
NaOH. Sb,03 particles [46] were prepared with the addition of NH;OH
into SbClg solution in the pH range of 8.5-9. Some researchers have
recommended for use of water to conduct the hydrolysis process for Sb,
but their aging period was too long and the required aging time to obtain
Sb precipitate was found to be 7 days with a recovery of 97 % [47].
Additionally, there is a study focusing on the characterization of crude
products containing high levels of As and Pb obtained from an antimony
smelting plant, which contains about 82-82.5 % Sb [48]. The removal of
As in the crude product is achieved through HNOg leaching [49]. Unlike
previous studies, the use of a different residue source in this study,
especially with a material composition different from the studies in the
literature in terms of chemical content, is expected to positively
contribute to the uniqueness of the study. It was planned to develop a
process for Sb and Rare Earth Elements (REEs) recovery from a smelter
slag generated during the processing of antimony ore. Preliminary
studies indicated that the slag used in this study could be further eval-
uated as raw materials for REEs due to its content. Therefore, the work
planned to be carried out in this study consists of four (4) work stages.
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Fig. 2. XPS analyses of the slag: (a) general survey spectrum, (b) elemental spectrum for Sb, and (c) elemental spectrum for S.

(1) Raw material characterization and grinding, (2) Preliminary leach-
ing test to determine the range of leaching parameters, (3) Extraction of
Sb and REEs from the slag in the presence of HCl acid under atmospheric
conditions, and (4) Recovery of Sb from the PLS via hydrolysis test.

2. Materials and methods
2.1. Materials

The slag was provided by Anadolu Antimon Factory, located in
Adana, Tiirkiye. The slag is the by-products of Sb,O3 production process
from a Sb-bearing ore via the pyrometallurgical process. Approximately
3 tons of slag were collected from various pre-identified locations within
the stockpile with the aid of an excavator (Figure S1). These locations
were chosen based on random sampling points. Subsequently, the
collected material was subjected to cone and quartering techniques to
obtain a final sample (400 kg).

The chemical composition of the slag (except for Si) was determined
by an Atomic Absorption Spectrometer (AAS, Perkin Elmer 900H) after
its digestion in a microwave digester (CEM, Mars 6) with a mixture of
HF+HCI + HNOs + H30 at 200 °C for 30 min, followed by boric acid
neutralization at 200 °C for 30 min. Inductively Coupled Plasma —
Optical Emission Spectrometry (ICP-OES, Perkin Elmer 7000DV) was
employed to confirm the accuracy of the AAS results. X-ray Fluorescence
(XRF, Panalytical MiniPal) analysis was performed on the slag for
compositional analysis. XRF analysis (Thermo Scientific) at Anadolu
Antimony Factory further confirmed the contents of antimony (Sb) and
arsenic (As) in the slag. Table 1 details the chemical composition of the
slag determined by AAS, ICP-OES and XRF, while its rare earth elements
(REEs) and other elements concentrations given in Table 2 were

measured by ICP-MS (Perkin Elmer, NEXION 2000P).

The slag sample was also analyzed for their gold (Au) and silver (Ag)
content due to their potential [41,50,51]. The Au and Ag concentrations
in the slag were determined as 3.70 g/t and 23.70 g/t, respectively. The
chemicals (HCl, HNO3, H,SO4, NaOH, NH4OH, and tartaric acid) used in
this work are of analytical grade and were used without any purification.

2.2. Methods

The experimental process, comprises different stages, including
characterization and grinding, preliminary leaching test, HCI leaching,
and hydrolysis. These stages are explained below.

2.2.1. Raw material characterization

Firstly, a series of analyses were conducted to determine some
physicochemical properties of the slag used in this work. Physico-
chemical analyses including color, pH, moisture, dried matter, loss on
ignition and inorganic phase analysis (XRD), Toxic Characteristic
Leaching Procedure (TCLP) [52], and Synthetic Precipitation Leaching
Conditions (SPLP) [52], were conducted. The procedures of TCLP and
SPLP methods are given in Table S1. The mineralogical composition of
the slag was determined using a PANalytical EMPYREAN X-Ray
diffractometer (XRD) equipped with Cu Ka radiation (A = 1,54049 A)in
the 26 range of 10-85° with a 0.02 step size, and the obtained diffraction
pattern was evaluated using a PDXL software program for mineral
identification. The surface morphology of the slag was evaluated using a
scanning electron microscope (SEM, FEI Quanta 650 Field Emission). In
addition, the presence of Au and Ag in the slag was proved by SEM. The
particle size distribution of the slag using a Malvern Mastersizer (Hydro
2000 MU) was determined. The surface property of the slag was further
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Fig. 3. The experimental findings obtained from preliminary leaching tests.

determined using X-Ray Photoelectron Spectroscopy (XPS, Thermo
Scientific K-Alpha).

2.2.2. Preliminary leaching tests

In this stage, the slag was crushed using a lab-scale jaw crusher and
ground in a ball mill for different times (1 h and 2 h). Therefore, the
effects of particle size on the leaching behaviour of the slag were
investigated. A series of preliminary leaching tests were carried out in a
500 mL glass jacketed reactor (equipped with a glass condenser) to
determine the range of experimental parameters for the leaching of Sb
from the slag. Different parameters, including particle size, acid type
(H2SO4, HNO3, and HCI), acid concentration, leaching time, and stirring
speed, were investigated. Previous studies indicate that the leaching of
Sb should be carried out at high temperatures to obtain satisfactory
results. Considering these findings, reaction temperature and solid-to-
liquid ratio were kept as 60 °C and 1:5, respectively. The reaction
temperature was provided by a circulation water bath (JSR-22 T) and it
was monitored by a laser thermometer. In each leaching test, a 200 mL
of solution was used. The slurry was stirred by a magnetic stirrer
(MTOPS MS300HS). At the end of the reaction time, the stirring was
stopped, and the slurry was centrifuged (ELEKTRO-MAG M415 M) and
filtered using Whatman 1 filter paper. The concentration of Sb in the
pregnant leach solution (PLS) was analysed by AAS. The following
equation was used to determine the extraction rate of Sb from the slag.
The leaching residue was washed many times and dried at 105 °C in an
oven (Memmert) for characterization tests.

Cps x V

Erate(o/o) = m
S

x 100 (€)]

where Epae is the extraction rate (%), Cprs is the concentration of
element in the PLS (mg/L), V is the final volume of the PLS (L), Cspag is
the initial concentration of element in the slag (mg/kg), W is the amount
of slag used in the leaching (kg)

2.2.3. HCl leaching tests

Considering preliminary leaching test results, HCI acid was selected
as a leaching agent for this study. The effects of parameters on the
leaching of Sb, REEs, and other elements identified as impurities from
the slag were determined. The parameters with their levels are listed in
Table 3.

It was decided to conduct leaching experiments based on the one-
factor-at-a-time (OFAT) method. The concentration of Sb and other
impurities (Al K, Ca, Mg, Mn, and Si) from the slag was determined by
AAS, while the amounts of REEs in the PLS after each leaching test were
determined by ICP-MS (Perkin Elmer NEXION 2000P).

2.2.4. Chemical kinetics

A series of leaching experiments under the best conditions at
different temperatures (20, 40, 60, and 75 °C) were carried out for
different times. During the leaching, the sampling procedure was con-
ducted in a certain time to observe the leaching behavior of the Sb. The
obtained results for Sb leaching were evaluated using the shrinking core
model, which is one of the most used approach to understand the
leaching mechanism. Four different models with their equations are
listed in Table 4.

The reaction rate constant was calculated, and the activation energy
(E,) was determined based on the best-shrinking core model.
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Fig. 4. The effects of acid concentration on the extraction rate of (a) Sb and Fe, (b) impurities, and (c) REEs from the slag.

Table 8
The effect of tartaric acid on the extraction rate of Sb.

Tartaric acid (g/L) Extraction rate of Sb (%) Extraction rate of Sb (%)
HCl: 6 M HCLl: 8 M

0 20.58 29.77

1 19.29 32.10

3 24.08 30.67

5 23.96 31.61

6 26.63 32.75

2.2.5. Additional leaching tests for REEs

Additional leaching tests were conducted for different times under
optimum conditions to determine the effect of tartaric acid amount on
the leaching behavior of La from the slag.

2.2.6. Hydrolysis tests

After the leaching tests, the PLS was prepared for the hydrolysis test.
It was aimed to precipitate Sb with high precipitation rates with no Fe
precipitation. Many parameters, including metal concentration, pH, and
Cl concentration, played a crucial role in the hydrolysis process [44,53].
Furthermore, it was stated by previous researchers that the color of the
obtained product may vary based on the alkaline types (NH4OH, NaOH,
and NapCOs3) [54]. As such, the SbyO3 product obtained with the use of
water was white, while yellowish SbyO3 was obtained in the presence of
NH4OH. Herein, two different bases (NaOH and NH4OH) were used. The
hydrolysis tests were carried out based on the Taguchi approach (L32,
2"1 4°3). The experimental parameters with their levels are listed in
Table 5.

Table 6 gives the experimental conditions for the hydrolysis test. In
each hydrolysis test, the PLS with a volume of 100 mL was used. The pH
of the PLS increased to the desired levels with the addition of two

different alkaline (NH4OH and NaOH). When the pH of the PLS reached
the desired levels, the stirring was kept for an additional 30 min at the
desired temperature. When the required time was over, solid-to-liquid
separation was carried out using a centrifuge followed by Whatman 1
paper.

The concentrations of Sb and Fe in the solution after the hydrolysis
were measured by AAS. The hydrolysis ratio of Sb was calculated using
the following equation. The obtained precipitate was washed with hot
water and dried at 105 °C for 1 h in an oven. An additional hot water
leaching procedure (solid-to-liquid ratio: 1/10) was carried out at pH of
8 with the addition of alkaline (NH4OH, 1 M) to remove the Cl content
from the precipitate and therefore Sb-oxide could be obtained. The same
drying procedure was conducted.

CxV

Pre = 100 — (5 - < 100) o)

where Py, is the hydrolysis ratio (%), C is the final concentration of the
element after the hydrolysis (mg/L), V is the final volume of the solution
after the hydrolysis (L), C; is the initial concentration of an element in
the PLS before the hydrolysis (mg/L) and V; is the initial volume of the
PLS (L).

The XRD patterns of the selected products were measured. Also, the
polymorph properties of the selected products were examined by SEM.
Additional hydrolysis tests were carried out for the optimization of the
process according to the results obtained based on the Taguchi approach
(Table 7).

3. Results and discussions
3.1. Characterization of the slag

The obtained results for the physicochemical properties of the slag
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are summarized in Table S2. Many methods can be used to determine the
toxicity properties of the slag generated in pyrometallurgical processes,
and TCLP and SPLP methods are recommended [52,55]. The behaviour
of organic acid (acetic acid) with a low molecular weight on the slag was
determined in the TCLP method [56]. In contrast, acid rain’s effect on
the slag in the stock area was simulated in the SPLP procedure [57]. The
difference between those methods was the chemicals used. Acetic acid
was used in the TCLP, whereas a mixture of nitric-sulphuric acid was
used in the SPLP. After conducting the TCLP method, the amount of
dissolved Sb was 10.82 mg/L, corresponding to an extraction rate of
0.05 %. Although the amount of dissolved Sb was relatively lower than
that of a previous study [14], it was thought that this value was higher
than acceptable levels in drinking water. The amount of Sb dissolved in a
mixture of HNO3:H2SO4 acid was found to be 13.06 mg/L.

3.1.1. Mineralogical composition of the slag

It was determined that the dominant mineral in the slag sample is
quartz (SiOp) and it contains a relatively low amount of stibiconite
(Sb306(OH)) mineral (Fig. 1). Detailed mineralogical analysis conduct-
ed using the Rietveld method revealed the presence of microline (KAI-
Si30g), magnetite (Fe304, <%5), and hedenbergite (CaFeSi-Os) minerals
within the slag. Due to the detection limit of XRD, peaks representing Sb
metal could not be detected.

SEM analyses were carried out to evaluate the properties of the slag.
Figure S2 shows the SEM images and EDX analyses taken from polished
slag. It was determined that the slag has an inherently shapeless and
amorphous structure. From an elemental content perspective, it was also
observed that the Sb element under study forms compounds with
different elements (S, O) and/or element groups (Fe, Al, Si, Na, Ca), has
a very small particle size distribution, and cannot be obtained by con-
ventional methods. The main element of the slag, consistent with XRD
analysis, was determined to be quartz (SiO) through SEM images.

Elements such as Ag and Th could be detected via BSE images, and their
presence was confirmed by EDX analysis.

Fig. 2 shows the XPS spectra of the slag. Due to the overlapping of the
O1s elemental spectrum with the Sbsds,/s orbital during analysis, it was
recommended to use the Sbsds/» spectrum for deconvolution analysis
[58]. The presence of Na, Fe, Sb, Ca, K, and Si elements on the surface of
the sample was detected in the general survey (Fig. 2 a). The binding
energy of the characteristic peaks was found to be 102.8 eV for Si2p,
532.2 eV for Sb3d5, 284.4 eV for Cls, 293.54 eV for K2p, 1071.31 eV for
Nals, 347.52 eV for Ca2p, 711.12 eV for Fe2p3, and 531.2 eV for Ols.
The presence of C1 observed in the analysis is attributed to carbon
contamination. It was calculated from Fig. 2 a that the atomic weights of
Sb3d5 and O1s was found to be 63.07 % and 21.9 %, respectively.

As a result of the analysis, the presence of an oxide peak attributed to
the Sbsds/» orbital within the Ols peak was identified (Fig. 2 b). The
elemental spectrum shown in blue represents the lower limit of the in-
tegral obtained after background correction, while the reddish peaks
represent the deconvoluted peaks resulting from the analysis. Thus, the
O1s and Sbsds/, orbitals yielded three peaks, one of which (approxi-
mately 9.4 eV apart from Sbsds,s) is attributed to Sb oxide, while the
other two belong to the O element. Three different Sb oxides are known:
Sby03 (Sb3™), Sby04 (Sb*+), and Sby05 (Sb>T). The representation of the
Sbsds/2 spectrum with only one peak indicates that the Sb element
present in the slag sample used in the study is in the form of SboO3
[59,60]. Although no evidence of metallic Sb or other Sb oxide minerals
was obtained in the slag by XRD and XPS, it was observed that some slag
phases are wrapped around the antimony phase and that the wrapped
antimony phase is mainly metallic antimony (see Figure S2). The low
amount of sulfur (S) detected on the sample surface did not allow any
inferences regarding an interaction between S and Sb (Fig. 2 c).
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3.2. Results of preliminary leaching tests

The ore collected from a smelter plant and brought to the laboratory
was crushed by a jaw crusher and ground in a ball mill for two different
time intervals. The particle size distributions of the ground slag are
shown in Figure S3. The average particle sizes (dso) of the slag prepared
for the leaching test were found to be 24.5 ym and 51.55 pm, respec-
tively. It is clear from Figure S3 that the uniformity of the product is
satisfying. Previous researchers show Eh-pH diagram of Sb-based species
in acidic solutions at 25 °C [38]. Using this diagram, the phase con-
version of Sb can be predicted during the leaching. It is seen that an
acidic and positive-potential conditions are necessary for the leaching of
Sb. Although HCl was suggested as the best leaching agent for Sb, herein
HNOj3 and H,SO4 were used for comparison. The effects of particle size
on the extraction of Sb from the slag were investigated under the
following conditions: a reaction temperature of 60 °C, a time of 45 min,
a solid-to-liquid ratio of 1/5, and a stirring speed of 300 rpm. Fig. 3
reveals the preliminary experimental findings for the leaching of Sb
from the slag. It was determined that a decrease in the particle size led to
an increase in the extraction rate of Sb as shown in Fig. 3(a). The
extraction rate of Sb from the slag increased in parallel with the increase
of HCL. For example, the extraction rate of Sb from the slag was around
10 % in the presence of 1 M HCl, but its extraction rate increased up to
50 % depending on HCl concentration. However, these values are highly
dependent on the particle size. The Sb with an extraction rate of 45 %
was dissolved from the slag with an average particle size of 25 pm in the
presence of 6 M HC, whereas the extraction rate of Sb was found to be
around 35 % from the slag with an average particle size of 52 pm under
the same conditions. As expected, the Sb extraction rate increased over
an extended time (Fig. 3(b)). For example, an increase in the reaction
time from 45 min to 180 min led to obtain high Sb extraction rates,

which are 59 % and 45 % for the slags with an average particle size of
24.5 pm and 51.55 p m, respectively.

Fig. 3(c-d) show the effect of acid types and stirring speed on the
extraction of Sb from the slag ground for two different times. In these
tests, the following parameters were kept constant: acid concentration of
6 M, time of 180 min, solid-to-liquid ratio of 1/5, and temperature of 60
°C. The extraction rate of Sb in the presence of HCl was found to be > 50
%, which was higher than other inorganic acids (HoSO4 and HNO3). In
the leaching process, mixing the slurry at a controlled rate enhances the
interaction between the leaching agent and the solid, thereby prolong-
ing their contact time. This augmentation in the hydrodynamic behavior
of the leaching system leads to a reduction in the thickness of the liquid
boundary layer, consequently bolstering leaching efficiency.

As shown in Fig. 3(d), the positive influence of increased agitation
speed on Sb dissolution was determined. The intensified interaction
between particles and the leaching agent is evident, corresponding to
higher stirring speeds. However, experiments conducted at speeds
exceeding 300 rpm revealed a limited increase in Sb dissolution effi-
ciency. It can be inferred that the augmentation in extraction efficiency,
attributed to vortex formation dependent on stirring speed, is achieved
by elevating it from 150 rpm to 300 rpm. Similar findings were seen in
the literature. Aktas and Cetiner [61] demonstrated that a speed of 200
rpm is adequate for vortex formation and subsequent Sb dissolution,
with no discernible change in efficiency observed at higher speeds.

Previous researchers show the Eh-log[Cl'] diagram of the Sb-CI-H;0O
system at ambient temperature [62]. It is seen in their study that an
increase of the CI ions in the leaching system triggered the increase in
the extraction rate of Sb from the slag, compared to that of other
leaching agents (see Fig. 3(b)). These findings are proved by previous
study [63], which indicates that Sb (III) species may form chloro-
complexes, and its solubility increases within increasing CI” ions
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activity. Therefore, it was decided to use HCI as the leaching agent not
only to increase the extraction rate of Sb but also to decrease the re-
precipitation of Sb during leaching. After preliminary leaching tests,
the slag was prepared with a size of < 25 pm in a ball mill for use in the
subsequent leaching tests.

3.3. Results of HCI leaching tests

Hu et al. [46] suggested that leaching experiments should be carried
out to extract Sb from raw materials at higher reaction temperatures.
The following equation represents the possible leaching reaction.

Sb306(OH) + 12HCl—3SbCls + 6H,0 + 3Cl 3

In these tests, the effects of the acid concentration, tartaric acid
amount, solid-to-liquid ratio, reaction temperature, and time on the
extraction of Sb from the slag were investigated. Furthermore, the
leaching behaviours of the impurities and REEs were examined.

3.3.1. Effect of acid concentration

First, the effects of the acid concentration (1, 2, 3, 4, 5,6, 7, 8, and 9
M) on the extraction of Sb from the slag (<25 um) were determined in
the presence of HCl. The strength of the acid concentration plays a
crucial role in the leaching process. Other parameters, which were
constant, were a reaction time of 45 min, reaction temperature of 60 °C,
solid-to-liquid ratio of 1/5, and stirring speed of 300 rpm. An increase in
the acid concentration caused the PLS to become yellowish from
colorless (Figure S4). These changes in PLS color indicate the dissolution
of Sb and other elements. The extraction rates of Sb and other elements
(AL K, Ca, Mg, Mn, and Si) from the slag are shown in Fig. 4. Sb and Fe
extraction rates showed a linearly increasing trend with increasing acid

concentration. However, the extraction rate of Fe was more than two
times higher (69 %) than that of Sb (32 %) in the presence of the highest
HCI concentration (9 M), as shown in Fig. 4.10(a). Previous studies have
indicated that the HCI concentration should be high for the extraction of
Sb; otherwise, dissolved Sb may be hydrolyzed depending on time, and
therefore, the extraction rate of Sb from the slag started to decrease [64].

Based on the experimental findings, leaching tests were performed
for the subsequent stages in the presence of 6 and 8 M HCI. Moreover,
the extraction rates of other impurities were lower than 30 % (Fig. 4.4
(b)). Fig. 4.4(c) shows that the leaching behaviors of REEs were quite
below (<10 %) even at the highest HCI concentration, except for La, for
which the extraction rate was 18 %.

3.3.2. Effect of tartaric acid amount

As mentioned above, Sb ions may be hydrolyzed, decreasing the
extraction rate of Sb [39,40]. Therefore, the experimental findings were
significantly influenced. Previous studies have indicated that adding
tartaric acid makes Sb ions more stable in PLS during leaching [65].
With the addition of tartaric acid, Sb ions form the Sb-tartrate complex,
which has a more negative potential than hydrogen ions and prevents
the hydrolysis of Sb from the PLS. For this purpose, the effects of tartaric
acid (0, 1, 2, 3, 5, and 6 g/L) on the extraction of Sb from the slag were
determined in the presence of 6 and 8 M HCl. The experimental pa-
rameters that were kept constant were as follows: reaction time, 45 min;
reaction temperature, 60 °C; solid-to-liquid ratio 1/5, and stirring speed,
300 rpm. The use of tartaric acid has a positive effect on the Sb
extraction rate, as listed in Table 8.

Fig. 5 and Fig. 6 show the effect of tartaric acid on the extraction
rates of Sb together with other elements and REEs from the slag. When
the experimental findings were evaluated, it was observed that there



A. Ibrahim Idrees Ibrahim et al.

100

90
80
70 A
60 -
50
40

Extraction (%)

30
20

10 -

Separation and Purification Technology 354 (2025) 129355

100 ‘
(a) —0O— Sb 90 - (b) —O— Al
—O— Fe || 80 1 v K
70 —— Ca
il —e— Mg
60 - —@— Mn
40
4 30,
lgg—8—%——8 8 |, lgp—r—35—3—73
01g— 06— —0—0—0
-— Jolo—o—+0o0—+— 0+ o0
45 60 75 90 105 120 135 150 165 180 45 60 75 90 105 120 135 150 165 180
100
90 {(c)
80 1
5707 —0— Ce
g 60 1 | < La
% 50| | —@— Nd
0]
£ 40 {| FY
i
X 00
20 |
10’M
0 r r r r r r

45 60 75 90 105 120 135 150 165 180

Time (min)

Fig. 8. The effects of reaction time on the extraction rate of (a) Sb and Fe, (b) impurities, and (c) REEs from the slag at ambient temperature.

10



A. Ibrahim Idrees Ibrahim et al.

Separation and Purification Technology 354 (2025) 129355

100 100
90 {(a) —o—sb || go 1(P) ‘
80 - O~ Fe | lgo - oA
T 4 '
S i 70 —4— Ca
£ 60 - 60 —e— Mg
T 50 - 50 —@— Mn
© —0— Si
£ 40 - 40 -
w
30 + 30 |
20 20 |
10 | 10 |
ol g lo—o—o—o—o—o— ‘
45 60 75 90 105 120 135 150 165 180 45 60 75 90 105 120 135 150 165 180
100
90 | (€)
80
:\g 70 -
T 60+ | ©— Ce
2 50 | O La
8 —o— Nd
2 409 | @ v
L
30 W
20
10 H—m——:—.—ﬂj
| o e -
0 T r r r r r r r r
45 60 75 90 105 120 135 150 165 180

Time (min)

Fig. 9. The effects of reaction time on the extraction rate of (a) Sb and Fe, (b) impurities, and (c) REEs from the slag at a temperature of 40 °C.

was no effect on the extraction rate, except for La extraction. The in-
crease in the extraction rate of La from the slag was due to the increase in
the tartaric acid content. However, the increase in the extraction rates of
other REEs (Ce, Y, and Nd) is negligible. In addition, the HCI concen-
tration should be 8 M to extract La at high extraction rates in the pres-
ence of tartaric acid (6 g/L). Although there was no effect on the
extraction rate of Sb in the presence of tartaric acid, tartaric acid was
used at a concentration of 1 g/L in the subsequent leaching tests to
minimize the possible hydrolysis of Sb ions. Additional leaching tests
were performed to determine the effects of tartaric acid on the extrac-
tion rate of REEs in the subsequent stages.

3.3.3. Effect of solid-to-liquid ratio

Fig. 7 shows the effect of the solid-to-liquid ratio on the leaching
efficiency. The experimental parameters were maintained at constant
levels, including a reaction temperature of 60 °C, time of 45 min, HCL
concentration of 8 M, and stirring speed of 300 rpm. The solid-to-liquid
ratio plays a crucial role, with a decrease in the sample quantity per
solvent concentration accelerating the dissolution process. As the solid-
to-liquid ratio decreased from 1/5 to 1/20 under consistent experi-
mental conditions, the extraction rate of Sb increased from 32 % to
approximately 45 %. Notably, the extraction rate of Fe from the slag
surpassed that of Sb, with nearly all Fe content passing into the solution
under 1/20 solid-to-liquid ratio conditions (extraction rate > 99 %).
Similarly, the extraction rate of impurities increased with decreasing
solid-to-liquid ratio. For instance, the Ca and Mg extraction rate were
higher than 90 %, whereas the Mn and Si was less than 25 % at a solid-to-
liquid ratio of 1/20. On the other hand, Al and K extraction rate
demonstrated an increasing trend with a decreasing solid-to-liquid ratio.
As anticipated, a decrease in the solid-to-liquid ratio accelerated the
extraction rate of La. However, no discernible differences in the
extraction rates were observed for Ce, Nd, and Y.
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3.3.4. Effect of reaction time and temperature

To investigate the effects of reaction time and temperature, a series
of experiments were carried out at room temperature, 40 °C, 60 °C, and
75 °C for varying durations (45, 60, 90, 120, 150, and 180 min).
Figs. 8-11 show the extraction rates of Sb and Fe as a function of time.
Other parameters kept constant at this stage included an HCI concen-
tration of 8 M, solid-to-liquid ratio of 1/10, tartaric acid amount of 1 g/
L, and stirring speed of 300 rpm.

Experiments conducted at room temperature yielded very low
extraction rates of Sb and Fe from the slag (<30 %). Despite increasing
the reaction time from 45 to 180 min, no positive effect on the extraction
rate was observed at room temperature (Fig. 5). These findings are
consistent with those of Guo et al. [66], who reported limited extraction
rates even with increased acid concentration and stirring speed at room
temperature (Sb extraction rate < 30 %). It has been reported that a
higher reaction temperature is required for highly efficient Sb extrac-
tion. For instance, experiments conducted at 40 °C with a reaction time
of 45 min yielded an Sb extraction rate of approximately 40 %. In
contrast, an increase in the reaction time, the extraction rate of Sb
dissolution efficiency tended to increase from 40 % to approximately 80
%. Similarly, in these experiments, an increase in the dissolution effi-
ciency of other impurities over time was observed. However, limited
dissolution values were observed for REEs in the same experiment.

When the temperature was increased from 40 °C to 60 °C, almost all
of the Fe contained in the slag had passed into the solution by the end of
180 min. An increase in the temperature led to an Sb extraction rate of
approximately 80 % after 180 min. Palden et al. [16] also indicated that
a temperature of at least 50 °C is necessary for the extraction rate of Sb
from the slag. Therefore, the Sb dissolution behaviours observed in this
study are consistent with those reported in the literature. Some studies
have examined both Sb and Fe leaching behaviours. The results obtained
in these studies differ from those of the present study in terms of the



A. Ibrahim Idrees Ibrahim et al.

100

90
80
70 A
60
50
40
30
20
10 -

Extraction (%)

—O— Fe

Separation and Purification Technology 354 (2025) 129355

100 ?I L L L .T

%01 —O0— Al

80 | (b) v K

70 | —H— Ca

60 —8— Mg
—@— Mn

50 4 —O— Si

40 -

30 |

20

10

olo—o—o — 0o o

45 60 75 90 105 120 135 150 165

180

45 60 75 90 105 120 135 150 165 180

100

90 {(C)

801 | —0— ce
< 704 —— La
E ol [~ Nd
S —&— Y
B 50 -
o
< 40
L

30 -

0

20
10 -

45 60 75 90 105 120 135 150 165 180

Time (min)

Fig. 10. The effects of reaction time on the extraction rate of (a) Sb and Fe, (b) impurities, and (c) REEs from the slag at a temperature of 60 °C.

12



A. Ibrahim Idrees Ibrahim et al.

Separation and Purification Technology 354 (2025) 129355

100 100 T—m = = = -T
90 M 90 1(b)
8o { (Q) 80 - —O— Al
— 70 | —O— Sb ] —v— K
S 70 70 Ca
< | —— Fe M
< 60 60 - —e— Mg
3 50 50 | —®— Mn
£ 40 40 - o s
L
30 + 30 4
20 20
10 10
ot — @ Jole—o——0—0——0—
45 60 75 90 105 120 135 150 165 180 45 60 75 90 105 120 135 150 165 180
100
9 1 (€)
80 1
—O— Ce
< 01| —>— La
T 60| —@— Nd
(o]
g 50| THEY
g
£ 40
i
30 |
20 |
10
0 r r r r r r

45 60 75 90 1

05 120 135 150 165 180

Time (min)

Fig. 11. The effects of reaction time on the extraction rate of (a) Sb and Fe, (b) impurities, and (c) REEs from the slag at a temperature of 75 °C.

100
® Room temperature
v 40C
B 60C
801 ] o 7sc
S
el 4
» 80
—
)
c
i
8 401
=
w ././.———0—/‘—__.
20
0 T T T T T T T T
20 40 60 80 100 120 140 160 180 200
Time (min)
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extraction rate of Fe. Although high Sb dissolution values were achieved
at high temperatures in the presence of HCl, they ensured very low levels
of Fe passage into the solution. For example, during the dissolution of
stibnite ore with HCI, the Sb dissolution efficiency was > 80 %,
depending on the leaching conditions, whereas the Fe dissolution effi-
ciency was less than 10 % [38]. This difference is thought to be due to
the form of Fe in the raw materials.

As expected, as the temperature increased, Sb began to pass into the
solution at the targeted levels, while the rates of undesirable impurities
passing into the solution also increased, and almost all of the K, Ca, and
Mg contained in the slag were dissolved. When the reaction temperature
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was 60 °C, the La dissolution efficiency of the slag was approximately 50
% after 180 min. However, no positive increase in Ce, Nd, and Y
extraction rates was observed over time.

3.4. Results of kinetic study

Based on the experimental results, the leaching parameters required
for achieving high efficiency in extracting Sb from the slag under at-
mospheric conditions are determined as follows: HCl concentration of 8
M, solid-to-liquid ratio of 1/10, stirring speed of 300 rpm, tartaric acid
of 1 g/L, reaction temperature of 75 °C, and reaction time of 180 min. At
this stage, the leaching experiments were conducted at different tem-
peratures (room temperature, 40 °C, 60 °C, and 75 °C) and durations to
elucidate the extraction behaviour of Sb during the leaching process.
Experimental results obtained depending on time are shown in Fig. 12.

Leaching processes generally occur at the solid-to-liquid interface
[67]. The occurrence of the stages in the leaching process depends on the
physical and chemical properties of the solid particle targeted for
dissolution, the type of solvent used, and the experimental conditions
[68]. Therefore, mathematical modeling is an effective method used to
determine the types of reactions and investigate leaching behaviours.
The shrinking core model is one of the most commonly used mathe-
matical models. With this method, values such as reaction type and re-
action rate constant can be determined, and activation energy values for
the dissolution reaction can also be calculated according to the most
suitable chemical kinetic model. Thus, the most suitable kinetic model
for the dissolution mechanism of Sb can be identified. Experimental
results were evaluated using four different models (provided in Table 4);
namely, (1) ash layer diffusion-controlled, (2) film diffusion-controlled,
(3) surface reaction-controlled, and (4) both chemical and diffusion-
controlled. The extraction rate of Sb from the slag depending on time,
is converted into values that can be used in different kinetic models to
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Fig. 13. Sb dissolution kinetics depending on time at different temperatures (a) Chemical reaction controlled model, (b) Film diffusion model (Jander equation), (c)
Inner diffusion-controlled model, and (d) Both chemical and diffusion controlled model.
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Fig. 14. Arrhenius curve for the extraction of Sb from the slag.

explain the leaching behavior of the Sb. It was possible to evaluate the
extraction mechanism of Sb as a function of temperature, as depicted in
Fig. 13. In determining which of the four chemical kinetic models best
explains the mechanism of Sb dissolution from the slag, particular
attention has been paid to the R-squared (R?) value. As observed, the R?
value for each model is more significant than 0.90. The proximity of the
R? values to 1 indicates that the experiments can be explained by these
models. Considering the R? values obtained at each temperature, it has
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Fig. 15. The leaching behaviours of REEs under optimum conditions in
extended leaching times (tartaric acid amount: 1 g/L).

been concluded that the ash layer diffusion method is the best model for
modeling the extraction of Sb from the slag.

The reaction rate constant values calculated from the slope values of
these models. The reaction rate constant values in a range of between
6.01 x 10”° min~! and 107.84 x 10 min~!, depending on the tem-
perature. The Arrhenius curve was plotted using these reaction rate
constants as shown in Fig. 14.
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Fig. 16. Leaching behaviours of REEs from the slag under optimum conditions in extended leaching times (tartaric acid amount: 6 g/L).

Table 9
Experimental results obtained in the hydrolysis test.
Exp. No Precipitation rate of Sb (%) Precipitation rate of Fe (%) Exp. No Precipitation rate of Sb (%) Precipitation rate of Fe (%)
1 90.38 25.12 17 99.38 98.83
2 80.62 63.69 18 92.48 85.91
3 93.09 87.05 19 79.76 62.08
4 94.00 91.00 20 81.36 29.65
5 53.86 13.54 21 88.03 79.52
6 66.02 36.32 22 82.02 66.31
7 73.87 51.03 23 79.03 55.11
8 85.00 91.00 24 65.51 38.21
9 50.91 8.02 25 71.51 55.35
10 47.78 2.14 26 84.82 80.36
11 89.09 79.55 27 60.76 35.21
12 71.64 46.87 28 72.60 57.14
13 55.75 17.09 29 89.31 82.46
14 55.92 17.41 30 90.86 88.27
15 89.91 81.10 31 59.55 26.70
16 75.45 53.99 32 68.35 42.72
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Fig. 17. S/N values of the experimental parameters for the precipitation of Sb from the PLS.
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Fig. 18. S/N values of the experimental parameters for the precipitation of Fe from the PLS.
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Fig. 19. SEM images of the selected precipitates and their chemical compositions determined by EDX.

The activation energy (E,) can be calculated using the following
equation. The conducted leaching reactions are classified based on their
Ea values. For example, if E, < 20 kJ/mol, the reaction was governed by
a diffusion-controlled mechanism. Conversely, if E; > 42 kJ/mol, it in-
dicates an exponential relationship between the rate constant and
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temperature, the leaching mechanism can be explained by a chemically
controlled mechanism [68]. The E, was calculated to be 46.75 kJ/mol,
which indicates that the chemically controlled mechanism governed the
leaching of Sb from the slag.



A. Ibrahim Idrees Ibrahim et al.

3.0

2.8

2.6

24

pH

2.2 -
2.0 -
1.8 -

1.6 -

100

150

200 250 300
Stirring speed (rpm)

350

400

Separation and Purification Technology 354 (2025) 129355

|

100 150 200 250 300

Stirring speed (rpm)

350 400
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Fig. 21. (a) The precipitation rate of Sb and Fe from the PLS in the additional
hydrolysis test (b) Photographs of the obtained precipitates.
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3.5. Results of additional leaching tests for REEs

It was determined that the addition of tartaric acid not only pre-
vented the hydrolysis of dissolved Sb ions but also positively contributed
to the extraction of La from the slag. In previous stages, the extraction
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rate of La from the slag was around 50 % under optimum leaching
conditions (see Fig. 11). Therefore, it was decided to conduct leaching
experiments in extended times. The parameters that are kept constant in
these experiments were as follows: HCl concentration: 8 M, solid-to-
liquid ratio: 1/10, stirring speed: 300 rpm, tartaric acid concentration:
1 g/L, and reaction temperature: 60 °C. The experimental results can be
seen in Fig. 15. It was determined that a leaching time of 20 h is required
for the complete extraction of La contained in the slag. The extraction
rates of other REEs (Ce, Y, and Nd) under the same conditions are in the
range of 25 — 40 %.

Additional leaching experiments at a temperature of 60 and 75 °C
were conducted to determine the effect of tartaric acid amount on the
extraction of REEs from the slag, respectively. An increase in the amount
of tartaric acid makes the extraction of La with high rates in shorter
times. While the experiments conducted with 1 g/L tartaric acid deter-
mined a leaching time of 20 h for the complete extraction of La,
increasing the tartaric acid concentration from 1 g/L to 6 g/L reduced
the time required for high-efficiency dissolution of La to 180 min
(Fig. 16). These findings are consistent with previous studies [69],
which reveal that the required time for the extraction of La from the soil
decreased with the increase of tartaric acid concentration in the leaching
system.

Under these applied conditions, the extraction rate of Sb from the
slag was determined to be 91.19 %. While the extraction rate of La was
approximately 97 %, the extraction rates of other REEs (Y, Ce, Nd) were
measured to be < 50 %.

3.6. Results of hydrolysis tests

This technique is used for the recovery of Sb from the PLS. In this
process, Sb ions are hydrolyzed with different precipitators (water or
alkaline) at a specific temperature. The possible chemical reactions
during the hydrolysis process are explained in Equations 5-8.

4SbCl; + 5H,0—-Sb405Cl, | + 10HCI 5)
Sb,05Cl, + 2NH,OH— 2Sb,0; + 2NH,Cl + H,O0 (6)
Sb,;0sCl; + 2NaOH— 2Sb,05 + 2NaCl + H,O )
Sb,405Cl; + Na,CO3—2Sb,05 + 2NaCl + CO, ®
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Fig. 22. SEM images of the selected precipitates obtained in the additional hydrolysis test and their chemical compositions determined by EDX prior to conducting

the washing procedure.

As seen in Equation (5), HCI formed in line with the production of
Sb405Cly, particles, and therefore the pH of the solution increased slowly
[38]. Uysal [70] indicates that the concentration of CI" and OH™ ions
determines the stability of SbClg system. A mixture of Sb-products was
obtained based on Sb®" and CI' concentrations [45]. Depending on the
equilibrium changes, Sb ions may form a precipitate or the precipitate
obtained may dissolve again. Different Sb compounds (Sb405Clg, Sb20O3,
and SbOCI) were formed based on the process [71,72]. It was known
that SbCl3 undergoes hydrolysis in water to form SbOCl. With the
addition of bases, Sb405Cl; is formed in the presence of tartaric and HCI
acids. The theoretical prediction for the hydrolysis product depending
on the pH was shown in those of a previous study [73]. It is known that
other impurities (Al, K, Mg, Na, Mn) present in the PLS did not decrease
the purity of the precipitate obtained after the hydrolysis because all
impurities are in ion form in the PLS, except for Fe ions that start to
precipitate in these pH range (0 — 4). The precipitation behaviours of
these metals depending on the pH value can be seen in Figure S5. REEs
(La, Y, Ce, and Nd) stayed in soluble form in the range of pH 0 — 4 (see
Figure S6). Uysal [70] explained the formation of Sb depending on pH
value in detail, but the hydrolysis mechanism of Sb is not fully under-
stood. Considering previous studies, a series of experiments were con-
ducted. The results obtained from the hydrolysis test are listed in
Table 9. Sb ions from the PLS were hydrolyzed with a precipitation rate
of 47.78 — 99.38 % depending on the experimental conditions, while the
precipitation rate of Fe from the PLS was in a range of 2.14 % — 98.83 %.

Different options can be selected in the Taguchi approach to evaluate
the experimental results. These are: “larger to better”, “smaller is better,
and “nominal is the best”. Herein, it was aimed at increasing the pre-
cipitation rate of Sb while minimizing the precipitation rate of Fe from
the PLS. Therefore, the “larger-to-better” option was selected to evaluate
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the precipitation rate of Sb, and the “smaller-is-better” option was used
for the precipitation of Fe. Fig. 17 shows the values of S/N ratio calcu-
lated based on S/N analysis. The effects of hydrolysis conditions can be
easily determined from these S/N graphs.

As such, the influences of precipitation conditions (from the highest
to the lowest effect) on the precipitation rate of Sb was ordered as fol-
lows: pH>stirring speed > alkali type > reaction temperature. To obtain
Sb-precipitate with high recoveries, the hydrolysis test should be carried
out using NaOH in a temperature of 70 °C at the solution pH of 3 in the
PLS that had been stirred at 100 rpm. The S/N values for the precipi-
tation of Fe indicate that an increase in the solution pH up to 3 with the
addition of NaOH resulted in the precipitation of Fe together with Sb
(Fig. 18).

The ANOVA analysis given in Table S3 showed that the solution pH
and stirring speed strongly affect the precipitation rate of Sb. The R-
squared value for the model was 85.39 %. The effect of alkaline types
and temperature was negligible for Sb precipitation. However, the
precipitation rate of Fe was highly dependent on all production pa-
rameters. The R-squared value for the model was 91.40 %.

The precipitates were washed with water or alkaline and dried at
105 °C for 2 h in an oven. The crystallographic properties of the selected
precipitates were imaged by SEM, as shown in Fig. 19. The obtained
precipitates had amorphous structures. EDX analysis proved the pre-
cipitation of Fe together with Sb in the precipitate. The precipitate
contained in range of 13.13 % — 21.45 % Fe, depending on the pre-
cipitation conditions. For example, the precipitate (obtained under the
Exp. No:3 conditions) mainly comprised 55.05 % Sb, 23.51 % O, and
21.45 % Fe.

It was aimed at decreasing the Fe content in the precipitate. The
contour diagrams show the effects of pH and stirring speed on the
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Fig. 23. SEM images of the selected precipitates obtained in the additional hydrolysis test and their chemical compositions determined by EDX after the

washing procedure.
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Fig. 24. XRD pattern of the selected product (a) HE-1 and (b) HE-5.

precipitation rate of Sb and Fe from the PLS, respectively (Fig. 20). The
precipitation rates of Sb and Fe from the PLS increased with the increase
of the pH. The contour diagrams indicate that the stirring speed strongly
influenced the precipitation rate of Sb and Fe. During the hydrolysis test,
if the PLS was stirred at higher speeds the precipitation rate for both
elements started to decrease. For example, the precipitation rates of Sb
and Fe were found to be around 75 % and 20 % when the solution pH
was 1.7 and the stirring speed was < 150 rpm. It was decided to conduct
additional hydrolysis tests at a solution pH of < 1.50.

The precipitation rate of Sb was higher than that of 80 % at a solution
pH of 1.0 under the Exp. No HE-1. However, a decrease in the
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precipitation rate of Sb was determined when the solution pH reached
1.25 or 1.00 using NaOH (HE-5 and HE-6). Furthermore, there were no
precipitates with the addition of NH4OH (Fig. 21a). Depending on
conditions, the precipitates with different colors were obtained
(Fig. 21b).

It was understood from the SEM analyses given in Fig. 22 that the
washing procedure must be carried out when the hydrolysis test ended
up. The EDX analysis was performed on the selected precipitates. The
presence of Cl in the precipitate was observed in a range of 42.97 % —
65.02 %, which was easily removed by the washing process. Fig. 23
shows the SEM images of the washed precipitates that contain no
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chlorine ions.

The precipitate, which was obtained under Exp No HE-1 conditions,
contained 81.43 % Sb, 16.23 % O, and 2.34 % Fe. Considering all results,
it was decided to use NH4OH rather than NaOH to prepare Sb-precipitate
with desired purities as the precipitation rate of Fe was higher when
NaOH was used. The precipitates were identified as antimony oxide
minerals in XRD analysis. However, the XRD patterns of the selected
products given in Fig. 24 indicated that the amorphization of the
product was high due to the low peak intensities.

4. Conclusions

In this study, it was aimed to investigate the recovery of Sb from a
smelter slag (4.13 % Sb) generated in a smelting furnace using HCl
leaching and hydrolysis processes. The characterization of the slag was
determined using various techniques, including physico-chemical
properties (pH, moisture, odor, organic matter content, inorganic con-
tent), TCLP, and SPLP. Preliminary leaching tests were carried out to
determine the parameters and their levels for subsequent stages.
Considering these results, it was determined that Sb (III) species may
form chloro-complexes and its solubility increases within increasing CI’
ions activity. The best conditions for the leaching process were deter-
mined as follows: a HCI concentration of 8 M, a solid-to-liquid ratio of 1/
10, a stirring speed of 300 rpm, tartaric acid amount of 1 g/L, a reaction
temperature of 75 °C and a reaction time of 180 min. The leaching
mechanism of the slag was evaluated by different shrinking core models.
The Ea was calculated to be 46.75 kJ/mol, which indicates that the
leaching of Sb from the slag was governed by the chemically controlled
mechanism. The use of tartaric acid had a significant influence on the
leaching of La from the slag. An increase in the amount of tartaric acid
makes the extraction of La with high rates in shorter times. Under the
best leaching conditions, the extraction rate of Sb from the slag was
determined to be 91.19 % while the extraction rate of La was approxi-
mately 97 %. The extraction rates of other REEs (Y, Ce, Nd) were
measured to be < 50 %. The hydrolysis tests were conducted based on
the Taguchi approach (L32, 21 4°3). The presence of Fe in the PLS
created pollution problems in the precipitate obtained after the hydro-
lysis. Sb ions from the PLS were hydrolyzed with a precipitation rate of
47.78 — 99.38 % depending on the experimental conditions, while the
precipitation rate of Fe from the PLS was in a range of 2.14 % — 98.83 %.
The validation of these models was proved by the ANOVA analysis.
Additional hydrolysis tests were carried out at pH<1.5. Depending on
the pH, the precipitates with different colours were obtained due to the
precipitation of Fe together with Sb. NH4OH was suggested to use in the
hydrolysis test to obtain precipitate with higher purities. The final
product was mainly composed of 47.13 % Sb, 10.23 % O, and 2.51 % Fe.
The product was identified as antimony oxide (Sb203). The recovery of
precious metals such as Au and Ag from the slag will be investigated in
the near future.
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