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ABSTRACT 

 

A lead oxide slag formed in an attempt to separate Sb from valuable elements like Cu, Ag and 

Au has been investigated. In the study, alkaline sulphide leaching of As and Sb from the lead 

oxide slag as well as purification of the pregnant solution for Sb recovery through 

precipitation and crystallization techniques has been investigated. 

Leaching was conducted using alkaline sulphide solutions containing 10-30 g/L NaOH and 30 

g/L S
2-

. Leaching parameters investigated were NaOH concentration and temperature. A 

synthetic solution containing 45 g/L Sb prepared by dissolving antimony (III) sulphide 

chemical in NaOH-Na2S system was used in the precipitation experiments. Crystallization 

experiments were conducted using 45 g/L Sb solution made by dissolving antimony (III) 

sulphide chemical in the system NaOH-S . 

 It was found that, As and Sb leaching was influenced by NaOH concentration and 

temperature. Leaching recoveries of 91% As and 82% Sb were achieved in 24 hours period. 

Sb precipitation by H2O2 was influenced by time and H2O2 dosage, while temperature and 

conditioning time influenced the precipitation of Sb by S
o
 addition. In 6 hours, 99.7% Sb 

precipitation was achieved using H2O2, while in 72 hours, 69% Sb was precipitated from the 

solution by S
o 

addition. H2O2 precipitated Sb as NaSb(OH)6, while Na3SbS4 and 

Na3SbS4.9H2O were the phases into which Sb was precipitated by S
o
. 34% Sb was 

crystallized from the alkaline solution with Na3SbS4.9H2O being the main phase in the 

crystals. Sb precipitation by H2O2 was recommended as the suitable method for solution 

purification. However, due to its high cost, it was further recommended that, under large scale 

operations, the use of air would be more economical. 
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1.0 INTRODUCTION 

1.1 Background 

During pyrometallurgical treatment of nonferrous smelter feed materials containing high 

antimony and arsenic contents, these elements are known to form alloys and compounds with 

the transition metals to make up the basic building blocks of a speiss phase. Speiss is basically 

composed of antimonides and arsenides of copper, iron, nickel or cobalt and is occasionally 

produced during copper, nickel, cobalt or lead smelting processes. The speiss phase usually 

contains copper to about 50-60%, lead to about 8-12% and a large quantity of arsenic, 

antimony and silver [1]. 

Due to the substantial amount of the valuable metals in the speiss, it is desirable to recycle it 

at the smelter in order to recover copper and precious metals. But the presence of arsenic and 

antimony impurities creates a build-up of these metals in the copper circuit and therefore 

creating problems during copper refining processes. It is difficult for antimony to be removed 

during smelting due to its low vapour pressure and it is therefore accumulated in the system 

compared to arsenic which is normally volatilized. 

Speiss is a material similar in appearance to metal, although it is brittle and cannot be worked 

other than by casting [2]. In an attempt to separate antimony from other valuable metals, a 

speiss originating from copper production was treated in a pyrometallurgical process. During 

this treatment, part of the antimony ended up in a lead oxide slag phase.  This slag has been 

used in this investigation. 
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1.2 Statement of the problem 

Due to a high metal value, the recovery of copper from intermediate products and secondary 

sources such as dusts, scraps, tailings, fine particles, slag, gas cleaning sludge etc., is 

becoming important [3].  It is reported that, the quantity of copper produced  from the 

recycling is nearly 40% of the total copper used in the world annually [3]. It is thus clearly 

that, such a contribution needs not to be ignored. Apart from the low costs of production from 

secondary processing, other advantages are energy saving (Fig. 1), conservation of natural 

resources and reduced environmental degradation [3].   

 

 

Fig. 1. Energy requirement and savings for important metals in Terajoules (TJ/100,000t) [4]. 
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Lead oxide slag, a material that was obtained in an attempt to separate antimony from other 

valuable metals, contains in addition to antimony, appreciable amounts of copper and hence 

can present an opportunity for metal values recovery. 

The presence of excessive levels of impurity elements such as arsenic and antimony pose a 

challenge on the potentiality of using this material. Arsenic affects the electric conductivity of 

copper while antimony makes the copper product brittle [5]. Therefore, a removal or 

reduction of these impurities to acceptable levels is a necessary step before the lead oxide slag 

is recycled to the copper smelter. 

A selective pre-treatment process for the removal of arsenic and antimony would simplify the 

downstream copper metallurgical processes. Arsenic and antimony containing materials can 

be treated pyrometallurgically or hydrometallurgically. When treated pyrometallurgically, 

arsenic is volatilized as As2O3 and collected in the flue dust [2, 6]. On the other hand, due to 

its lower vapor pressure, it is difficult to remove antimony by pyrometallurgical processes and 

thus leading to its continued build up in the system. Due to these disadvantages, arsenic and 

antimony removal is mainly focused on hydrometallurgical processes such as alkaline 

leaching, pressure leaching, mechanical activation leaching and flotation [7]. However, most 

of these hydrometallurgical methods are not selective and result into problems in downstream 

separation processes [8].  

Alkaline sulphide solution has been reported elsewhere [5, 8-14], as a potential selective 

lixiviant for the dissolution of arsenic and antimony impurities from ores, concentrates or 

secondary materials. 

The current research will therefore investigate the dissolution of arsenic and antimony from 

the lead oxide slag material by alkaline sulphide solution and thereafter evaluate different 
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solution purification techniques in order to recover the antimony in the pregnant leach liquor 

as a saleable product.  

1.3 Objectives 

The main objective of the present work is to leach antimony and arsenic from lead oxide slag 

by an alkaline sulphide lixiviant and thereafter suggest any suitable method for the 

purification of the pregnant liquor in order to recover antimony from the solution so that the 

spent solution can be reused and the leach residue recycled to the smelter.  

1.4 Scope of the work 

The study will cover particle size analysis, chemical analysis, and mineralogical investigation 

of the material by X-Ray diffraction technique. In addition, the study will report on the 

dissolution of arsenic and antimony by alkaline sulphide solution as well as the recovery of 

antimony from the pregnant liquor by precipitation and crystallization techniques. 

2.0 LITERATURE REVIEW 

2.1 Antimony and arsenic as impurity elements in nonferrous metallurgy 

2.1.1 Antimony 

Antimony is a toxic element with  chemical symbol Sb and with atomic number and atomic 

weight of 51 and 121.75, respectively [15, 16]. The origin of the symbol Sb comes from the 

latin word ‘’stibium’’[16]. Antimony was discovered in compounds by the ancients and was 

known as metal at the beginning of the 17
th

 century [16]. In its  elemental form, antimony is 

silvery white, brittle, fusible, crystalline solid that exhibits poor electrical and heat 

conductivity and vaporizes at low temperatures [17]. Because of its hardness, brittleness, and 

lack of malleability, antimony has no commercial uses as a metal by itself [15]. Therefore, it 

is alloyed with lead and other metals to increase their hardness, mechanical strength, 
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corrosion resistance, and electrochemical stability or decrease their coefficient of friction [15, 

18]. Antimony and some of its alloys have an unusual behavior of expanding on cooling [19].  

The occurrence of antimony in the earth’s crust ranges from 0.2 to 0.5 ppm [15, 18]. 

Antimony tends to concentrate in sulphide ores along with copper, lead, and silver. It rarely 

occurs as free metal, usually in association with arsenic, bismuth or silver. The most 

important ore minerals of antimony are the sulphides stibnite and jamesonite. Other minerals 

are listed in Table 1. Their significance decreases as you move to the bottom of the table [15].  

Upon heating, Sb  reacts with oxygen in air to form  antimony (III) oxide, Sb2O3 [16]. 

4 Sb (s) + 3 O2 (g)                         2 Sb2O3 (s)                                                                      (1) 

At red heat, antimony reacts with water to form antimony (III) oxide, Sb2O3. The reaction is  

more slowly at ambient temperature [16]. 

2 Sb (s) + 3 H2O (g)                        Sb2O3 (s) + 3 H2 (g)                                                     (2) 

Table 1. Principal antimony ore minerals [15]. 

Name                                                              Composition 

         Stibnite                                          Sb2S3 

        Jamesonite                    Pb2Sb2S5    

        Sernamontite, Valentinite                   Sb2O3 

        Stibiconite                    H2Sb2O5 

        Bindheimite                    Pb2Sb2O7.nH2O 

        Kermesite                                                           Sb2S2O 

       Tetrahedrite                                         Cu8Sb2S7 
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Under controlled conditions, antimony reacts with the halogens to form their respective 

trihalides of antimony (III) [16].  The following chemical reactions for fluorine and chlorine 

are given as illustration.  

 2 Sb (s) + 3F2 (g)                        2 SbF3 (s)    (white)                                                    (3) 

2 Sb (s) + 3Cl2 (g)                        2 SbCl3 (s)    (white)                                                  (4) 

Antimony is insoluble in dilute sulphuric acid, but dissolves slowly in hot concentrated 

sulphuric acid, forming antimony (III) ions [16, 20] : 

2 Sb (s) + 3 H2SO4 (aq) + 6 H
+
                    2 Sb

3+  
+ 3 SO2 (g) + 6 H2O (l)                  (5) 

Nitric acid oxidizes antimony to an insoluble product, which can be regarded as a mixture of 

Sb2O3 and Sb2O5.  These anhydrides in turn, can be dissolved in tartaric acid. A mixture of 

tartaric acid and nitric acid dissolves antimony easily. Aqua regia also dissolves antimony 

leading to the formation of antimony (III) ions:  

Sb (s) + HNO3 (aq) + 3 HCl (aq)                Sb
3+

 + 3 Cl
-
 (aq) + NO (g) + 2 H2O (l)       (6) 

In its compounds, antimony occurs as Sb
3+

 or Sb
5+

. The +5 oxidation state is the more stable. 

Antimony (III) compounds are easily dissolved in acids, when the ions Sb
3+

 is stable [16, 20]. 

However, if the solution is made alkaline, or the concentration of H
+
 ions is decreased by 

dilution, hydrolysis occurs and antimonyl, SbO
+
, ions are formed:- 

Sb
3+

 (aq) + H2O (l)                      SbO
+
 (aq) + 2 H

+
 (aq)                                                  (7) 

Fig. 2, is the potential - pH equilibrium diagram for Sb-H2O system, showing the most 

dominating antimony species at 25 
o
C. 
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     Fig. 2. Potential-pH equilibrium diagram for the system antimony-water at  25 
o
C [21]. 

 

In terms of applications, antimony is mainly used in the manufacture of flame retardants used 

in plastics, vinyls, and synthetic fibres. Antimony, together with its alloys has also found 

numerous applications in electronics, space and defence, photographic materials, type metal, 

cosmetics, paint, and textile industries [18, 21]. China is the main producer of antimony in the 

world. In 2007, China accounted for about 88% of the world production. South Africa, 

Bolivia, Tajikistan, Russia, Guatemala, and Kyrgyzstan were the other key producers [19]. 
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2.1.2 Arsenic 

Arsenic (As) has atomic number of 33 and an atomic weight of 74.92 [22]. It is a naturally 

occurring element that is widely distributed in the earth’s crust and classified as metalloid 

[23]. It occurs organically and inorganically in the earth’s crust with an abundance of about 5 

g/t [16, 22]. Weathering of rocks is the major natural source of inorganic arsenic, and on the 

other hand, it is also released by human activities. For example, arsenic is emitted as a fine 

dust during copper and lead smelting processes [24]. Arsenic rarely forms in its elemental 

state; mostly occurs combined in more than 150 different minerals, as sulphides, arsenides, 

sulphoarsenides, and arsenites [16, 25]. Arsenopyrite is among the most common arsenic–

bearing minerals; others are realgar, As4S4; orpiment, As2S3; loellingite, FeAs2; and enargite, 

Cu3AsS4. Arsenic oxide is also common. Most commercial arsenic is recovered as a by-

product of the smelting of copper, lead, cobalt, and gold ores [16, 22]. 

As of 2003, the largest producer of arsenic was China, followed by Chile, and Peru. About 

90% of the arsenic produced globally is used to make arsenic trioxide, As2O3; an inorganic 

form used in the production of wood preservative copper chromate arsenate (CCA), which is 

used to make arsenic ‘’pressure-treated lumber’’. Arsenic is also used in production of 

agricultural products such insecticides, herbicides, algaecides, and fertilizers [26]. Arsenic 

trioxide and arsenic acid also have uses in the glass works industry as decolorizing and fining 

agents to make bottle glass and other glass products. Arsenic can also be used in lead-acid 

automobile batteries, as an alloying element, in ammunition and solders, and as an anti-

friction additive to metals for bearings [23]. Gallium arsenides are used in semiconductors for 

telecommunications, light-emitting diodes, and space-research [16]. 

The major arsenic species found under different environmental conditions are arsenite As(III), 

arsenate As(V), arsenious acids (H3AsO3, H2AsO3
-
, and HAsO3

2-
), and arsenic acids (H3AsO4, 

H2AsO4
-
, and HAsO4

2-
). These species illustrate the different possible oxidation states 
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exhibited by arsenic (-3, 0, +3, +5). Under moderately reducing conditions, arsenite (+3) may 

be the dominant state, while, under normal environmental conditions, the most stable forms 

and thus most readily detected, are in oxidation state +5 [23]. Arsenite is known to be more 

toxic and mobile than arsenate [27]. 

In aqueous systems, arsenic exhibits anionic behavior. In oxidizing conditions, arsenic acid 

(H3AsO4) predominates only at extremely low pH (< 2) and within a pH range of 2 to 11, it is 

replaced by H2AsO4
-
 and HAsO4

2-
. Arsenious acid (H3AsO3) appears at low pH and under 

mildly reduced conditions, but it is replaced by H2AsO3
-
 as the pH increases.  Only when the 

pH exceeds 12 does HAsO3
2- 

appear.  At low pH in the presence of sulphide, HAsS2 can form; 

arsene, arsene derivatives and arsenic metal can occur under extreme reducing conditions. 

Fig. 3 shows the speciation of arsenic under varying pH and redox conditions [25]. 

 

Fig. 3. Potential-pH equilibrium diagram for the system arsenic-water at  25 
o
C [21]. 
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When heated in oxygen, arsenic ignites, forming ‘’arsenic pentoxide’’ (i.e. tetraarsenic 

decaoxide, As4O10, and As4O6) [16].  

4 As (s) + 5 O2 (g)                          As4O10 (s)                                                                    (8) 

4 As (s) + 3 O2 (g)                           As4O6 (s)                                                                     (9) 

Arsenic does not react with water in the absence of air under normal conditions. As with 

antimony, arsenic also reacts with halogens under controlled conditions to form their 

respective trihalides. Arsenic is insoluble in hydrochloric acid and in dilute sulphuric acid, but 

dissolves readily in dilute and concentrated nitric acid and aqua regia or sodium hypochlorite 

solution to form arsenite and arsenate ions, respectively [16]. 

As (s) +4 H
+ 

(aq) + NO3
-
 (aq)                      As

3+
 (aq) + NO (g) + 2 H2O (l)                      (10) 

 3 As (s) + 5 HNO3 (conc.) + 2 H2O (l)               3 AsO4
3-

 (aq) + 5 NO (g) + 9 H
+ 

(aq)      (11) 

2 As (s) + 5 OCl
- 
(aq) + 3 H2O (l)                   2 AsO4

3-
(aq) + 5 Cl

-
 (aq) + 6 H

+
 (aq)            (12) 

2.2 Nonferrous smelting 

2.2.1 Speiss phase formation 

Speiss is an intermediate product or by-product that is formed during non-ferrous smelting 

operations [28-30]. It is an alloy of arsenides and antimonides of iron, cobalt, nickel, copper 

or other metals formed in the smelting of raw materials with high arsenic and antimony 

content [30]. Two categories of speiss exist; ferrous speiss, which is composed of arsenical 

iron and iron arsenides (i.e. Fe-As phases), and the base metal speiss, which is a complex 

mixture of copper, nickel, iron, and or silver as arsenides and antimonides, often with some 

sulphur and lead [28, 30]. Lead, which is not a transition metal, does not form intermetallic 

compounds with arsenic or antimony, and as such is not formally part of speiss; however, due 
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to its geochemical association with many base metals ores and its low melting point, it often 

accompanies the speiss phase when it forms [2]. 

The occurrence of speiss in smelting processes is always a problem. For example; in lead 

smelting as a preliminary step in silver production, the occurrence of speiss is considered as 

detrimental as much of the silver will get trapped in the speiss instead of being in the lead 

metal [2]. During smelting of arsenic-cobalt raw material, a cobalt rich speiss phase is formed, 

resulting into demanding cobalt extraction processes. To extract the cobalt metal, the speiss is 

roasted to remove arsenic and sulphur, and the oxides produced are subjected to further 

metallurgical treatment or are sulphatized by sintering with concentrated sulphuric acid and 

converted by hydrometallurgical treatment [30].  

2.2.2 Liquid phase separation during nonferrous smelting 

During smelting, there is a possibility of producing a number of separate liquids that are not 

miscible with each other, and therefore, segregate into separate layers called ‘’phases’’. The 

phases that may form are metal, speiss, matte, slag, and molten alkaline salts. Metal phase has 

the highest density and forms the bottom layer; other phases separate above the metal phase 

according to their densities. Speiss phase is heavier than matte but lighter than lead; hence it 

forms a layer between the lead and the matte, in case all the three phases exist [30]. 

The slag phase, consisting of metal oxides and silica lies above the matte layer, but if matte 

and speiss are absent, the slag rests directly upon the lead. Whether a metal appears in the 

metal layer or in the slag depends upon whether or not it is combined with oxygen. The metal 

oxides are quite soluble in the slag and, in general, are insoluble in the metal. Consequently, 

when two different metals are present, if one can be oxidized to metal oxide it will go into the 

slag layer, while if at the same time other metal can be prevented from oxidizing, it will 
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therefore appear in the metal layer, provided that no speiss or matte is formed. This principle 

forms the basis of separations made in fire assaying, smelting and fire refining [28].  

2.3 Arsenic and antimony hydrometallurgy 

Alkaline sulphide system is a unique hydrometallurgical system that is very selective for tin, 

gold, antimony, arsenic and mercury in lieu of other metals [9, 14]. The system  was 

introduced decades ago, first for antimony recovery from silver-rich tetrahedrite mineral and 

later for the treatment of copper-antimony-arsenic minerals [10]. Industrially; alkaline 

sulphide leaching has been employed only at operations in Russia, China, Canada (Equity 

Silver Mines Ltd),  and United States ( Sunshine Mine) [5, 14]. 

Leaching is carried out in a caustic solution with about 100% stoichiometric excess of sodium 

sulphide (Na2S) for 4-12 hours at temperatures close to the boiling point. It is recommended 

that the lixiviant must contain enough sodium hydroxide (NaOH) to avoid possible hydrolysis 

of sulphide ions (S
2-

) to hydrosulphide (HS
-
), which reduces the leaching efficiency [10]. 

Depending on the feed composition and the reaction conditions, the copper product may be  

chalcocite (Cu2S) or covellite (CuS), while arsenic and antimony are dissolved as thio anions: 

thioarsenite (AsS3
3-

), thioarsenate (AsS4
3-

), thioantimonite (SbS3
3-

), thioantimonate (SbS4
3-

), 

etc. [10].   

When the system is applied to an arsenic (i.e. orpiment, As2S3) and antimony (i.e. stibnite, 

Sb2S3) containing material, solutions of sodium thioarsenite and sodium thioantimonite form 

as  illustrated in the following chemical reaction equations 13-16;  [5, 8-14] :- 

Na2S (aq) + As2S3 (s)                 2 NaAsS2 (aq)                                                           (13)                                                     

NaAsS2 (aq) + Na2S (aq)                Na3AsS3 (aq)                                                        (14) 

Na2S (aq) + Sb2S3(s)                 2 NaSbS2 (aq)                                                             (15) 
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NaSbS2 (aq) + Na2S (aq)                Na3SbS3 (aq)                                                         (16) 

In plant practice, the lixiviant is usually made by dissolving elemental sulphur and sodium 

hydroxide in barren electrolyte. Such a combination of sodium hydroxide and elemental 

sulphur results in the formation of species other than just sulphide (S
2-

) [10, 13, 14]. Both 

sodium polysulphide (Na2SX) and sodium thiosulphate (Na2S2O3) are created in line with the 

sulphide. Fig. 4 illustrates the equilibrium diagrams for more commonly encountered meta-

stable sulphur species. 

 

Fig. 4. Meta-stable Eh-pH diagram for sulphur [14]. 

The generation of these predominant meta-stable species is illustrated simplistically in the 

following chemical reaction equations:- 

4 S
o 
(s) + 6 NaOH (aq)                  2 Na2S (aq) + Na2S2O3 (aq) + 3 H2O (l)                      (17) 

(X-1) S
o 
(s) + Na2S (aq)                 Na2SX (aq) , where X= 2 to 5                                       (18) 
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Therefore, due to the strong oxidizing power of the polysulphide on both, sodium thioarsenite 

and sodium thioantimonite, the major species in solution is normally sodium thioarsenate 

(Na3AsS4) and sodium thioantimonate (Na3SbS4), when leaching arsenic and antimony 

containing materials, respectively. Their respective chemical reaction equations as a result of 

oxidation by polysulphide are as follows [5, 8-14] :- 

Na2SX (aq) + (X-1) Na3AsS3 (aq)                  (X-1) Na3AsS4 (aq) + Na2S (aq)                  (19) 

Na2SX (aq) + (X-1) Na3SbS3 (aq)                  (X-1 ) Na3SbS4 (aq) + Na2S (aq)                  (20) 

Apart from the alkaline sulphide hydrometallurgical system, antimony can also be dissolved 

in an acidic chloride system. However, alkaline sulphide system predominates because of its 

ease of full scale application due to its minimal corrosion associated [5, 9, 14]. 

In the acidic chloride antimony hydrometallurgical system, hydrochloric acid, usually 

together with ferric chloride, is commonly used as the solvent for sulphide mineral such as 

stibnite [9]. This can be supported by the following chemical reaction equations:- 

6 FeCl3 (aq) + Sb2S3 (aq)           2 SbCl3 (aq) + 3 So (s) + 6 FeCl2 (aq)                                     (21) 

Sb2S3(s) + 6 HCl (aq)                      2 SbCl3 (aq) + 3 H2S (g)                                              (22) 

In aqueous solutions, the function of FeCl3 is both, as an oxidizer and as chloridizing agent to 

convert the antimony of the sulphide mineral into a chloride complex while producing 

elemental sulphur. If the antimony is in the oxide form, leaching may be conducted directly 

with hydrochloric acid without the necessity of FeCl3 [9]:- 

i.e.  Sb2O3 (s) + 6 HCl (aq)                     2 SbCl3 (aq) + 3 H2O (l)                                       (23) 

Whether in alkaline sulphide system or acid chloride system, the solubilized antimony can be 

recovered as a metal by electrowinning of the pregnant leach solution in special diaphragm 
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cells or even non diaphragm cells [5, 9, 10]. The cathodic antimony metal product may attain 

a grade of over 99.5% purity after washing. Antimony can also be recovered as solid sodium 

thioantimonate (Na3SbS4) by crystallization or evaporation of the leach solution. The sodium 

thioantimonate may be processed further to sodium hydroxyantimonate (NaSb(OH)6) by 

oxidation in autoclaves at 100- 150 
o
C and PO2 = 6.2 atm [10].   

In the acid chloride system, antimony chloride solution can alternatively be treated by 

hydrolysis precipitation of the antimony from solution as a solid oxychloride. Thereafter, the 

precipitated solid is treated with ammonia to produce a pure antimony oxide. This can be 

systematically illustrated by the following chemical reaction equations [9]:- 

SbCl3 (aq) + H2O (l)                      SbOCl (s) + 2 HCl (aq)                                                    (24) 

4 SbOCl (s) + H2O (l)                  Sb4O5Cl2 (s) + 2 HCl (aq)                                                  (25) 

2 SbOCl (s) + 2 NH4OH (aq)                     Sb2O3 (s) + 2 NH4Cl (aq) + H2O (l)                    (26) 

Sb4O5Cl2 (s) + 2 NH4OH (aq)                  2 Sb2O3 (s) + 2 NH4Cl (aq) + H2O (l)                   (27) 

For the case of dissolved arsenic, solution cooling is an effective way of recovering it as 

sodium thioarsenate. The sodium thioarsenate crystals can be treated with sulphuric acid to 

liberate hydrogen sulphide gas (H2S) and precipitate arsenic as  As2S3 or As2S5 (equation 28) , 

which can be further disposed to landfill sites as stable arsenic species [10]. 

2 Na3AsS4 (aq) + 3 H2SO4 (aq)                  As2S5 (s) + 3 Na2SO4 (aq) + 3 H2S (g)                (28) 
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2.4 Solution purification techniques 

Most of the leaching processes are not selective and therefore the pregnant leach solutions 

containing valuable metals requires purification for impurities removal prior to final metal 

winning [31]. In hydrometallurgy, a number of solution purification techniques are available; 

sedimentation, filtration, crystallization, adsorption, chemical precipitation, cementation, ion 

exchange and solvent extraction [32]. In the present work and specifically for antimony 

investigation, only chemical precipitation and crystallization techniques will be covered. 

2.4.1 Chemical precipitation methods 

Chemical precipitation processes are widely used in hydrometallurgy to remove ions from 

solutions. The precipitation of hydroxides or basic salts is by far the most commonly used 

technique, although, sulphide precipitation is also of importance [31]. Various metals are 

precipitated as hydroxides at various pH values. By gradually raising the pH value, metals can 

be selectively precipitated. What determines the precipitation of a compound from an aqueous 

solution is its solubility product, Ksp value, which is the product of the ion activities of the 

compound in a saturated solution. Metal hydroxides are dissociated according to the formula; 

Me (OH)2                        Me
2+

 + 2 OH
-                                                                                                   

(29)      

If  aMe
2+ 

 and aOH
-
 are their ion activities in solution, then for a saturated solution, the 

solubility product is;     

Ksp = aMe
2+

.(aOH
-
)
2
                                                                                               (30) 

Impurities from the aqueous solution can also be precipitated as carbonates or sulphides. For 

example, Cu, Pb, Ag, Cd, As, and Sb can be precipitated as CuS, PbS, Ag2S, CdS, As2S3 , and 

SbS3, respectively,  from leaching solutions [32].  
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2.4.1.1 Hydrolysis precipitation 

Hydrolysis usually leads to precipitation of oxides, hydrated oxides, hydroxides, or hydrated 

salts. For example, the precipitation of hydroxides can be represented by   [33]; 

                                                                                                    (31) 

2.4.1.2 Ionic precipitation 

Hydrolytic reactions can be enhanced if H
+
 ions formed in the hydrolysis reaction above are 

neutralized by a base, i.e. 

                                                                                                             (32) 

The reactions between ions are called ionic precipitation. In such reactions, precipitation 

usually takes place rapidly because compounds formed has low solubility and is attached 

together by electrostatic forces [33]. 

2.4.1.3 Precipitation by reduction 

The precipitation of metals by means of reduction is a common process. Above all, the 

electrochemical reduction process is particularly important. Reduction may be carried out by 

adding a reducing agent, which may be an organic compound, for example formaldehyde or 

oxalic acid. Reduction precipitation can be homogeneous or heterogeneous process [32, 33]. 

Homogeneous reduction can be ionic or non-ionic. In both cases, a reducing agent is added 

which results into precipitation of a metal and at the same time the reducing agent itself being 

oxidized. 

                                                                                      

Ferrous ion, sulphite ion, and hypophosphate ion are examples of ionic reducing agents. One 

typical example is the precipitation of silver from silver nitrate solution (AgNO3 ) by ferrous 

ion; 
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Hydrogen, carbon monoxide, formaldehyde, or hydrazine is among the non-ionic reducing 

agents. In heterogeneous reduction, the transfer of electrons takes place at a solid surface 

which may be itself a reducing agent (electrochemical process), or the cathode in an 

electrolytic cell (electrolytic process) [33]. 

2.4.1.4 Precipitation by substitution 

This takes place in connection with extraction of metal ions from aqueous solution by organic 

solvents. The organic phase loaded with metal by coordination is then subjected to stripping 

by hydrogen at high temperature and pressure in a pressure reactor whereby metal powders 

precipitate [33]. 

2.4.1.5 Kinetics of precipitation processes 

Precipitation involves two steps namely; nucleation and crystal growth. The factors favouring 

increased rate of nucleation are concentrated solution, high speed of agitation, and the 

presence of finely divided solid in the solution which acts as the nucleating agent. High 

nucleation rates lead to finely divided precipitation products. On the other hand, if the rate of 

nucleation is slow, the precipitate will have large particle size. Generally, pH and temperature 

are the main factors controlling precipitation processes. It is important that precipitation is 

conducted within a certain pH range, since most precipitates are re-dissolved outside this 

range. Most precipitates are more soluble in hot than in cold solutions and therefore 

precipitation should also be conducted at an optimum temperature [33]. 
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2.4.1.6 The role of complexing ions, reducing and oxidizing agents on precipitation 

The presence of a complexing ion in solution may prohibit the precipitation of an ion. For 

example, AgCl precipitates readily from silver nitrate solution on adding chloride ion but not 

from a cyanide solution since silver in such a solution is complexed as [Ag(CN)2]
-
. Hence this 

principle is often utilized to enhance separations. 

The change in valency by adding an oxidizing or a reducing agent to the solution is 

sometimes exploited to effect selective precipitations. For example, both Co
2+

 and Ni
2+

 ions 

precipitate as hydroxides at pH 6.7, but Co
3+

 precipitate at pH 3. Therefore, to precipitate 

cobalt selectively from a mixture with nickel, oxidation of Co
2+

 to Co
3+

 prior to precipitation 

is conducted. The presence of a reducing agent may also be necessary for the formation of a 

precipitate. For example, most of the tetravalent uranium salts are insoluble in water while the 

hexavalent salts are soluble. Therefore, uranium (VI) in leach solutions may be reduced to 

uranium (IV) in order to form a precipitate [33]. 

2.4.2 Crystallization methods 

2.4.2.1 Crystallization principles and techniques 

Crystallization refers to the formation of solid crystals from a homogeneous solution. The 

advantage of crystallization if compared to other solution purification techniques is the 

possibility to produce high purity substances at low energy consumption. Crystallization is 

essentially a solid-liquid separation technique that is used for recovery of metal values from 

leach solutions or natural brines based on the principles of solubility [32-34]. Solutes tend to 

be more soluble in hot liquids than they are in cold liquids. If a saturated hot solution is 

allowed to cool, the solute is no longer soluble in the solvent and forms crystals of pure 

compound [35, 36]. In order to induce and maintain crystallization from solution, ‘a driving 

force’ is required. This is called supersaturation of the system. This means that the solution 
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has to contain more solute molecules or ions dissolved than it would contain under 

equilibrium conditions (saturated solution) [36, 37]. This can be achieved by various methods 

such as solution cooling, addition of a second solvent to reduce the solubility of the solute ( a 

technique known as anti-solvent or drown-out), chemical reaction, solvent evaporation and 

change in pH. For systems of highly soluble substances, the supersaturation can be created by 

evaporation or cooling. When substances are only slightly soluble, supersaturation is usually 

created by mixing reactants. This is called reactive crystallization or precipitation [36]. There 

is a number of expressions used   in defining supersaturation. Mostly, an expression in the 

form of concentration difference is used [34];  

                                                                                                                    

Where C is the concentration of the solute and C
*
 is the equilibrium concentration. The other 

frequently used expressions are the so- called supersaturation ratio; 

  
 

  
                                                                                                                        

and the relative saturation ratio; 

    

  
                                                                                                                         

The performance of a crystallizer is affected by solubility, which determines whether the 

formation of crystals will occur and hence influences the type of the process to be selected. 

The solubility of a solute in a given solvent is defined as the concentration of that solute in its 

saturated solution. A saturated solution is one that is in equilibrium with the excess solute 

present [36]. The equilibrium phase diagram or solubility-supersolubility plot (Fig. 5), 

provides a useful starting point for considering why crystallization occurs and what type of 
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process might be most suitable for production of particular substance. The plot is divided into 

three zones and described as follows [36]. 

i. Undersaturated zone- A region where crystals will dissolve  

ii. Metastable zone- a supersaturated region in which crystals will grow 

iii. Labile zone– a region in which a solution will nucleate spontaneously. 

   

Fig. 5. Solubility-supersolubility diagram [36]. 

The shape of the equilibrium line or solubility curve is therefore very important in 

determining the mode of crystallization to be employed in order to crystallize a particular 

substance. If it is steep, i.e. the substance exhibits a strong temperature dependence of 

solubility (e.g. many salts and organic substances), then a cooling crystallization might be 

suitable. But if the metastable zone is wide (e.g. sucrose in solutions), addition of a seed 

crystals might be necessary. This can be desirable, particularly if a uniformly sized product is 

required [36]. If on the other hand, the equilibrium line is relatively flat (e.g. for aqueous 

common salt solutions such as NaCl), then an evaporation process might be necessary. 
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2.4.2.2 Factors affecting solubility 

Temperature and pressure: The amount of solute that will dissolve usually increases with 

increasing temperature because of the endothermic behaviour of solution formation processes. 

Solubility usually increases with temperature for endothermic solution formation processes 

(ΔHsolution>0). Solubility generally decreases with temperature for exothermic solution 

formation processes  (ΔHsolution<0) [38]. The solubility of a gas increases with increasing 

pressure, while increasing pressure has no effect on the solubility of liquids and solids. 

Common ion effect: The solubility of most salts decreases in the presence of acids with 

common ion. For example, when concentrated H2SO4 is added to a copper sulphate solution, 

crystals of CuSO4.H2O  are formed because of decreased solubility of CuSO4 [33]. 

Organic solvent effect: The solubility of most salts decrease in the presence of miscible 

organic solvents such as alcohol and acetone. These solvents have lower dielectric constant 

than water. Hence electrostatic forces between the anions and cations decrease and 

precipitation takes place [33].  

2.4.2.3 Crystallization kinetics 

Like in the precipitation, crystallization involves nucleation and crystal growth processes. 

Both requiring a change in free energy ( Fig. 6). Nucleation and growth of crystals depend on 

the degree of saturation, with nucleation exhibiting stronger dependence and higher free 

energy requirement [36].  



 

23 
 

 

Fig. 6. Schematic representation of crystallization process [36]. 

Nucleation: Nucleation is a stage where the solute molecules dispersed in the solvent start to 

gather into clusters, on the nanometer scale (elevating solute concentration in a small region), 

that become stable under the current operating conditions and subsequently grow to form 

tangible crystals [34, 36]. The stable clusters constitute the nuclei; however, unstable clusters 

will re-dissolve. Therefore, it is important for the clusters to reach a critical size in order to 

become stable. Such critical size is determined by the operating conditions (i.e. temperature, 

supersaturation). Nucleation stage is where atoms arrange in a defined and periodic manner 

that defines the crystal structure [36].  

 Crystal growth: This is the subsequent growth of the nuclei that succeed in achieving the 

critical cluster size [34]. Occurs due to the diffusion and integration process, modified by the 

effect of the solid surfaces on which it occurs (Fig.7). Solute molecules or ions reach the 

growing faces of a crystal by diffusion through the liquid phase. At the surface, they must 

become organized into the space lattice through an adsorbed layer. Neither the diffusion step 

nor will the interfacial step, however, proceed unless the solution is supersaturated [34, 36]. 

Crystal growth rate can be expressed as the rate of displacement of a given crystal surface in 

the direction perpendicular to the face. Generally, the growth of crystals from the solution 

involves two major processes: 



 

24 
 

i. Mass transport from the solution to the crystal surface by diffusion, convection, or 

combination of both mechanisms. 

ii. Incorporation of material into the crystal lattice through surface integration also 

described as surface reaction process. 

Since the kinetic processes occur consecutively, the solution concentration adjusts itself so 

that the rates of the two steps are equal at steady state. In most cases, more than one 

mechanism influences a crystal’s growth rate [34]. 

  

Fig.7. Growing crystal-solution interface [36]. 

2.4.2.4 Crystallization rate 

Crystallization is most successful when allowed to proceed slowly. By steadily cooling the 

solution, molecules will come out of the solution and begin to form crystals. Solute molecules 

with appropriate shape to fit properly into the growing crystals will remain as part of the 

crystal structure. Other solutes (impurities) that do not exactly fit the crystal structure will 

remain in solution. 
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Temperature and concentration of the solution at the crystal surface are the main factors 

controlling the crystallization rate of a crystal. These factors are not constant throughout the 

solution volume. Therefore, constantly stirring is important for improving both, the substance 

transportation from the solution to the crystal surface and the heat transportation from the 

crystal surface to the solution [32]. 

2.5 Antimony removal from aqueous solutions  

2.5.1 Precipitation methods 

 Antimony can be precipitated from the solution of sodium thioantimonite as sodium 

hydroxyantimonate; NaSb(OH)6,  by intense jetting (i.e. high air flow rates) or hydrogen 

peroxide [39]. However, these processes are reported to be expensive due to the longer 

oxidation times required. Furthermore, the use of catalytic agents such as sodium tartrate, 

cupric sulphate, potassium permanganate, 1,2-dihydoxybenzene, and phenol has been 

reported to reduce the oxidation time by speeding up the rate of chemical reaction. The 

following reactions occurs when sodium thioantimonite is oxidized by air [39]; 

2 Na3SbS3 + 7 O2 + 2 NaOH + 5 H2O         2 NaSb(OH)6 + 3 Na2S2O3                           (38) 

From the reaction equation 38, it can be observed that, sodium hydoxyantimonate is 

precipitated from sodium thioantimonite solution. The free sodium sulphide can be oxidized 

to sodium thiosulphate as follows; 

2 Na2S + 2 O2 + H2O    Na2S2O3 + 2 NaOH                                                                      (39) 

However, it has been reported that, the use of a single catalytic agent among of the mentioned 

earlier [39], has little catalytic effect on the oxidation of sodium thioantimonite. In an 

investigation conducted to study the effect of cocatalysis of two or more agents on the 

oxidation of antimony, it was found that, the cocatalytic action of potassium permanganate, 

1,2-dihdroxybenzene, and phenol had greatly accelerated the precipitation of antimony. Blast 
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intensity, temperature and NaOH concentration are also reported to have significant effects on 

antimony precipitation [39].  

2.5.2 Crystallization methods  

Both, arsenic and antimony can be removed from copper ores or concentrates, smelter flue 

dust, and, antimony ores or concentrates by crystallization process. This is achieved after first 

leaching the material containing these elements by an alkaline sulphide solution [40, 41]. The 

leaching solution can be made up of sodium sulphide (Na2S) and sodium hydroxide (NaOH), 

elemental sulphur (S
o
) and sodium hydroxide or sodium hydrogen sulphide (NaHS) and 

sodium hydroxide [40-42]. After the leaching step, the undissolved residue is separated from 

the pregnant solution containing dissolved sodium thioarsenate and sodium thioantimonate by 

filtration.  Filtration of the leach slurry is recommended to be carried out at temperatures 

between 60 and 106 
o
C so that sodium thioarsenate or sodium thioantimonate can remain in 

the solution [40]. These compounds are however, readily crystallized out from the pregnant 

solution by cooling with or without seeding. As a consequence of their steep solubility curves, 

crystallization of sodium thioantimonate and sodium thioarsenate is readily accomplished in 

that manner. In the previous studies reported on arsenic and antimony crystallization (Fig.8) 

[40], sodium thioarsenate and sodium thioantimonate were crystallized out of the pregnant 

solution by cooling to 40 
o
C. The resulting thioarsenate and thioantimonate crystals were 

dissolved in water to form a solution containing sodium thioarsenate and sodium 

thioantimonate for further processing. 

 

 

 

 



 

27 
 

 

 

 

 

 

 

 

 

 

 

Fig. 8.   Leaching and  crystallization for  As and Sb from alkaline sulphide solution [40].  

In one of the crystallization experiments reported in a patent that was developed for antimony 

recovery from its raw material [41], after heating the  pregnant solution containing sodium 

thioantimonate to 80 
o
C and then cooling down  to 15 

o
C for 1 hour, it is reported that 

antimony precipitation from the leach liquor went  up to 90%. 
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3.0 MATERIALS AND METHODS 

 

3.1  Materials 

Lead oxide slag from Boliden Rönnskär copper smelter was used in this study. Before being 

used for the leaching experiments, the lead oxide slag was crushed using a laboratory rod mill. 

Several crushing runs were performed in order to achieve the particle size distribution that 

was good enough for the leaching tests (i.e. d80< 50 µm was targeted). After each crushing 

run, a sample was taken and analyzed for particle size distribution using a laboratory particle 

size analyzer. After achieving the desired particle size distribution, splitting of the crushed 

material was performed and then representative samples were obtained for the leaching 

experiments, chemical analysis and mineralogical characterization. Table 2 shows the 

chemical composition of the crushed lead oxide slag that was used as feed to the leaching 

experiments. 

Table 2: Lead oxide slag chemical analysis results  

 

3.2 Methods 

 

3.3 .1  Particle size analysis 

The particle size distribution of the crushed lead oxide slag was investigated using CILAS-

1064, liquid equipment particle size analyzer. Approximately 1.5 to 2 g of a representative 

sample was introduced into the equipment for particle size analysis. A particle concentration 

of 95-150 ppm was used during all CILAS measurements. 

 

 

 

Element Cu Pb Sb As 

Weight (%) 10.70 19.40 6.49 3.43 
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3.2.2  Mineralogical characterization 

The mineralogical characterization of the material used for the leaching tests as well as the 

leach residues and other products from the solution purification was performed by using X-

ray diffractometry (XRD) analysis. A Siemens X-ray diffractometer with a CuKα radiation of 

40 Kv and 40 mA was used as the X-ray source. All samples were scanned continuously at an 

angular range of 2θ = 10-90
o
 with a step size of 0.02

o 
and a step time of 2 seconds. 

3.2.3 Leaching experiments 

All leaching experiments were conducted batch wise in a 1 L, four-necked round bottomed 

glass reactor (Fig. 9) that was mechanically stirred with a paddle stirrer at a constant rate of 

400 rpm and heated with an auto-regulated system. Additionally, the reactor was equipped 

with a cooling unit (i.e. a condenser), purposely for minimizing solution losses by 

vaporization. To each leaching experiment, 500 mL of the leaching solution was used. The 

leaching solution was first added to the reactor and after the desired temperature was reached, 

a known weight of the solid sample was introduced into the reactor. At regular time intervals, 

2 mL sample solution was drawn from the reactor for analysis of the dissolved metals by the 

atomic absorption spectrometry (AAS) method.  At the end of each experiment, the leach 

slurry was filtered and the cake was dried in an oven for 24 hours at approximately 54 
o
C. 

Finally, both, the filtrate and the dried residue were analyzed for chemical and mineralogical 

compositions. 
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Fig. 9. Leaching experiments apparatus set up. 

 

3.2.3.1 Preliminary leaching tests 

Since no work had been reported from the literature on leaching of a similar slag; several 

preliminary leaching experiments were conducted before the commencement of the actual 

tests. These served as an aid in the selection of a suitable reagent combination for an effective 

arsenic and antimony dissolution. Among the reagent combinations tested are Na2S and 

NaOH, S
o
 and NaOH, and NaOH alone. In all experiments, solids concentration and stirring 

rate were kept constant at 10 g/L and 400 rpm, respectively. The variation of other conditions 

applied for each reagent combination was as follows:- 

Na2S and NaOH leaching conditions: S
2-

 concentration (20, 40 g/L), NaOH concentration (20, 

30, 60 g/L), temperature (25, 105 
o
C) and time (6, 24, 72 hrs). 

 S
o
 and NaOH leaching conditions: S

o
 concentration (30, 60 g/L), NaOH concentration (60 

g/L), temperature (105 
o
C), and time (6, 24 hrs). 
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NaOH leaching conditions: NaOH concentration (30 g/L), temperature (105 
o
C), and time (72 

hrs). All reagents used in these experiments were of analytical grade. Appendices I to IV 

provide more details on preliminary leaching experiments. 

3.2.3.2 Actual leaching tests 

Based on the evaluation of the preliminary leaching experiments, an alkaline sulphide solution 

made of Na2S and NaOH was selected and used for the actual leaching experiments in order 

to selectively dissolve arsenic and antimony from the lead oxide slag. Two sets of 

experiments were conducted. In the first set, solids concentration, S
2-

 concentration and 

leaching time were maintained constant at 10 g/L, 30 g/L and 24 hours, respectively. NaOH 

concentrations employed were 10 and 30 g/L, while temperatures were 70 and 105 
o
C. 

In the second set, a high pulp density was employed in order to upgrade the concentration of 

the dissolved arsenic and antimony in the solution. This could aid in the precipitation and 

crystallization experiments where significantly high concentrations of arsenic and antimony 

of up to 35 g/L  is recommended for good results [40]. The experiment was conducted in two 

stages, whereby the pregnant solution from the first stage was used in the second stage to 

leach a fresh sample. The leaching conditions in the first stage were: S
2-

 concentration (61.5 

g/L), NaOH concentration ( 60 g/L), solids concentration (300 g/L), temperature (100 
o
C), and 

leaching time (24 hrs). The required concentration of S
2-

 ions or Na2S in each case was 

obtained by dissolving Na2S.3H2O. More details on experimental conditions and other 

information on these experiments can be found in appendices V to VIII. 
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3.2.4 Solution purification methods  

3.2.4.1 Precipitation of antimony  by H2O2  oxidation  in the presence of catalysts [39] 

Precipitation experiments were conducted using a synthetic solution containing 45 g/L Sb. 

The solution was prepared by dissolving antimony (III) sulphide chemical in an alkaline 

sulphide solution containing 61.5 g/L S
2-

 and 45 g/L NaOH. The main antimony precipitation 

conditions which were investigated are: Temperature (25, 60
 
and 85 

o
C), precipitation time (4, 

6 hrs), and total H2O2 dosage (120, 200 mL). Other factors were kept constant as follows: 

stirring rate (200 rpm), potassium permanganate (0.5 g/L), phenol (1 g/L), and 1,2-

dihdroxybenzene (0.3 g/L). These conditions are also summarized in appendix IX. The grades 

of H2O2 and  antimony (III) sulphide used were 30% and 98% (metal basis), respectively. 

The experiments were conducted in the same reactor as the one used in the leaching 

experiments (Fig. 9). In each experiment, 200 mL of 45 g/L Sb solution was used. The 

solution was introduced into the reactor, followed by addition of the catalytic agents. Heating 

was initiated (i.e. for higher temperature experiments) together with   a continuous stirring at a 

constant rate of 200 rpm. 15 to 20 mL of H2O2 was injected in one of the reactor necks at 

regular time intervals for antimony oxidation. At predetermined time intervals, 1 mL solution 

sample was drawn from the reactor and analyzed for Sb remaining in the solution. At the end 

of each experiment, filtration was undertaken in order to separate the solution from the 

precipitate formed. The precipitate was dried in the oven at approximately 54
o
C for 24 hours 

and then examined for mineralogical phases using XRD. The final solution was also analyzed 

for the unprecipitated Sb. 

 The 200 mL of H2O2 that was dosed to each experiment is the stoichiometric amount 

required for the complete oxidation of both, Sb
3+

 to Sb
5+

 (equation 40),  and S
2-

 to SO4
2- 

(equation 41)  that was assumed to occur. Check appendix X for the calculation details. 
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Sb
3+

 ( aq) +  H2O2 (l)                        Sb
5+

 (aq) + 2 OH
- 
(aq)                                        (40) 

 

S
2-

 ( aq) +  4 H2O2 (l)                        SO4
2-

 (aq) + 4 H2O (l)                                        (41) 

 

3.2.4.2 Precipitation of antimony by elemental sulphur  addition [42]. 

A 45 g/L Sb synthetic solution made by dissolving antimony (III) sulphide chemical in an 

alkaline sulphide solution with 61.5 g/L S
2-

 and 30 g/L NaOH was used in this study. Stirring 

rate and sulphur addition ratio (S/Sb) were kept constant at 200 rpm and 1/2, respectively.  

Other factors influencing Sb precipitation by S
o
 addition and that were of interest are: 

temperature (10, 25, and 30 
o
C), and time (24, 48, and 72 hrs).  

Again, the experiment was conducted in the same vessel as the one used in leaching 

experiments. 200 mL solution with an initial concentration of 45 g/L Sb was used. The 

solution was first heated to 90 
o
C, conditioned for 3 hours and then followed by addition of S

o
 

weight equivalent to ½(Sb). After addition of S
o
, the contents were conditioned for another 3 

hours to allow the reaction and thorough mixing. In all cases, stirring was employed and 

maintained at 200 rpm. The contents were then cooled and conditioned for 24 hours at 30, 25, 

and 10 
o
C so as to allow the precipitation of Sb to take place. At each temperature interval, 1 

mL solution sample was taken from the reactor for analysis of remaining Sb in the solution.   

However, conditioning at 10 
o
C was achieved by transferring the solution from the reactor 

into a beaker and facilitating another set up (Fig. 10) where tap water was allowed to flow 

around the beaker to assist cooling. At the end of the experiment, the formed precipitate was 

separated from the solution by filtration. The precipitate was dried in the oven before analysis 

of its mineralogical phases by XRD. The filtrate was analyzed for antimony content. 

Appendix XIII summarizes these procedures. 
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Fig.10. Sb precipitation and crystallization experimental set up at 10 
o
C.  

3.2.4.3 Crystallization of antimony from aqueous solution  

Alkaline sulphide solutions made from the dissolution of elemental sulphur can form the 

polysulphides (i.e. chemical reaction equation 20). Due to their oxidizing ability, 

polysulphides oxidizes sodium thioantimonite (Na3SbS3) to sodium thioantimonate (Na3SbS4) 

and therefore, giving the possibility to recover antimony as solid sodium thioantimonate 

crystals when the solution is cooled to lower temperatures [10, 40].  

In this experiment, antimony (III) sulphide chemical was dissolved in an alkaline sulphide 

solution containing 100 g/L S
o
 and 100 g/L NaOH to make a synthetic solution containing 45 

g/L Sb that was used for the crystallization studies.  200 mL of the solution was heated to 105 

o
C and conditioned for 6 hours before cooling and conditioning for 24 hours at 30, 25 and 10 

o
C commenced. Other procedures as well as equipments and set up were the same as in 

section 3.2.4.2.  Refer to appendix XV for more details on crystallization experiments. 
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4.0 RESULTS AND DISCUSSION 

 

4.1 Particle size distribution 

Fig. 11 shows the particle size distribution of a representative sample of the pulverized lead 

oxide slag material. The plot is uniformly distributed with approximately 80% of the sample 

particle size being less than 22 µm. The material was therefore fine enough for the leaching 

experiments. 

 

Fig.11. Particle size distribution of crushed lead oxide slag 

 

4.2 Mineralogical composition   

Figs. 12 and 13 show the characteristic peaks of the mineralogical composition that was 

identified by XRD for the as- received lead oxide slag and the leach residues, respectively. 

The main mineralogical phases that was identified in the as- received lead oxide slag  are 

nickel zinc iron oxide  ((Ni, Zn)Fe2O4/(Ni, Zn)O.Fe2O3), cuprite (Cu2O), lead silicate 

(Pb5Si3O11), chalcostibnite (CuSbS2), lead arsenate (Pb3As2O8/3PbOAs2O5),  and antimony 

iron seinajokite (FeSb2).  
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Fig.12.   X-ray diffraction pattern of the as received lead oxide slag material 

 

Fig. 13 shows that, galena (PbS), chalcocite (Cu2S), and trailite (FeS) were the mineralogical 

phases identified in the leach residue sample. It can be further noted that, all mineralogical 

phases containing As and Sb which were present in the as –received lead oxide slag 

disappeared completely after leaching and were not identified in the leach residue. In addition, 

Cu and Pb containing mineral phases were transformed to chalcocite and galena respectively, 

after leaching of the material. 
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Fig.13. X-ray diffraction pattern of one of the leach residue 

Fig. 14 shows the characteristic peaks of the major mineralogical phases identified from a 

high pulp density leach residue that was obtained after leaching of a fresh lead oxide slag 

sample using the pregnant solution obtained from the previous experiment. It can be observed 

that, magnetite (FeFe2O4), tetrahedrite (Cu12Sb4S13), trailite (FeS), and galena (PbS) were the 

mineralogical phases present. By comparing Figs. 12 and 14, it can be further noted that, only 

part of Fe containing mineral phase was transformed to FeS after leaching. The reason for the 

incomplete transformation might be due to too low sulphide concentration. However, Cu and 

Sb containing phases were combined and transformed to a tetrahedrite mineral (Cu12Sb4S13) , 

while the Pb containing phase was transformed to galena (PbS). In addition, no As containing 

mineral phase was identified in the residue, meaning that the element was leaching. These 

results are in agreement with the leaching results shown in Table 5, where a good leaching of 

As and poor Sb leaching was achieved (experiment H). 
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   Fig. 14.   X-ray diffraction pattern of the leach residue from a high pulp density experiment. 

 

4.3 Leaching  

4.3.1 Preliminary leaching results 

Table 3 shows the reagent combination, leaching conditions as well as the achieved leaching 

recovery for each trial test based mainly on solid residues analysis. In all experiments, solids 

concentration and stirring rate were kept constant at 10 g/L, and 400 rpm, respectively. Other 

leaching conditions were as shown in Table 3. 
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Table 3: Lead oxide slag preliminary leaching results based on solid residue analysis 

 

  

Leaching conditions 

Leaching recovery 

(%) 

Reagent 

combination 

Expt. 

Cu Pb Sb As 

NaOH and  Na2S 

 

AI 

NaOH : 20 g/L, S
2-

 : 20 g/L, Temp: 105 
o
C,  

Time: 6 hrs 1.3 0.2 67.2 76.8 

AII NaOH : 30 g/L, S
2-

: 40 g/L, Temp: 105 
o
C, 

Time: 24 hrs 3.1 1.9 80.4 89.3 

AIII NaOH: 30 g/L, S
2-

 : 40 g/L, Temp: 25 
o
C,  

Time: 72 hrs 

  

10.9* 

 

NaOH and S
o
 

BI NaOH : 60 g/L, S
o
 :30 g/L, Temp: 105 

o
C,  

Time: 6 hrs 
4.2 5.2 74.3 79.8 

BII NaOH : 60 g/L, S
o
 : 60 g/L, Temp: 105 

o
C , 

Time: 24 hrs 14.6 2.8 58.2 65.3 

NaOH 

 

BIII NaOH: 30 g/l, Temp: 105 
o
C,  Time: 72 hrs 

  

2.1* 

 * Results based on the solution analysis.  

From the table, it can be revealed that, when the Na2S and NaOH reagent combination was 

applied, the leaching recovery for As and Sb increases from 77 and 67% (experiment AI) to 

89 and 80% (experiment AII), respectively, while their respective leaching parameters were 

changed as shown in the table. However, an unexplainable result is noted when NaOH and S
o
 

reagent combination was used. In this case, the leaching recovery for both, As and Sb 

decreases from 80 and 74% (experiment BI) to 65 and 58% (experiment BII), respectively, 

while their respective leaching parameters changed as shown in the table. Furthermore, the 

results show insignificant leaching of other elements such as Cu and Pb. This confirms that, 

both reagent combinations are strongly selective for the dissolution of As and Sb.  
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4.3.2 Actual leaching results 

Based on the preliminary leaching tests, the NaOH and Na2S reagent combination was chosen 

and used in the actual leaching tests. In all experiments, solids concentration and stirring rate 

were kept constant at 10 g/L, and 400 rpm, respectively. Other leaching conditions were as 

shown in Table 4. 

Table 4: Lead oxide slag actual leaching tests results based on solid residues analysis. 

 

Expt.  

Leaching conditions 

Leaching recovery (%) 

 
Cu As Sb Pb 

C NaOH : 10 g/L, S
2-

 : 30 g/L, Temp: 70 
o
C,  Time: 24 hrs 3.5 82.2 75.3 3.1 

D NaOH : 30 g/L, S
2-

 : 30 g/L, Temp: 70 
o
C,  Time: 24 hrs 2.8 86.4 77.7 2.7 

E NaOH : 10 g/L, S
2-

 : 30 g/L, Temp: 100 
o
C,  Time: 24 hrs 3.9 89.8 81.6 3.0 

F NaOH : 30 g/L, S
2-

 : 30 g/L, Temp: 100 
o
C,  Time: 24 hrs 6.2 89.0 79.7 4.9 

 

 When all other factors were kept constant, a change in NaOH concentration from 10 g/L (i.e 

experiment C) to 30 g/L (i.e experiment D) resulted into an increase in As and Sb recovery 

from 82 and 75% to 86 and 78%, respectively. At lower NaOH concentration and when all 

other factors were kept constant, a change in temperature from 70 
o
C ( i.e. experiment C) to 

100 
o
C (i.e. experiment E) resulted into an increase in As and Sb recovery from 82 and 75% 

to 90 and 82% , respectively. On the other hand, at higher NaOH concentration and when all 

other factors were kept constant, a change in temperature from 70 
o
C ( i.e. experiment D) to 

100 
o
C (i.e. experiment F) resulted into an increase in As and Sb recovery from 86 and 78% to 

89  and 80% , respectively. Therefore, under the experimental conditions applied, it can be 

revealed that, As and Sb leaching recovery was dependent on both, temperature and NaOH 

concentration. However, a temperature increase from 70 
o
C to 100 

o
C had greater influence on 

recoveries than an increase in NaOH concentration.  
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For experiments G and H (Table 5), a high pulp density (i.e. 300 g/L solids) was employed. 

The stirring rate was also kept constant at 400 rpm for both experiments. 

 

Table 5: High pulp density experiments leaching results based on solid residues analysis. 

 

Expt.  

Leaching conditions 

Leaching recovery (%) 

 
Cu As Sb Pb 

G NaOH : 60 g/L, S
2-

 : 61.5 g/L, Temp: 100 
o
C,  Time: 24 hrs 0.3 86.4 77.9 -0.7 

H 

 NaOH  and S
2-

  concentrations from G pregnant solution, 

Temp: 100 
o
C, Time: 24 hrs 1.3 91.0 36.6 -2.9 

 

For experiments G and H, the pregnant solution from experiment G was used to leach a fresh 

material in experiment H. This was done in an attempt to raise the concentration in solution of 

both, As and Sb. It can be seen that, the recovery of As and Sb changes from 86 and 78% 

(experiment G) to 91 and 37% (experiment H). The decrease in Sb recovery in experiment H 

is probably due to low concentration of S
2-

 as much of it probably was consumed in 

experiment G. These results show a correlation with the XRD results shown in Fig. 14. The 

reason for the high S
2-

 consumption is the formation of CuS, PbS, FeS, etc. The results also 

indicate that As is leached preferentially to Sb at lower S
2- 

concentrations. It is known that Cu 

and Pb are not soluble in these leaching environments and the small recoveries seen in Table 

3, 4 and 5 reflects material balance problems due to the small samples used. In addition, the 

small recoveries for Pb might be due to formation of hydroxide complexes. 
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4.3. 3 Leaching kinetics  

Fig. 15 represents the dissolution kinetics of Sb from the lead oxide slag at 10 and 30 g/L 

NaOH concentrations. The plot reveals that Sb dissolution rate is faster during the first two 

hours of experiment and then increases at a lower rate till the end of experiment. The result 

also indicates that, there was only a small difference in Sb dissolution between low and high 

NaOH concentration.   

 

Fig. 15.  The relationship between Sb recovery and time at different NaOH concentrations. 

Other conditions: Temperature (70 
o
C), solids (10 g/L), time (24 hrs), S

2-
 (30 g/L), stirring 

rate (400 rpm), and volume   (500 mL). 

 

Fig. 16 shows the Sb dissolution kinetics for experiments conducted at 70 and 100 
o
C. From 

the figure, it can be seen that, the leaching trend of Sb is similar to that in Fig. 15, i.e., a fast 

initial Sb dissolution followed by a slower rate. It can also be seen that, the initial rate at 100 

o
C is faster than what was obtained at 70 

o
C. However, due to analytical problems with Sb 

using AAS, which can be seen by irregularities in the dissolution profile, these results can 

0

10

20

30

40

50

60

70

80

90

100

0 4 8 12 16 20 24

S
b

 r
ec

o
v
er

y
 (

%
)

Leaching time (hrs)

10 g/L NaOH 30 g/L NaOH



 

43 
 

only be regarded as indicative. Therefore, the recoveries based on solid residue analysis 

should be considered more accurate. The kinetic data used in these plots is provided in 

appendix VI. 

 

Fig. 16.  The relationship between Sb recovery and time at different temperatures. 

Other conditions: NaOH (10 g/L), solids (10 g/L), time (24 hrs), S
2-

 (30 g/L), stirring rate 

(400 rpm), and volume   (500 mL). 

 

4.4 Antimony precipitation by H2O2  in the presence of catalytic agents  

Fig. 17 shows the result for Sb precipitation from an alkaline solution by H2O2 in the presence 

of catalytic agents. The targeted initial Sb concentration in each experiment was 45 g/L. 

However, it can be observed that, there were some variations in the initial concentration 

between experiments which as previously discussed probably is due to problems with AAS 

analysis. Precipitation experiments were conducted at three different temperatures (i.e. 25, 60, 

and 85 
o
C). Other factors were as indicated below the Figure.  
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Fig. 17. The effect of   time, temperature and catalytic agents on Sb precipitation by H2O2. 

Conditions: Total H2O2 added  to each experiment (200 ml), precipitation time (6 hrs), stirring 

rate (200 rpm), KMnO4 (0.5 g/L), phenol (1 g/L) and 1,2-dihydroxybenzene (0.3 g/L). 

 

From Fig. 17, it can be seen that, in each experiment, the concentration of Sb remaining in the 

solution decreases with time. The temperatures indicated in Fig. 17 were the starting 

temperatures in each experiment and due to the exothermic reaction obtained upon H2O2 

injection, the temperatures were raised considerably. The actual temperatures obtained are 

given in Table 6. This is probably the reason for a narrow difference in results between the 

three temperatures. 

Table 6: Temperature fluctuations during precipitation as a consequence of H2O2 injection. 

Planned temperature (
o
C) Temperature range during H2O2 injection (

o
C) 

25 45 - 60 

60 72 - 85  

85 98 - 105 
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From the results, it can be seen that, all experiments had a complete reaction within 3 to 4 

hours of the experiment. The results also indicate that, catalysts had no effect on Sb 

precipitation. 

In the previous studies [39], in the presence of catalytic agents, Sb was precipitated by air 

oxidation from the solution of sodium thioantimonite into sodium hydroxyantimonate; 

NaSb(OH)6. At 60 
o
C, 1 m

3
/m

2
.min blast intensity, 0.3 g/L 1,2 dihydroxybenzene, 0.5 g/L 

KMnO4, and 1 g/L phenol, it is reported that up to 93% Sb precipitation was achieved  from 

an alkaline solution with initial  Sb concentration of 45 g/L in 7.5 hours. Catalysts might be 

more influential when air or oxygen is used as oxidant. However, in large scale operations, 

the use of H2O2 might be uneconomical due to its high cost and hence the use of air would be 

recommended instead. 

Fig. 18 shows the effect of H2O2 dosage on Sb precipitation. To each experiment, 20 mL of 

H2O2 was dosed after every 30 minutes. It can be observed that, already after H2O2 dosage of 

120 mL, almost complete precipitation of Sb was obtained.  
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Fig. 18. The relationship between total H2O2 dosed and Sb precipitated for each experiment 

After this discovery, an additional experiment was conducted with low parameter setting. In 

this case, 15 mL of H2O2 was dosed after every 30 minutes. In Fig.19, it can be seen that, Sb 

precipitation increases sharply from 10% at total H2O2 dosage of 30 mL to 98.6% at total 

H2O2 dosage of 120 mL. This result shows that, complete oxidation of all S
2-

 to SO4
2-

 is not 

needed in order to obtain a quantitative Sb precipitation. Refer to appendix XI for details on 

the data used to produce Figs. 17 to 19. 
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Fig. 19. The relationship between Sb precipitation and H2O2 dosage. 

Conditions: Temperature (25 
o
C), total H2O2 (120 ml), precipitation time ( 4 hrs), stirring rate 

(200 rpm), KMnO4 (0.5 g/L), phenol (1 g/L),  and 1,2-dihydroxybenzene (0.3 g/L) 

Mineralogical investigation of the precipitate by XRD revealed that, mopungite  (NaSb(OH)6) 

was  the main phase in the  precipitates ( Fig 20). Photographs showing the appearance of the 

dried precipitates for each experiment are attached in appendix XII. 

 

Fig. 20.  X-ray diffraction pattern of the precipitate formed during Sb precipitation by H2O2.  
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4.5 Antimony precipitation by S
o
 addition  

Table 7 shows the results for Sb precipitation by elemental sulphur addition. Refer to 

appendix XIII for details on experimental conditions. After the elemental sulphur was added, 

the solution was conditioned for 3 hours at 90 
o
C to allow the polysulphides formed to oxidize 

the Sb
3+

 to Sb
5+

. As seen in Table 7, the concentration of Sb remaining in the solution 

decreases from the initial value of 41.9 g/L at 90 
o
C to 13.8 g/L at 10 

o
C, after a total 

conditioning time of 72 hours. This accounts for 69% Sb precipitation.  

Table 7: Sb precipitation by elemental sulphur (S
o
) addition 

Temperature (
o
C) Conditioning time (hrs) Sb conc. in solution (g/L) 

90 6 41.9 

30 24 40 

25 24 34.2 

10 24 13.8 

 

 Fig. 21 shows the XRD results of the precipitates formed during Sb precipitation by S
o 

addition. Sodium thioantimonate (Na3SbS4) and sodium thioantimonate hydrate 

(Na3SbS4.9H2O) were the forms into which Sb was precipitating.  However, the diffractogram 

is of poor quality with lack of compound to match with some of the major peaks. Probably 

this was caused by swelling of the material in the sample holder that was noted during the 

XRD measurements. The appearance of the precipitates before and after drying is attached in 

appendix XIV.  
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Fig. 21. X-ray diffraction pattern of the precipitate formed during Sb precipitation by S
o
. 

 

4.6 Antimony crystallization from aqueous alkaline solution 

Table 8 is the summarized result for the crystallization of Sb from an alkaline solution made 

of NaOH and S
o
. Refer to appendix XV for details on experimental conditions. The 

concentration of Sb in the solution decreases from the initial value of 33 g/L at 105 
o
C to 

29.65 g/L at 10 
o
C, after a total conditioning time of 72 hours. This accounts to only 34% Sb 

precipitation. As seen in Table 8, the analysis of antimony in solution is fluctuating with the 

lowest concentration at 30 
o
C. This again reflects the problems associated with AAS analysis. 

Also the amount of precipitate formed (1.4 g) suggests that, the crystallization of antimony 

was not effective. Probably the results could have been improved by seeding. 
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Table 8: Sb crystallization experiment results 

Temperature (
o
C) Conditioning time (hrs) Sb conc. in solution (g/L) 

105 6 33 

30 24 25.95 

25 24 30.2 

10 24 29.65 

 

Fig. 22 shows the XRD results of the product that was obtained during the crystallization 

experiment. The crystals were mainly composed of sodium thioantimonate hydrate 

(Na3SbS4.9H2O) and sulphur (S). Previous studies have also shown that Na3SbS4.9H2O is the 

major phase when Sb is crystallized from an alkaline solution made from NaOH and S
o 

 [40, 

41]. See appendix XVI for the photographs of wet and dry crystal products formed in this 

investigation. 

 

Fig. 22.  X-ray diffraction pattern of the crystallization products. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1    Conclusions 

The mineralogical studies of the lead oxide  slag used in the leaching investigation reveals 

that,  nickel zinc iron oxide ((Ni, Zn)Fe2O4/(Ni, Zn)O.Fe2O3), cuprite ( Cu2O), lead silicate 

(Pb5SiO11), lead arsenate (Pb3As2O8/3PbOAs2O5), chalcostibnite (CuSbS2), and antimony iron 

seinajokite (FeSb2) were the main phases in the material.  

The maximum As and Sb leaching recoveries achieved in the investigation were 91 and 82%, 

respectively, and the leaching process was mainly influenced by temperature.   The leaching 

results also show that, the lixiviant was strongly selective for As and Sb dissolution and after 

leaching of the material, Cu and Pb were transformed from their original minerals phases to 

chalcocite, and galena, respectively.  

Sb precipitation by H2O2 oxidation results revealed that, up to 99.7% Sb precipitation was 

achieved in 6 hours at stoichiometric H2O2 dosage. At 60% of stoichiometric H2O2 dosage, 

98.6% Sb precipitation was achieved in 4 hours. The results also show that, Sb precipitation 

was influenced by time and H2O2 dosage. However, the result does not clearly show the 

effects of catalytic agents and temperature. The XRD results of the precipitates indicated that, 

H2O2 precipitated Sb as NaSb (OH)6 . 

Up to 69% Sb precipitation was achieved by S
o
 addition experiments. Sb precipitation by S

o
   

addition was dependent on temperature and conditioning time and Sb was precipitated mainly 

as  Na3SbS4 and Na3SbS4.9H2O. 

Crystallization results show that, only 34% of Sb was removed from the solution. 

Crystallization was influenced by conditioning time and temperature and Sb crystallized 

mainly as  Na3SbS4.9H2O . 
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5.2  Recommendations 

 

- Due to the excellent result displayed in the present studies, Sb precipitation by H2O2 

oxidation is suggested as the suitable method for Sb recovery from the solution.  

- Since the use of H2O2   under plant conditions might be not economical due to high 

costs, air can be opted instead. However, further work is needed to verify this.  

- Since leaching studies were conducted in a narrow parameter range, more experiments 

may be required in order to optimize the conditions. 

- More Sb precipitation experiments may be required in order to understand how the 

variation in S/Sb ratio as well as how the catalytic agents affects Sb precipitation. 

- An alternative Sb analysis technique should be considered to avoid the challenges 

experienced using AAS measurements. 
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APPENDICES 

Appendix I: Preliminary leaching with Na2S and NaOH,  S
o
 and NaOH,  and NaOH –

experimental conditions and  recovery based on solution analysis. 

Expt. 

 ID 

 

Leaching conditions 

Residue 

weight (g) 

Sb  

recovery 

(%) 

AI Solids: 10 g/l, S
2- 

: 20 g/l, NaOH: 20 g/l, Temperature: 

105 ºC ± 3 ºC, Time: 6 hrs, Volume: 500 ml, and stirring 

rate: 400 rpm 

4.63 70.65 

 

BI 

 

Solids: 10 g/l, S
o 

: 30 g/l,  NaOH: 60 g/l, Temperature: 

105 ºC ± 3 ºC, Time: 6 hrs, Volume: 500 ml, and stirring 

rate: 400 rpm 

4.38 76.81 

A II Solids: 10 g/l, S
2-

 : 40 g/l, NaOH: 30 g/l, Temperature: 

105 ºC ± 3 ºC, Time: 24 hrs, Volume: 500 ml, and stirring 

rate. 400 rpm 

4.71 47.23 

B II Solids: 10 g/l, S
o
 : 60 g/l,  NaOH: 60 g/l, Temperature: 

105 ºC ± 3 ºC, Time: 24 hrs, Volume: 500 ml, and stirring 

rate: 400 rpm 

4.76 27.76 

A III Solids: 10 g/l, S
2-

 : 40 g/l, NaOH: 30 g/l, Temperature: 25 
o
C, Time: 72 hrs,Volume: 500 ml, and stirring rate: 400 

rpm 

4.61 10.86 

B III Solids: 10 g/l,  NaOH: 30 g/l, Temperature: 105 ºC ± 3 ºC, 

Time: 72 hrs, Volume: 500 ml, and stirring rate: 400 rpm 

3.18 2.08 

 

Appendix II: Preliminary leaching kinetic samples results based on solution analysis 

Appendix IIA: Leaching by Na2S and NaOH solution-experiment AI 

Sample ID Time (hrs) Sb conc. (g/L) Volume (ml) Sb  in solution (g) Recovery (%) 

A1 0.25 0.278 500 0.139 42.88 

A2 0.5 0.365 500 0.183 56.24 

A3 1 0.387 500 0.194 59.63 

A4 2 0.372 500 0.186 57.32 

A5 4 0.43 500 0.215 66.26 

A6 6 0.398 576 0.230 70.65 
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Appendix II B: Leaching by S
o
 and NaOH solution –experiment BI 

Sample ID Time (hrs) Sb conc. (g/L) Volume (ml) Sb  in solution (g) Recovery (%) 

B1 0.25 0.182 500 0.091 28.04 

B2 0.5 0.155 500 0.078 23.88 

B3 1 0.153 500 0.076 23.57 

B4 2 0.16 500 0.08 24.65 

B5 4 0.162 500 0.081 24.96 

B6 6 0.412 605 0.250 76.81 

 

Appendix II C: Leaching by   Na2S and NaOH solution–experiments AI and AII 

Sample ID Time (hrs) Sb conc. (g/L) Volume (ml) Sb  in solution (g) Recovery (%) 

AI 6 0.595 500 0.297 91.68 

AII 24 0.25 613 0.153 47.23 

 

Appendix II D: Leaching by S
o
 and NaOH solution –experiments BI and BII   

Sample ID Time (hrs) Sb conc. (g/L) Volume (ml) Sb  in solution (g) Recovery (%) 

BI 6 0.223 500 0.111 34.28 

BII 24 0.126 715 0.090 27.76 

 

Appendix II E: Leaching by Na2S and NaOH solution– experiment AIII 

Sample ID Time (hrs) Sb conc. (g/L) Volume (ml) Sb  in solution (g) Recovery (%) 

P1 6 0.0425 500 0.021 6.55 

P2 24 0.0425 500 0.021 6.55 

P3 72 0.0525 671 0.035 10.86 

 

Appendix II F: Leaching by   NaOH solution -experiment BIII 

Sample ID Time (hrs) Sb conc. (g/L) Volume (ml) Sb  in solution (g) Recovery (%) 

Q1 6 0.0 500 0.0 0.00 

Q2 24 0.0 500 0.0 0.00 

Q3 72 0.01 674 0.007 2.08 
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Appendix III: Preliminary leaching results based on solid residue analysis. 

Reagent combination 

Expt.  

Leaching recovery (%) 

 Cu Pb Sb As 

NaOH and Na2S 

AI 1.34 0.24 67.18 76.78 

AII 3.16 1.92 80.41 89.29 

AIII 

  

10.86* 

 

S
o
 and NaOH 

BI 4.21 5.18 74.35 79.82 

BII 14.59 2.84 58.19 65.31 

NaOH BIII 

  

2.08* 

 
*Results based on solution analysis. 

 

Appendix IV:  Lead oxide slag solid residue analysis for the preliminary leaching tests. 

Experiment  ID Chemical components (weight %) 

Cu Pb Sb As 

A I 11.4 20.9 2.30 0.86 

B I 11.7 21.0 1.9 0.79 

A II 11.0 20.2 1.35 0.39 

B II 9.6 19.8 2.85 1.25 

 

Appendix V: Actual leaching tests- conditions and recovery based on solution analysis. 

Expt.  

ID 

 

Leaching conditions 

Residue 

weight 

(g) 

Sb  

recovery 

(%) 

C Solids: 10 g/l, S
2-

 : 30 g/l, NaOH: 10 g/l, 

Temperature: 70 ºC ± 3 ºC, Time: 24 hrs, Volume: 

500 ml, and stirring rate: 400 rpm 

4.61 73.04 

 

D 

 

Solids: 10 g/l, S
2-

 : 30 g/l, NaOH: 30 g/l, 

Temperature: 70 ºC ± 3 ºC, Time: 24 hrs,  and 

Volume: 500 ml, and stirring rate: 400 rpm 

4.56 83.53 

E Solids: 10 g/l, S
2-

 : 30 g/l, NaOH: 10 g/l, 

Temperature: 100 ºC ± 3 ºC, Time: 24 hrs,  Volume: 

500 ml, and stirring rate: 400 rpm 

4.85 65.25 

F Solids: 10 g/l, S
2-

 : 30 g/l, NaOH: 30 g/l, 

Temperature: 100ºC ± 3 ºC, Time: 24 hrs,  Volume: 

500 ml, and stirring rate: 400 rpm 

4.48 82.93 

G Solids: 300 g/l, S
2-

 : 61.5 g/l, NaOH: 60 g/l, 

Temperature: 100ºC ± 3 ºC, Time: 24 hrs, Volume: 

500 ml, and  stirring rate: 400 rpm 

126.70 90.76 

H Solids: 300 g/l,  S
2-

 and  NaOH remained from G, 

Temperature: 100 ºC ± 3 ºC, Time: 24  hrs, Volume: 

400 ml, and stirring rate: 400 rpm 

135.23 16.66 
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Appendix VI: Actual leaching tests results based on solution analysis 

Appendix VI A: Sb leaching results for experiment C 

Sample 

ID 

Time 

(hrs) 

Sb conc. 

(g/L) 

Volume 

(ml) 

Sb  in solution 

(g) 

Recovery 

(%) 

C1 0.25 0.056 500 0.028 8.63 

C2 0.5 0.104 500 0.052 16.02 

C3 1 0.162 500 0.081 24.96 

C4 2 0.282 500 0.141 43.45 

C5 4 0.134 500 0.067 20.65 

C6 8 0.246 500 0.123 37.90 

C7 24 0.395 600 0.237 73.04 

 

Appendix VI B:  Sb leaching results for experiment D  

Sample 

ID 

Time 

(hrs) 

Sb conc. 

(g/L) 

Volume 

(ml) 

Sb in solution 

(g) 

Recovery 

(%) 

D1 0.25 0.028 500 0.014 4.31 

D2 0.5 0.082 500 0.041 12.63 

D3 1 0.194 500 0.097 29.89 

D4 2 0.232 500 0.116 35.75 

D5 4 0.216 500 0.108 33.28 

D6 8 0.306 500 0.153 47.15 

D7 24 0.39 695 0.271 83.53 

 

Appendix VI C: Sb leaching results for experiment E 

Sample 

ID 

Time 

(hrs) 

Sb conc. 

(g/L) 

Volume 

(ml) 

Sb in solution 

(g) 

Recovery 

(%) 

E1 0.25 0.18 500 0.09 27.73 

E2 0.5 0.285 500 0.143 43.91 

E3 1 0.28 500 0.14 43.14 

E4 2 0.195 500 0.098 30.05 

E5 4 0.32 500 0.16 49.31 

E6 8 0.355 500 0.178 54.70 

E7 24 0.301 700 0.212 65.25 
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Appendix VI D: Sb leaching results for experiment F  

Sample ID Time (hrs) Sb conc. (g/L) Volume (ml) Sb in solution (g) Recovery (%) 

F1 0.25 0.18 500 0.09 27.73 

F2 0.5 0.19 500 0.095 29.28 

F3 1 0.19 500 0.095 29.28 

F4 2 0.315 500 0.158 48.54 

F5 4 0.31 500 0.155 47.77 

F6 8 0.30 500 0.15 46.22 

F7 24 0.39 690 0.269 82.93 

 

Appendix VI F: Sb leaching results for experiment G and H (high pulp density tests) 

Sample 

ID 

Time 

(hrs) 

Sb conc. 

(g/L) 

Volume 

(ml) 

Sb in solution 

(g) 

Recovery 

(%) 

G 24 12.17 581 7.071 90.79 

H 24 4.68 529 2.476 16.66 

 

Appendix VII: Lead oxide slag solid residue chemical analysis for actual leaching tests 

 

Chemical constituents (weight %) 

Sample ID Cu As Sb Pb 

C 11.2 0.66 1.74 20.4 

D 11.4 0.51 1.59 20.7 

E 10.6 0.36 1.23 19.4 

F 11.2 0.42 1.47 20.6 

G 10.1 0.44 1.36 18.5 

H 9.4 0.51 6.5 17.6 

 

Appendix VIII: Actual leaching tests recovery based on the solid residue analysis.  

Sample ID Leaching recovery (%) 

 
Cu As Sb Pb 

C 3.49 82.23 75.29 3.05 

D 2.83 86.42 77.67 2.69 

E 3.91 89.8 81.62 3.0 

F 6.21 89.01 79.71 4.86 

G 0.34 86.44 77.88 -0.69* 

H 1.33 91.0 36.58 -2.94* 
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Appendix IX: Sb precipitation by H2O2  –experimental conditions and results summary. 

Expt.  

Precipitation conditions 

Dry 

precipitate 

weight (g) 

Sb overall 

precipitation  

(%) 

1 Sb conc : 45 g/l, S
2-

 conc: 61.5 g/L,  NaOH conc: 45 g/l, 

Temperature: 60 ºC ± 3 ºC, Time: 6 hrs,  Volume: 200 ml, 

Total H2O2 dosed: 200 ml, KMnO4: 0.5 g/l, Phenol: 1 g/l,  

1,2-dihdroxybenzene: 0.3 g/l, and stirring rate: 200 rpm 

16.39 98.79 

 

2 

 

Sb conc : 45 g/l, S
2-

 conc: 61.5 g/L,  NaOH conc: 45 g/l, 

Temperature: 85 ºC ± 3 ºC, Time: 6 hrs,  Volume: 200 ml, 

Total H2O2 dosed: 200 ml, KMnO4: 0.5 g/l, Phenol: 1 g/l, 

1,2-dihdroxybenzene: 0.3 g/l, and stirring rate: 200 rpm 

15.52 97.49 

3 Sb conc : 45 g/l, S
2-

 conc:  61.5 g/L
 
,  NaOH conc: 45 g/l, 

Temperature: 60 ºC ± 3 ºC, Time: 6 hrs,  Volume: 200 ml, 

Total H2O2 dosed: 200 ml, No catalytic agents, and 

stirring rate: 200 rpm 

16.82 97.60 

4 Sb conc : 45 g/l, S
2-

 conc: 61.5 g/L,  NaOH conc: 45 g/l, 

Temperature: 25 
o
C, Time: 6 hrs,  Volume: 200 ml, Total 

H2O2 dosed: 200 ml, KMnO4: 0.5 g/l, Phenol: 1 g/l, 1,2-

dihdroxybenzene: 0.3 g/l, and stirring rate: 200 rpm 

17.1 97.70 

5 Sb conc : 45 g /l, S
2-

 conc: 61.5 g/L,  NaOH conc: 45 g/l, 

Temperature: 25 
o
C, Time: 4 hrs,  Volume: 200 ml, Total 

H2O2 dosed: 120 ml, KMnO4: 0.5 g/l, Phenol: 1 g/l, 1,2-

dihdroxybenzene: 0.3 g/l, and stirring rate: 200 rpm 

17.62 98.58 

 

Appendix X: Calculations of the stoichiometric amount of H2O2 required for Sb precipitation 

experiments. 

Chemical equations:   S
2-

 + 4 H2O2 = SO4
2-

 + 4 H2O                                                               (i)                                     

                                    Sb
3+

 + H2O2   = Sb
5+

 + 2 OH
-  

                                                             (ii) 

61.5 g/L S
2-

 contains (61.5/32) moles of S
2-

  = 1.92 

45 g/L Sb will contain (45*96/243.52)/(32) = 0.55 moles S
2-

 

Total S
2-

 moles = (1.92+0.55)= 2.4775  

This is equivalent to 4*2.4775 moles of H2O2 = 9.91 

From eqn. (ii), the mole ratio between Sb and H2O2 is 1:1 

Therefore, moles of H2O2  required to oxidize Sb
3+

 to Sb
5+

 is (45/121.76)= 0.37  

Total H2O2 moles = 10.28 = 349.52 g H2O2 

 30% H2O2  was used = 1165 g of H2O2  per litre. 

H2O2 density = 1.1 kg/L and for the 200 mL used, H2O2 required was 233 g = 210 mL H2O2  
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Appendix XI : Sb precipitation by H2O2 - individual experiment results 

Appendix XI A: Sb precipitation result for experiment 1 

Time 

(hrs) 

Sample 

ID 

H2O2 added 

(ml) 

Total volume 

(ml) 

Sb conc. 

(g/L)  

Sb  in 

solution (g) 

Sb 

precipitation 

(%) 

0 
to 0 200 48.60 9.72 0.00 

1 
t1 20 220 41.40 9.11 6.30 

2 
t2 40 260 34.40 8.94 7.98 

3 
t3 40 300 12.80 3.84 60.49 

4 
t4 40 340 0.03 0.01 99.90 

5 
t5 60 400 0.09 0.04 99.63 

6 
t6  380 0.31 0.12 98.79 

 

Appendix XI B: Sb precipitation result for experiment 2. 

Time 

(hrs) 

Sample  

ID 

H2O2 added 

(ml) 

Total volume 

(ml) 

Sb conc. 

(g/L) 

 

Sb  in 

solution (g) 

Sb 

precipitation 

(%) 

0 
E2to 0 200 42.80 8.56 0.00 

1 
E2t1 40 240 31.80 7.63 10.84 

2 
E2t2 40 280 14.30 4.00 53.22 

3 
E2t3 40 320 0.28 0.09 98.95 

4 
E2t4 40 360 0.03 0.01 99.87 

5 
E2t5 40 400 0.15 0.06 99.30 

6 
E2t6  455 0.49 0.22 97.41 
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Appendix XI C: Sb precipitation result for experiment 3 

Time 

(hrs) 

Sample   

ID 

H2O2 added 

(ml) 

Total volume 

(ml) 

Sb conc. 

(g/L )   

Sb in 

solution (g) 

Sb 

precipitation 

(%) 

0 
E3to 0 200 49.60 9.92 0.00 

1 
E3t1 40 240 33.70 8.09 18.47 

2 
E3t2 40 280 15.90 4.45 55.12 

3 
E3t3 40 320 2.69 0.86 91.32 

4 
E3t4 40 360 0.01 0.00 99.96 

5 
E3t5 40 400 0.27 0.11 98.91 

6 
E3t6  464 0.51 0.24 97.60 

 

Appendix XID: Sb precipitation result for experiment 4 

Time 

(hrs) 

Sample 

ID 

H2O2 added 

(ml) 

Total volume 

(ml) 

Sb conc. 

(g/L) 

Sb  in  

solution (g) 

Sb 

precipitation 

(%) 

0 
E4to 0 200 42.70 8.54 0.00 

1 
E4t1 40 240 27.10 6.50 23.84 

2 
E4t2 40 280 18.80 5.26 38.36 

3 
E4t3 40 320 0.50 0.14 98.36 

4 
E4t4 40 360 0.29 0.08 99.05 

5 
E4t5 40 400 0.21 0.06 99.31 

6 
E4t6  480 0.09 0.03 99.70 

Appendix XI E: Sb precipitation result for experiment 5 (additional experiment) 

Time 

(hrs) 

Sample 

ID 

H2O2 added 

(ml) 

Total volume 

(ml) 

Sb conc. 

(g/L) 

Sb  in 

solution (g) 

Sb 

precipitation 

(%) 

0 
Eto 0 200 40.10 8.02 0.00 

1 
Et1 30 230 31.35 7.21 10.09 

2 
Et2 30 260 18.85 4.90 38.89 

3 
Et3 30 290 6.35 1.84 77.06 

4 
Et4 30 320 0.36 0.11 98.58 
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Appendix XII: Dry precipitates formed during Sb precipitation by H2O2 oxidation. 

        

                            1                                                                                         2 

       

                                  3                                                                                     4 

 

                                 5 

1 to 5 represents the numbers of experiments. 
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Appendix XIII: Sb precipitation by S
o 
 –experimental conditions and results summary. 

Expt. 

ID 

 

Precipitation conditions 

Dry 

precipitate 

weight (g) 

overall Sb 

precipitation  

(%) 

PS Sb conc : 45 g/l,  S
2-

 conc : 150 g/l,  NaOH conc: 30 g/l, 

(S/Sb) addition ratio: 1/2, Temperature: (30 ºC ,25 
o
C, 

10 
o
C), Time: 24  hrs for each temperature interval,  

Volume: 200 ml, and stirring rate: 200 rpm 

16.75 69 

Note:  The final volume of the filtrate was 198 ml. 

 

Appendix XIV: Photographs of the precipitates formed during Sb precipitation by S
o
 

.

 

 

The letters are for; (a) wet and (b) dry precipitates, respectively. 

 

 

 

 

 

 

          a                                                                                                       b 
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Appendix XV: Sb crystallization –experimental conditions and results summary 

Expt. 

ID 

 

crystallization conditions 

Dry crystals 

weight (g) 

Overall Sb 

crystallization 

(%) 

CRY Sb conc : 45 g/l,  S
o
 conc : 100 g/l,  NaOH conc: 

100 g/l, Temperature: (30ºC ,25 
o
C, 10

o
C), Time: 

24 hrs for each temperature interval,  Volume: 200 

ml, and stirring rate: 200 rpm 

1.4 34 

Note: The final filtrate volume was 175 ml 

 

Appendix XVI: Sb crystallization experiment crystals photographs 

 

 

 

The letters are for; (a) wet and (b) dry crystals, respectively. 

 

 

          a                                                                                                       b 


