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ABSTRACT 
 
 
Impurity removal is one of the major problems encountered in copper metallurgy today 

because relatively pure copper ores reserves are becoming exhausted, and the resources of 

unexploited ores often contain relatively high amounts of several impurity elements like 

antimony, arsenic, mercury and bismuth, which need to be eliminated. The present work is 

concerned to pre-treat an antimony-arsenic-bearing copper concentrate by selective 

dissolution of the impurities, therefore, upgrading the concentrate for pyro-processing. To 

accomplish this, selective dissolution of antimony and arsenic from a tetrahedrite-containing 

copper concentrate by alkaline hypochlorite, acidic cupric chloride and alkaline sulphide 

leach solutions were investigated. Alkaline hypochlorite solution shows high degree of 

selectivity in solubilising antimony and arsenic but low recoveries while the acidic cupric 

chloride solution is highly selective to zinc and lead with insignificant recovery of antimony 

and arsenic. However, alkaline sulphide solution proves to be greatly selective to dissolve the 

impurity elements from the concentrate with high yields of the elements into the leach liquor. 

Moreover, further studies on alkaline sulphide solution leaching efficiency were conducted in 

order to ascertain the optimum conditions for antimony and arsenic recovery. The investigated 

parameters were sulphide ions concentration, solids concentration, leaching temperature and 

leaching kinetics. 
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1.0 INTRODUCTION 
 

1.1 Background 
 
Mining has been a part of everyday life in Sweden for at least a thousand years. There is 

archaeological evidence of mining in the 7th century at what is known as the Falun copper 

mine, which was operated continuously for more than a millennium. A joint stock company 

was formed in 1288, probably the oldest in the world, to run the Falun copper mine until its 

closure in 1993. The mine is now a UNESCO World Heritage site [1]. Sweden is one of the 

leading ore and metal-producing countries in the European Union (EU). Mining and metal 

production are still important Swedish industries today. Sweden has a very rich mining 

history which has been relevant to the economic development of the country and it is by far 

the largest iron ore producer in the EU as well as the leading producers of base and precious 

metals. The total annual production of ores and metals in Sweden amounts to about 45 million 

tonnes, half of which is iron ore and the rest are gold, silver, copper, zinc and lead ore [2]. 

Sweden reported copper production of 305 000 tons of copper concentrate in 2003 compared 

to 263 000 tons produced in 2002. Most of Sweden’s polymetallic deposits are of the massive 

and disseminated sulphide types, with only one sediment hosted base metal deposit. Complex 

types of mineralization are common in Europe and in Sweden such complex mineral 

sulphides are found both in the Skellefteå field and in the mining area in Bergslagen [3]. Most 

of these complex sulphide deposits found in Sweden are very large and they have been known 

quite long time ago but have so far not been possible to mine economically with conventional 

techniques.  As a result of the increased demand of base metals globally, the mining 

companies are now giving more attention to these low grade and complex ores to 

economically process them. 
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Boliden Mineral AB is the Swedish base-metal mining giant which has its own mines as well 

as the smelting plants (Rönnskär smelter). It is one of the leading mining and smelting 

companies in Europe with operations in Sweden, Finland, Norway and Ireland. Boliden´s 

main products are copper, zinc, lead, gold and silver. Boliden operates the Aitik copper mine, 

the Tara lead-zinc mine, the Garpenberg Operations (consisting of two zinc – copper – lead 

mines), and the Boliden Area Operations consisting of six polymetallic mines [4]. Among the 

mines in the Boliden Area are the Kristineberg, Storliden, Renström and Maurliden mines 

which together produced 1.2 million tonnes of complex sulphide ore. This complex sulphide 

ore is treated at the Boliden mill which uses froth flotation for the complex ore and leaching 

for gold ore. The flotation concentrates contained a total of 93 700 tons of copper, 178 600 

tons of zinc, 18 700 tons of lead, 272 tons of silver and 5.1 tons of gold [4], which are smelted 

at the Boliden own smelting plant ( Rönskär smelter). 

Many of the complex sulphide mineral deposits found in the Boliden mining area are in 

association with impurity elements which makes it difficult to produce clean and high grade 

concentrates. It is reported [5] that impurities like arsenic, antimony, bismuth and mercury are 

commonly associated with these complex sulphide deposits. During the pyrometallurgical 

treatment of the complex sulphide concentrate at the smelting plant, arsenic and mercury in 

the concentrate end up in the roaster flue dust which is therefore regarded as hazardous 

metallurgical waste due to the content of arsenic and mercury compound in it. The arsenic 

oxide in the waste material generated is highly soluble and consequently, creates a serious 

environmental problem which attracts a stringent legislation for its disposal as landfills. As a 

result of the increasing severity of environmental legislation, the allowable amount of arsenic 

in the processing waste generated is progressively decreasing [6]. Consequently, high 

financial penalties are imposed by smelters to treat copper ores containing higher than 0.2 

wt.% arsenic [7]. Also, it was reported [8, 12] that arsenic, antimony and bismuth contents of 
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complex sulphide minerals are undesirable as pyrometallurgical smelter feed because they 

affect the conductivity and ductility of the refined copper and also form a scum on electrolytic 

cells which allow the impurities to be carried over to the cathodes. These impurities are 

troublesome elements from the standpoint of metal quality and also contribute to 

environmental concerns during metallurgical processing and the disposal of tailings and 

wastes. It is known that small amounts of bismuth and antimony in the copper cathode makes 

them brittle and renders them unsuitable for producing electric wires. Therefore, it is desirable 

to remove these impurities at an early stage of processing, since they are difficult to remove 

from metallic copper. Several methods for impurities treatment have been proposed [10, 11]. 

High temperature methods such as chlorinating or reducing roasting and cyclone melting had 

been developed but they have not been commercialised to date due to high copper losses as 

volatile chlorides and also, the slight uncertainty in the thermodynamic data concerning the 

impurities in the matte was a contributory factor. Separation of antimony and copper is a 

problem. Therefore, hydrometallurgical treatment has been investigated recently [9, 12] and 

considered as a potentially viable alternative means for selective removal of these impurity 

elements. 

However, in order to increase the economic value and metal grade of the copper concentrate 

as well as decreasing the cost of the environmental measures needed when complex sulphide 

concentrate is pyrometallurgical processed, it is therefore imperative to choose a pre-

treatment process route which can selectively remove these impurities from the complex 

sulphide ores prior to pyro-treatment. In view of this, hydrometallurgical processes has been 

assumed to be the best alternative route to remove these impurity elements selectively from 

the complex sulphide ore and consequently, produce a suitable feed for pyrometallurgical 

operations.  
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1.2 The Aim of this Work 
 
Pyrometallurgical treatment routes still remain the best way of processing sulphide copper-

concentrates today but it can only efficiently and economically process relatively pure 

sulphide copper-concentrates. Due to the depletion of pure sulphide copper ore deposits, most 

of the copper sulphide ores mined today, are complex in nature and contain a lot of impurity 

elements which attract smelter penalties and are also not desirable as feedstock for 

pyrometallurgical treatment if the impurities content is beyond the limit that can be tolerated 

by the smelter. Therefore, the present research is aimed at improving the grade of copper 

sulphide concentrate as a feedstock, suitable for pyrometallurgical processing, by selectively 

removing the impurity elements (As, Sb & Bi) in the concentrate via hydrometallurgical pre-

treatment of the complex ore. 

 

1.3 The Scope of the Study 
 
The scope of this work encompasses the followings: 

- Procurement of the complex sulphide concentrates from Boliden Mineral AB 

- Wet sieving of the sample to various size fractions 

- Chemical analysis of the sample 

- Mineralogical studies of the concentrate using X-ray diffractometry (XRD) analysis 

and scanning electron microscopy (SEM) analysis 

- Preliminary leaching studies on the concentrate with various leach reagents to select a 

suitable leachant for the actual leaching tests 

- Selective chemical leaching of the complex concentrate to remove arsenic and 

antimony using acidic copper II chloride and alkaline solutions of both Na2S and 

NaClO  

- Experimental determination of the optimum recovery conditions for arsenic and 

antimony from the complex sulphide concentrate by varying the leaching parameters. 
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2.0 LITERATURE REVIEW 
 

2.1 Mineralization of Boliden Operation Areas. 
 
Sweden was experiencing a real boom in exploration and mining at the beginning of the 20th 

century. There were some 400 active mines in the Bergslagen area, 340 of which were iron-

ore mines and the number increased to 500 of active mines in 1917. A gradual decline 

occurred until 1920s when a rich gold-copper-zinc-pyrite-arsenic deposit was discovered at 

Boliden near Skellefteå. Soon after the discovery, the Boliden Mining Company was formed. 

Today, Boliden operates the Maurliden open pit and the Kristineberg, Petiknas and Renström 

underground mines, plus the Boliden concentrator which are referred to as the Boliden Area 

Operations (BAO) (Fig.1) [13]. 

 
 
Fig. 1: Location map for Boliden operation areas [13]. 
 

Mineralization in the Skellefteå field is found in precambrian supracrustal rocks that have 

been structurally deformed by granite intrusions. Complex sulphide deposits typically occur at 

the boundary between volcanic and sedimentary rocks, often at considerable depth [13]. It is 

noted that many of the mineral deposits in the Skellefteå mining district are complex with 

inter-grown mineral phases which makes it difficult to produce clean and high grade 

concentrates for smelting. Antimony, arsenic and bismuth which are impurities have been 
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found commonly associated with these deposits. In some of the operating mines, arsenic was 

found in arsenopyrite while antimony is associated with tetrahedrite (Cu,Fe,Ag,Zn)12Sb4S13 

[5].  However, despite the exploration of Skellefteå area for over 70 years, more deposits are 

continually identified. This has prompted Boliden Company to allocate funding constantly for 

exploration in order to define sufficient reserves for mining until beyond 2015. As a result of 

this effort, the high-grade zinc-silver and copper-gold-zinc mineralization were located at 

Kristineberg [13, 14]. Previous effort has also led to the discovery of Petiknäs and Renström 

underground mines that account for around 650 000 t/y of ore, and the Maurliden open pit 

mine which produces some 100 000 tonnes of complex sulphide ore annually. The ore 

reserves at Boliden Area Operations as of January 1, 2007 are shown in Table 1. 

Table 1: Boliden Area Operations (BAO), ore reserves as of January 1, 2007 [14] 

BAO  Quantity 
Ktonnes 

Au g/t Ag g/t Cu % Zn % Pb % 

Proven 50 0.2 194 0.4 12.4 0.9 Kristineberg 
polymetallic 
ores Probable 3 230 0.9 37 1.1 3.8 0.2 

Proven       Renström 
Probable 960 3.5 176 0.8 8.8 1.7 
Proven       Maurliden 
Probable 210 1.4 63 0.2 4.7 0.5 
Proven 50 0.2 194 0.4 12.4 0.9 Total BAO 

polymetallic 
ores Probable 4 400 1.5 69 1.0 4.9 0.6 

 

2.2 Copper: Sources and Applications  
 
Copper occurs naturally in the Earth’s crust in a variety of forms. It can be found in sulphide 

deposits as chalcopyrite CuFeS2, bornite Cu5FeS4, chalcocite Cu2S & covelite CuS; in 

carbonate deposits as azurite Cu3(CO3)2(OH)2 & malachite Cu2(CO3)(OH)2; in silicate 

deposits as chrysocolla (Cu,Al)2H2Si2O5(OH)4.nH2O & dioptase CuSiO2(OH)2 and as pure 

native copper. Copper is extracted from its ore by either smelting with refining [8, 10 &15] or 

leaching with electro-winning [10 & 15]. Copper has been in use for at least 10 000 years, yet, 
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it is still a high technology material, as evidenced by the development of the copper chip by 

the semi-conductors industry. Of all the materials used by humans, copper has had one of the 

most profound effects on the development of civilization. From the dawn of civilization until 

today, copper has made, and continues to make, a vital contribution to sustaining and 

improving society due to its unique properties (Fig. 2). Copper’s chemical, electrical, physical 

and aesthetic properties make it a material of choice in a wide range of domestic, industrial 

and high technology applications. Metallic copper in the 21st century is consumed in electrical 

and electronic products, building construction, industrial machinery and equipment, 

transportation, plus consumer and general products. 

 
 
Fig. 2: Properties of copper 
 
The industrialization of developing economies in Asia, and the drive to improve standards of 

living in the region, fuelled the demand for copper over the last 10 years. Demand for copper 

in Asia surged from 455 thousand metric tonnes in 1960 to around 8, 000 thousand metric 

tonnes in 2006 [15]. Economic, technological and societal factors have influenced the demand 

and supply of copper in the recent time. The increasing demand for copper Worldwide has 

increased its production (Fig. 3) and therefore, new mines and plants are introduced and the 

existing ones are expanded. 
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Fig. 3: World copper production and consumption, 1960 – 2006[15] 
 

2.3 Arsenic: Properties and its problems 
 
Arsenic is a heavy metal with a name derived from the Greek word arsenikon, meaning 

potent. It occurs in environment in different oxidation states and form various species, e.g., 

As(V), As(III), As(0) and As(-III). Arsenic is a constituent of more than 300 minerals and is 

commonly found in non-ferrous ores such as copper, lead, zinc, gold and uranium [16]. One 

of the most common impurities found in copper concentrates is arsenic.  

A B 
 

 
Fig. 4: Crystal structure of: (A) enargite and (B) tetrahedrite [18] 
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The major arsenic-containing mineral species, in copper concentrates, are enargite (Cu3AsS4) 

and tennantite (Cu,Ag,Fe,Zn)12As4S13, while realgar (AsS) and arsenopyrite (FeAsS) are also 

present in lesser quantities. The crystal structure of enargite is based on hexagonal closed-

packed sulphur-atoms with Cu and As atoms in tetrahedral coordination (Fig. 4A). Its 

structure is derived from that of wurtzite (ZnS), with Zn positions occupied by Cu and As; 

both elements are in fourfold coordination with sulphur [17, 18]. Unfortunately, the 

prevalence of enargite among the copper-bearing minerals and as a result of the relatively 

high arsenic content in the concentrates substantially reduces their economic value, owing to 

the hazardous emissions generated from pyrometallurgical processing. Arsenic together with 

its oxides is highly volatile and leaves the reactor as off-gas constituents. However, in 

unfavourable metal market conditions, direct roasting of As-containing copper ore is 

uneconomical because gas cleaning facilities demands are too expensive [19]. In order to 

minimize the problems encountered with the processing of this hazardous fume, the arsenic 

content in copper concentrate must be reduced to low levels usually less than 0.5 % As. 

2.4 Antimony: Properties and Dissolution Chemistry 

Antimony in its elemental form is a silvery white, brittle, fusible, crystalline solid that exhibits 

poor electrical and heat conductivity properties and vaporizes at low temperatures [20]. 

Antimony resembles a metal in its appearance and in many of its physical properties, but does 

not chemically react as a metal. It is also attacked by oxidizing acids and halogens. Antimony 

and some of its alloys are unusual in that they expand on cooling. Metallic antimony is too 

brittle to be used alone, and, in most cases, has to be incorporated into an alloy or compound. 

Antimony and its compounds are industrially important because of their usefulness in the 

manufacture of alloys, paints, paper, plastics, textiles, glass, clay products and rubber. In 

recent years, high purity antimony has been used in the production of the semiconductor 

compound indium antimonide and in the formulation of bismuth telluride type compound 
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used for thermoelectric applications. Antimony trioxide (Sb2O3), the most important antimony 

compound, is used in halogen-compound flame-retarding formulations for plastics, paints, 

textiles and rubbers. Lead-antimony alloys are used in starting-lighting-ignition batteries, 

ammunition, corrosion-resistant pumps and pipes, tank linings, roofing sheets, solder, cable 

sheaths and antifriction bearings. The worldwide uses and consumption of antimony is 

estimated as follow: flame retardant 72 %, transportation (including batteries) 10 %, 

chemicals 10 %, ceramics and glass 4 % and others 4 % [20]. Antimony exists in the +5 and 

+3 oxidation states under natural environmental conditions but Sb (III) is more toxic than Sb 

(V) [21]. Both Sb (III) and Sb (V) ions hydrolyze easily in aqueous solution, thus making it 

difficult to keep antimony ions stable in solution except in highly acidic media [21]. Sb (V) is 

present as SbO2
+ or Sb(OH)5 under very acidic conditions and [Sb(OH)6]- or SbO3

- exists in 

mildly acidic, neutral and alkaline conditions (Fig. 5). The antimony pentaoxide, Sb2O5, is 

hardly soluble in water and generates the antimonate anion upon dissolution while the 

antimony trioxide, Sb2O3, also has a relatively low solubility in water [21, 22]. In the pH 

range 2-12, the solubility of Sb2O3 is independent of pH, thus indicating the formation of an 

undissociated substance, antimony hydroxide Sb(OH)3. Sb (III) exists as SbO+ or Sb(OH)2
+ in 

acidic media and as Sb(OH)4
- or hydrated SbO2

- in basic media (Fig. 5). At a very reducing 

conditions in the presence of dissolved sulphide, Sb (III) sulphide species will be dominated, 

e.g. HSb2S4
- and Sb2S4

-, at pH values less than and greater than11.5 respectively. At low 

temperatures, antimony chloride complexes such as SbCl2+, SbCl2
+, SbCl3 (aq) and SbCl4

- will 

dominate in chloride-rich acidic aqueous solutions. Antimony is geochemically categorized as 

a chalcophile, occurring with sulphur and the heavy metals - lead, copper, and silver. Apart 

from stibnite (Sb2S3) and kermesite (Sb2S2O), which are the most common antimony-

containing minerals found in hydrothermal deposits, antimony often occurs in minerals in 

solid solution with arsenic, for example lead and copper minerals, such as guettardite 
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Pb(Sb,As)2S4; jamesonite FePb4Sb6S14 and tetrahedrite Cu12Sb4S13 [22]. Tetrahedrite has 

basically the sphalerite crystallographic arrangement with one-fourth of the Cu replaced by Sb 

in its structure (Fig. 4B). As a result of the substantial amount of copper in the mineral, 

tetrahedrite is now becoming a potential source of copper but the antimony content of the 

mineral is of great concern during the pyro-processing of the ore. 

 

Fig. 5: Eh-pH diagram showing dominant aqueous species of antimony at 25 ºC and a  
            concentration of 2.90 x 10-10 mg/l [22]. 
 

2.5 Complex Copper Sulphide Concentrates: Processing and 
Impurity Removal Techniques 
 
The increasing demand for copper worldwide in the recent time has propelled most copper 

mining industries to beam-up their searchlight to discover new copper ore deposits. 

Unfortunately, most of the copper ore deposits discovered today are of dirty grades, that is, 

they are often found in association with impurity elements like Sb, As, Bi, Hg & Te, which 
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are problematic and of environmental concern when such ores are smelted. These impurities 

are found in minerals like tetrahedrite (Cu12Sb4S13), enargite (Cu3AsS4) and tenantite 

(Cu12As4S13) which always contain other valuable metals (Ag & Au), and are usually 

associated with other copper ores – chalcopyrite (CuFeS2), covelite (CuS) and chalcocite 

(Cu2S).  

During the electrorefining of copper, impure copper anodes are electrochemically dissolved in 

an aqueous solution containing copper sulphate and sulphuric acid. Simultaneously, at the 

cathode, pure copper is deposited and subsequently recovered from the electrorefining cell. 

Electrorefining is purposely done to separate the impurities (e.g. Sb, Bi & As) contained in 

the anode from the resulting copper product. Some impurities (Au & Ag) are retained as a 

solid product called “slime” and subsequently recovered from the anode residue. Besides, 

impurities such as antimony, bismuth and arsenic are partly collected in the solid product and 

partly dissolve into the copper sulphate – sulphuric acid solution [8]. Aside, small 

concentrations of antimony, arsenic and bismuth impurities together with others can be 

tolerated up to a particular level in the copper sulphate – sulphuric acid solution. However, if 

the impurities concentrations are increased beyond the allowable refinery limits, the copper 

cathode product will be contaminated with excessive amounts of these impurities which 

adversely affect the mechanical and electrical properties of the copper product.  

 Therefore, several pyrometallurgical techniques which include purge gas blowing, 

chlorination, vacuum evaporation, slagging [11] and injection of oxygen and sodium 

carbonate in a modified anode furnace [23], have been used to eliminate the impurities but the 

thermodynamic basis for these methods has, however, been slightly uncertain, due to the lack 

of thermodynamic data regarding the impurities in the matte [11] and high copper losses have 

made these options unattractive.  Thus, hydrometallurgy has been regarded as the alternative 

pre-treatment technique to selectively remove these impurities contained in this type of 
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concentrates. The amphoteric character of antimony allows the use of both acidic and basic 

media for its solubilization [20, 28]. In reality, only two solvent systems are utilized in 

antimony hydrometallurgy: acidic chloride and alkaline sulphide. Acidic-chloride leaching of 

tetrahedrite has been studied [24, 25, 26, 27] but poor selectivity of the reagent coupled with 

low metal recoveries have limited this method to laboratory applications. Alkaline sulphide 

leaching has been widely used to leach antimony ores and concentrates [12, 28 - 31], and even 

applied on the industrial scale [32, 33] to treat antimony containing copper minerals. Under 

basic sulphide conditions, antimony is dissolved while the other metals, such as copper, zinc, 

lead and silver, are left in the residue. However, the selectivity of this reagent to solubilise 

antimony, arsenic and mercury [12, 29, 30, 32, 33] from tetrahedrite / tenantite mineral has 

made it suitable to pre-treat copper ore concentrate that contains such mineral prior to the 

smelting of the concentrate. Balaz et al. [9, 12, 28, 29, 30] stated that due to the refractoriness 

of tetrahedrite, mechanical activation of the mineral is needed. However, alkaline sulphide 

leaching is by far the most utilized because of its inherent antimony selectivity and its ease of 

full-scale application due to minimal corrosion problems that are associated with the acidic-

chloride leaching.   

2.6 Recovery of Antimony from the Leach Liquor 
 
Recovery of antimony from the pregnant solution after acid-chloride and alkaline-sulphide 

leaching of antimony-bearing concentrate has been studied [20, 31] and even practised 

industrially [32, 33]. Three methods have been used to recover antimony metal or compounds 

from the leach liquor. These include electrodeposition, crystallization and hydrolysis 

precipitation. The electrodeposition of the antimony from the alkaline sulphide solution to 

cathode metal is usually conducted through electrowinning in a diaphragm cell [20, 32]. If a 

non-diaphragm electrolytic cell is used, it was observed that the S2- of the Na2S, used as the 

solvent was oxidized to S-, forming Na2S2 which became sufficiently concentrated at the 
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anode as the electrolysis proceeded, and therefore, inhibit and finally prevent the deposition of 

antimony at the cathode [32]. Prior to the introduction of the leach liquor into the 

electrowinning electrolytic cells, caustic soda is added to the leach solution to adjust the 

weight ratio of caustic (calculated as Na) to total sulphide sulphur (calculated as S2-) to 

typically about 1.4:1 respectively. The pH of the leach solution will then be around 14 to 14.2. 

The electrodeposition of antimony is usually conducted at a current density of approximately 

280 amps per square metre. The Sunshine Mine [32] had practised this technique successfully 

to recover antimony from the leach liquor and also regenerated sodium sulphide for reuse.  

Equity Silver Mines Ltd. has used a crystallization technique to recover antimony and arsenic 

from the leach liquor [33] after the alkaline sulphide leaching of Ag-Cu concentrate 

containing Sb and As. The pregnant solution is first pressure reacted in an autoclave for 1 – 2 

hr, thereafter, the content is emptied into flash tank where the pressure is lowered and much 

of the water evaporates, leaving sodium antimonate crystals suspended in the liquor. The 

pulp, which contains about 8 % solids of sodium antimonate, is belt filtered. The sodium 

antimonate is washed in two stages on the belt filter and stored for shipment. The filtrate 

contains the residual dissolved arsenic in caustic soda / sodium thiosulphate liquor which is 

pumped to a holding tank for arsenic removal and sodium sulphate recovery. 

Antimony can also be recovered as a solid oxychloride from the pregnant solution after 

acidic-chloride leaching by hydrolysis precipitation (equations 1 & 2) [20]. The precipitated 

solid is then treated with ammonia to produce a pure antimony oxide as illustrated in 

equations 3 & 4. 

SbCl3 + H2O → SbOCl + 2HCl                                                                                              (1) 

4SbOCl + H2O → Sb4O5Cl2 + 2HCl                                                                                      (2) 

2SbOCl + 2NH4OH → Sb2O3 + 2NH4Cl + H2O                                                                   (3) 

Sb4O5Cl2 + 2NH4OH → 2Sb2O3 + 2NH4Cl + H2O                                                               (4) 
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3.0 MATERIALS AND METHODS 
 

3.1 Materials 
 
The sulphide ore sample used for this study was a mixture of flotation concentrates from 

Maurliden Västra Mine and Petiknäs North Mine which were supplied by the Boliden Mineral 

AB, Sweden. The mixed concentrate contains 75 % Maurliden Västra ore and 25 % Petiknäs 

North ore. Chemical compositions of both concentrates were recorded in Table 2. 

Table 2: Content of main elements in Maurliden västra and Petiknäs N. concentrates (wt%) 
 
Element Maurliden Västra 

concentrate 
Petknäs North 
concentrate 

Mixed concentrate 

Si  4.95%  
Fe  34.9% 28.7 % 
As 0.30 % 10.3% 3.6 % 
Sb 3.45 % 0 2.42 % 
S 35.4 % 36.8%  
Hg  51.8 mg/kg  
Cd  112 mg/kg  
Pb 2.15 % 5230 mg/kg 3.1 % 
Cu 13.00 % 7120 mg/kg 19.4 % 
Au  10.8 mg/kg  
Ag  91.0 mg/kg  
Zn 1.30 % 33500 mg/kg 2.34 % 
 
 

3.2 Methods 
 

3.2.1 Particle Size Analysis 
 
Wet sieving was performed on 100.10 g sample taking from the as-received Maurliden Västra 

sulphide concentrate to investigate the particle size distribution and the distribution of the 

elements in each of the size fraction. Approximately 1.0 g sample was taken from the dried 

retained weight from each size fraction and the unsieved (as-received) concentrate for the 

determination of the elemental composition by atomic absorption spectrometry analysis 

(AAS).  
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3.2.2 Mineralogical Investigations 
 
The mineralogical characterization of the concentrates (Maurliden Västra and Petiknäs N.) 

and the leached residues were investigated by X-ray diffraction (XRD) and scanning electron 

microscope (SEM). A Siemens X-ray diffractometer with a CuKα radiation (40 Kv, 40 mA) 

as the x-ray source was used to study the mineralogical composition of both the concentrates 

and the leach residues. The samples were continuously scanned over an angular range of 

sin2Ө 10 – 90º by using a step size of 0.02º and a step time of 2 sec at each step. A Philips 

XL30 equipped with energy dispersive X-ray analysis (EDX) for chemical mapping was used 

for SEM investigation of the concentrates. Prior to the analysis, the cross sections of the 

mounted samples were coated with a thin layer of gold film using a Bal-Tec MCS 010 sputter 

coater to enhance its conductivity.  

3.2.3 Chemical Leaching Experiment 
 
Leaching tests on the mixed concentrates were conducted in a 2 L thermostated glass reactor 

(Fig. 6) which was mechanically stirred at 500 rpm. Three different leaching reagents, which 

include alkaline sodium sulphide, alkaline sodium hypochlorite and acidic copper (II) 

chloride, were used for the studies. The effectiveness and selectiveness of these reagents to 

dissolve antimony and arsenic from the mixed concentrate were investigated.  

1000 ml of alkaline sodium hypochlorite solution, containing 0.6 M NaClO and 0.125 M 

NaOH, was used to leach 20 g of the mixed concentrate at 50 ºC for 6 hours. The leaching 

solution was first heated and maintained 50 ºC before the concentrate was added into the 

reactor. 10 ml sample solution was withdrawn from the pulp in the reactor at different time 

intervals for AAS analysis.  
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Fig. 6: Leaching reactor (A) in oxidizing atmosphere (B) in N2 atmosphere 
 
 

The same procedure as above was repeated for acidic copper (II) chloride leaching containing 

10 g/l CuCl2, 5 g/l Na2SO3 and 100 g/l concentrated HCl, and the leaching temperature was 

maintained at 90 ºC for 6 hours. The leaching test was repeated by varying the concentration 

of CuCl2 (10 g/l & 5 g/l) and the HCl concentration was maintained at 100 g/l but without the 

addition of Na2SO3.  

During the alkaline sulphide leaching of the concentrate, 1000 ml of the leaching solution 

containing 250 g/l Na2S and 25 g/l NaOH was used. The leaching procedure was as described 

for the alkaline NaClO leaching but the leaching experimental conditions were varied. These 

conditions include sodium sulphide concentration (62.5 g/l, 125 g/l & 250 g/l), leaching 

temperature (20, 55 & 90 ºC), solids concentration (20, 100, 200, 250 & 300 g) and the 

leaching time (15, 30, 60, 120, 240 & 320 minutes). At high temperature, under oxidizing 

environment, S-2 ion will be oxidized into sulphate and thiosulphate which will reduce the 

efficiency of the S-2 ions in the leaching solution. For better understanding of this 

phenomenon, two alkaline-sulphide leaching tests were performed under N2 atmosphere (Fig. 

6B) for 6 hours at a constant temperature of 90 ºC and 125 g/l Na2S with 300 g and 600 g of 

the mixed concentrate respectively. At the end of each leaching test, the pulp was filtered. The 

leach residue was oven-dried for approximately 15 hours at 85 ºC. Both the residues and the 

leachates were analyzed for their metal contents.  
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4.0 RESULTS AND DISCUSSION 
 

4.1 Particle Size Distribution 
 
The particle size distribution of the as-received Maurliden Västra flotation concentrate is 

shown in Fig. 7. It is revealed in the figure that the concentrate is very fine ground with more 

than 80 % of the concentrate particle smaller than 53 µm. The influence of mineral particle 

size cannot be overlooked in mineral processing and hydrometallurgical treatment of ores. In 

the later, fine mineral particle size enhances the leaching rate [9, 12, 26] since a larger surface 

area of the mineral particle is exposed for chemical attack. It is reported [24, 27] that 

tetrahedrite / tenantite minerals are very refractory to the most common leaching processes, 

therefore, to cause significant dissolution, fine grinding of the mineral together with other 

factors is imperative. Balaz et al. [12] in their studies, applied mechanical activation on 

tetrahedrite mineral to achieve a particle size less than 170 µm so as to enhance the 

dissolution of antimony and arsenic from the mineral. This test implies that no further milling 

of the concentrate is required to achieve good solubilization of antimony and arsenic. It is 

shown in Table 3 that antimony is present in substantial amount in all the five particle size 

fractions used.  

Table 3: Particle size distribution of Maurliden Västra copper sulphide concentrate 
 

Weight percent of the elements in each size fraction Particle 
size, µm 

Weight 
retained, 
% 

Cumulative 
passing size, 
% 

Cu, % Fe, % Zn, % Sb, % Pb, % 

+75 1.35 98.65 0.21 0.31 0.04 0.02 0.02 
+53 10.34 88.31 1.35 2.16 0.24 0.19 0.27 
+38 10.68 77.63 1.45 2.35 0.23 0.21 0.30 
+20 15.01 62.62 2.18 3.63 0.36 0.28 0.40 
-20 60.95 1.67 10.61 12.75 1.46 2.03 2.93 
Total element in sieved sample 15.80 21.20 2.33 2.73 3.92 
Un-sieved sample 15.90 21.60 2.40 2.97 4.09 
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Fig. 7: Particle size distributions of Maurliden Västra copper sulphide concentrate. 
 
 

4.2 Mineralogical Composition of the Concentrates 
 
The mineralogical composition of the two concentrates (Maurliden Västra and Petiknäs 

North) used in this study were investigated by XRD and SEM analyses and the results are 

shown in Figs. 8 & 9 respectively. The major minerals found in Maurliden Västra concentrate 

are chalcopyrite, pyrite, tetrahedrite, galena, sphalerite and arsenic sulphide (only observed in 

SEM analysis). Four major mineralogical phases were identifiable in Petiknäs North 

concentrate which include arsenopyrite, pyrite, sphalerite and quartz. The chemical analysis 

of the two concentrates as contained in Table 2 reveals that the antimony content of the mixed 

concentrate comes from the Maurliden Västra concentrate which is in the form of tetrahedrite 

(Fig. 8). The bulk of the arsenic content is from the Petkinäs North concentrate which is in 

form of arsenopyrite as represented in Fig. 8.  
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Fig. 8: XRD analysis of the Maurliden Västra and Petiknäs N. concentrates. Ch-chalcopyrite, 
P-pyrite, G-galena, S-sphalerite, A-arsenopyrite, T-tetrahedrite, Q-quartz 
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arsenic sulphide 
 
Fig. 9: Scanning electron micrographs of Petiknäs N. concentrate (dark) and Maurliden 
Västra concentrate (bright). 
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4.3 Alkaline Sodium Hypochlorite Leaching 
 
Fig. 10 shows the metal recovery after the concentrate has been leached for 6 hrs at 50 ºC in 

alkaline sodium hypochlorite solution containing 0.6 M NaClO and 0.125 M NaOH. It can be 

observed from the figure that the reagent is selective in dissolving antimony and arsenic. The 

total antimony and arsenic recovered after 6 hrs of leaching was 34.9 % and 34.1 % 

respectively which is quite low to be considered effective. Analysis of the residue by XRD as 

presented in Fig. 11 shows that more tetrahedrite phases are still feasible in the residue. This 

can be interpreted that the reagent is not effective enough to decompose the tetrahedrite 

structure in the concentrate which could enhance the dissolution of antimony. Enargite, a 

“sulphosalt” mineral as tetrahedrite [37], was leached with alkaline hypochlorite solution [35, 

36] and it was found that copper converts into solid cupric oxide (tenorite) while arsenic 

forms soluble arsenate ions as described by equation (5): 

2Cu3AsS4 + 35NaClO + 22NaOH → 6CuO + 2Na3AsO4 + 8Na2SO4 + 35NaCl + 11H2O             (5) 
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Fig. 10: Metal recovery from alkaline sodium hypochlorite leaching. 
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It was therefore expected that the tetrahedrite in the concentrate would react with the alkaline 

NaClO in a similar way as enargite but the result reveals that the reagent is less effective on 

tetrahedrite. The low recovery of Sb and As could probably be due to the concentration of 

OH- and the precipitation of CuO as averred by Vinal et al. [36] that at a concentration of OH- 

> 0.05 M, CuO catalyzes hypochlorite decomposition which may reduce leaching efficiency. 

However, the concentration of OH- ion used under this study was 0.125 M which is greater 

than this limit. 

 
 

 
Fig. 11: XRD analysis of the leach residues. Ch-chalcopyrite, P-pyrite, G-galena, S-
sphalerite, C-covellite, T-tetrahedrite, N-nautokite, CuCl 
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4.4 Acidic Cupric Chloride Leaching 
 
The effect of acidic cupric chloride solution on the mixed concentrate is delineated in Fig. 12. 

It is shown that the leach solution is selective to zinc and lead and their recoveries are 81 % 

and 98 % respectively which corroborates with the findings of Guy et al. [34]. It is observed 

(Fig. 12) that the dissolution of copper depends on the concentration of cupric chloride. 31 % 

Cu is dissolved in the leach solution containing 10 g/l CuCl2, while 21 % Cu is solubilized in 

solution containing 5 g/l CuCl2. This observation is in agreement with what is reported in the 

literature [34, 37]. The dissolution of chalcopyrite, galena and sphalerite in cupric chloride 

solution is described by equations 6 – 8. 

CuFeS2(s) + 3CuCl2 (aq) → 4CuCl(s) + FeCl2 (aq) + 2S(s)                                                          (6) 

ZnS(s) + 2CuCl2 (aq) → ZnCl2 (aq) + 2CuCl(s) + S(s)                                                                  (7) 

PbS(s) + 2CuCl2 (aq) → PbCl2 (aq) + 2CuCl(s) + S(s)                                                                   (8) 
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Fig. 12: Metal recovery from acidic copper (II) chloride leaching 
 
Addition of sodium sulphite into the leach solution decreases the solubilization of Sb and As 

(Fig. 12). This was purposely added to prevent the oxidation of Cu+ ion formed to Cu++ ion 

but little effect was seen on the dissolution of copper. Dissolution of antimony is less 
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dependent on the concentration of cupric chloride while arsenic dissolution is dependent. The 

highest recovery of Sb and As were 43 % and 18 % respectively. It is also revealed that iron 

dissolution is very low. This confirms the reports that pyrite is relatively unreactive in cupric 

chloride solution [34, 37], since the bulk of the iron in the concentrate is in the form of pyrite 

(Fig. 8). The few concentration of iron found in the leach solution could be probably come 

from the fraction of the chalcopyrite that was dissolved during the leaching. 

4.5 Alkaline Sulphide Leaching 
 
The calculated metal recovery at various leaching conditions with alkaline sodium sulphide is 

presented in Table 4. The result depicts that the leach solution is highly selective to dissolve 

antimony and arsenic from the concentrate. Although, the highest arsenic recovery obtained 

during the leaching test was 28 % which is quite low. The reason for the low arsenic 

solubilization is that the arsenopyrite mineral is less soluble in alkaline sulphide solution [33, 

37]. The bulk of the arsenic content of the mixed concentrate is from Petiknäs N. concentrate 

which is in the form of arsenopyrite as reflected in Table 2 and Fig. 8. It is reported [17, 18, 

37] that arsenic can substitute for antimony atoms in the tetrahedrite mineral. However, the 

portion of the arsenic that is bound with tetrahedrite is dissolved by the lixiviant whilst the 

arsenic binds with arsenopyrite remains in the residue. It is observed that the tetrahedrite in 

the concentrate has been dissociated according to the chemical reaction below (equation 9): 

Cu12Sb4S13(s) + 2Na2S (aq) → 5Cu2S(s) + 2CuS(s) + 4NaSbS2 (aq)                                           (9) 

Therefore, no tetrahedrite phase is found in the leached residue (Fig. 11) when it was 

subjected to XRD analysis. For a better understanding of the factors influencing the 

dissolution of antimony and arsenic by the lixiviant, the effect of sulphide ion concentration, 

leaching temperature, leaching time and solids concentration were investigated as described in 

the following sub-sections. 
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Table 4: Metal recovery after alkaline sodium sulphide leaching of the mixed concentrate 
 
Leaching conditions Parameter varied Metal recovery computation based on the residue 

analysis 
Na2S concentration Cu % Fe % Zn % Sb % Pb % As % 
62.5 g/l 2.9 -0.2 1.2 29.7 4.7 23.6 
125 g/l 3.8 1.2 1.4 91.7 0.5 18.9 

Feed mass: 20 g 
Leaching time & temp.: 
6 hrs & 90 0C 

250 g/l 4.0 -0.1 -0.4 95.6 4.8 21.6 
Leaching 
temperature 

      

20 0C 2.7 0.5 0.9 -4.7 4.4 19.6 
55 0C 4.7 1.6 2.7 12.7 4.5 18.1 

Feed mass: 20 g; 
Concentration: 125 g/l 
Na2S + 25 g/l NaOH; 
Leach time: 6 hrs 

90 0C 3.8 1.2 1.4 91.7 5.5 18.9 
Leaching time       
15 min 0.1 0.06 0.21 2.7 0  
30 min 0.16 0.08 0 20.0 0  
60 min 0.44 0.06 0 40.1 0  
120 min 0.44 0 0 62.3 0  
240 min 0.37 0 0 82.6 0  

Feed mass: 20 g 
Leachant concentration: 
125 g/l Na2S + 25 g/l 
NaOH 
Leaching temperature: 
90 0C 

320 min 3.8 1.2 1.4 91.7 5.5 18.9 
Solids concentration       
20 g 3.8 1.2 1.4 91.7 5.5 18.9 
100 g 2.2 -1.0 -1.5 90.3 3.0 17.6 
200 g 2.6 -2.2 -0.9 83.7 2.9 24.0 
250 g 2.6 -2.2 -4.7 85.8 1.0 20.7 

Leachant concentration: 
125 g/l Na2S + 25 g/l 
NaOH 
Leaching time & temp.: 
6 hrs & 90 0C 

300 g 1.8 -1.2 -0.3 78.5 2.5 28.0 
300 g 1.8 -1.5 -2.9 76.3 3.8 16.9 Leach concentration: 125 

g/l Na2S + 25 g/l NaOH 
+ N2;  Leach time & 
temp.: 6 hrs & 90 0C 

600 g 1.8 -1.2 -0.7 65.1 3.1 17.4 

 

4.5.1 Influence of sulphide ion concentration on metal recovery 
The concentration of sulphide ion has a significant influence on the recovery of antimony but 

shows no significant effect on the arsenic dissolution (Fig. 13). For determining this influence 

a set of experiments was accomplished at 90 ºC for 6 hr. In these experiments the 

concentration of sulphide ions was varied in the range 62.5, 125 and 250 g/l. The recovery 

plot represented in Fig. 13 confirms that the sulphide ion concentration has a positive 

influence on antimony recovery. The plot also reveals that arsenic recovery is almost at a 

constant value irrespective of the sulphide ion concentration. One would have expected 

similar recovery as in the case of antimony but the mineral (arsenopyrite) at which arsenic is 

bound to within the concentrate is insoluble in alkaline sulphide solution [33, 37]. The highest 
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recovery of antimony and arsenic were at the highest sulphide ion concentration investigated 

and was 96 % and 22 % respectively.  
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Fig. 13: Effect of sodium sulphide concentration on Sb and As recovery. Conditions: 20 g 
sample; 25 g/l NaOH; 90 ºC; 6 hrs. 
 
 
Another factor that could adversely affect the leaching efficiency of the lixiviant is the 

concentration of elemental sulphur in the concentrate leached. Anderson [20] concluded that 

free sulphur consumes the reagent according to the reactions 10 & 11, and consequently, 

reduces the leaching efficiency of the solution. 

2S2 + 6NaOH → 2Na2S + Na2S2O3 + 3H2O                                                                       (10) 

(X-1)S2 + Na2S → Na2Sx, where x = 2 to 5                                                                          (11) 

Also, Filippou et al. [37] declared that the lixiviant must contain enough caustic (NaOH) to 

avoid the hydrolysis of sulphide ions to hydrosulphide (HS-), which could result to the 

generation of harmful hydrogen sulphide gas into the environment. The caustic in the solution 

could be consumed as described in reaction 10. However, the concentration of elemental 
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sulphur in the mixed concentrate was determined and the result reveals that it contains 

approximately 0.3 % S0, which could probably be regarded as insignificant. 

Besides, the effect of oxygen on the sulphide ions concentration was investigated. This was 

accomplished by conducting similar leaching test in a nitrogen gas atmosphere under the same 

conditions as shown in Fig. 6B. The chemical oxygen demand (COD), i.e the amount of 

oxygen required to oxidize the sulphide ions of the leach liquor to sulphate ions, according to 

reaction 12, is measured and the corresponding concentration of sulphide ion and the amount 

of sodium sulphide in the leachates were evaluated as contained in Table 5. 

S2-
(aq) + 2O2 (g) = SO4

2-
(aq)                                                                                                    (12) 

Table 5: Effect of oxygen on sulphide ions concentration 

ΔCOD Corresponding 
to 

Corresponding 
to 

Metal Recovery, % Leaching 
Test 

O2, mg/l S2-,  mg/l Na2S(100%), g/l Cu Fe Zn Pb Sb As 
O2 
atmosphere 

74.477 37.239 91 1.8 -1.2 -0.3 2.5 78.5 28.0 

N2 
atmosphere 

81.161 40.581 99 1.8 -1.5 -2.9 3.8 76.3 16.9 

 

The result reveals that about 91 % of the sulphide ion concentration was useful in the leaching 

of the concentrate in oxidizing atmosphere while 99 % of the sulphide ions remain in the 

solution under nitrogen gas atmosphere. The metal recovery under both experimental 

conditions was determined (Table 5). Surprisingly, the yield of antimony and arsenic into the 

leach solution under N2 atmosphere is observed to be slightly lower than that obtained under 

oxidizing atmosphere. The reason for this anomaly could not be explained. One would have 

expected higher recovery of the elements in N2 environment than oxygen atmosphere because 

higher concentration of sulphide ions is still maintained in the leach liquor. It is observed that, 

Ag & Hg dissolution is S-2 ion concentration dependent. Therefore, the amount of Ag & Hg 

solubilized in the leach liquor at 125 g/l S-2 ion concentration is even below the detection limit 

(Appendix III). 
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4.5.2 Effect of solids concentration on metal recovery 
 
The effect of the amount of concentrate leached in 1 L volume of the leach solution 

containing 125 g/l Na2S and 25 g/l NaOH was studied. The set of the experiments were 

conducted in a batch-wise mode at a constant temperature of 90 ºC for 6 hr. The calculated 

recovery of antimony and arsenic at the end of each test is plotted in Fig. 14. 
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Fig. 14: Effect of the solids concentration on Sb and As recovery. Conditions: 125 g/l Na2S + 
25 g/l NaOH; 90 ºC; 6 hrs. 
 
It appears that the recovery of antimony is slightly lowered with the increase in the quantity of 

the concentrate leached while that of arsenic increases a little with increasing solids 

concentration fed into the reactor. The recovery of arsenic seems to be unaffected with the 

increasing solids concentration. Despite the increase in the concentration of the solids 

leached, the amount of antimony solubilized by the lixiviant is still significant - for instance, 

at 250 & 300 g of solids concentration fed into the reactor, the recovery of antimony is 86 % 

and 79 % respectively. 
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4.5.3 Influence of temperature on recovery of antimony and arsenic 
 

The plot shown in Fig. 15 describes the dependency of metal dissolution into the leach liquor 

on the leaching temperature. It is evident that antimony recovery is highly influenced by the 

leaching temperature. This observation affirms the conclusion made by Balaz et al. [12, 18] 

that temperature accelerates and enhances the extraction of metals from sulphides into the 

leach liquor. The effect of temperature on arsenic recovery is not reflected in the plot. It 

seems that arsenic recovery is at constant value irrespective of the leaching temperature while 

at room temperature, antimony was not leached from the concentrate even after a leaching 

time of 6 hr (Fig. 15). When the leaching temperature is maintained at 90 ºC, significant 

increase in antimony recovery is observed. It can be concluded from this investigation that the 

effectiveness of alkaline sulphide solution to solubilise antimony from tetrahedrite mineral is 

temperature dependent. 
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Fig. 15: Dependency of Sb & As recovery on the leaching temperature. Conditions: 20 g 
sample; 125 g/l Na2S + 25 g/l NaOH; 6 hrs. 
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4.5.4 Leaching kinetics of antimony from the concentrate 
 
Fig. 16 represents the kinetic relations of antimony extraction from the tetrahedrite containing 

concentrate in alkaline sulphide leach of 125 and 250 g/l concentrations of sulphide ions at a 

temperature of 90 ºC for 6 hr. It is clear from the plot that the dissolution rate of antimony 

into the leach liquor is faster at the onset of the leaching and remains gradually increasing till 

the end of the experiment. Also, it seems that high concentration of the sulphide ions 

accelerates the leaching rate of antimony from the tetrahedrite-bearing concentrate. After 15 

minutes into the experiment, about 2.7 % and 52 % Sb were reported into the leach liquors 

containing 125 g/l and 250 g/l concentration of sulphide ions respectively. The interesting 

observation in this analysis is that good recovery of antimony can be achieved even at a lesser 

leaching time than 6 hr, if higher concentration of sulphide ions is employed. 
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Fig. 16: Recovery of Sb into leach against the leaching time. Conditions: 20 g sample; 125 g/l 
Na2S + 25 g/l NaOH; 90 0C; 6 hrs. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 
 

5.1 Conclusions 
 

The mineralogical investigation of the concentrates used under this study reveals that the 

major mineral phases found in Maurliden Västra concentrate are chalcopyrite, pyrite, galena, 

sphalerite and tetrahedrite while pyrite, arsenopyrite, sphalerite and quartz mineralogical 

phases were observed in Petiknäs North concentrate. The result obtained from leaching of the 

concentrate with alkaline sodium hypochlorite solution shows that it has good dissolution 

selectivity to antimony and arsenic but with insignificant recovery of the elements. Acidic 

cupric chloride solution is highly selective to solubilise lead and zinc from the concentrate but 

copper dissolution is found to depend on the concentration of cupric chloride. The lixiviant is 

less effective to extract antimony and arsenic into the leach liquor. In alkaline sulphide 

leaching, the study reveals that the reagent gives the best selectivity to remove the impurity 

elements from the concentrate. It is apparent that the leaching of antimony depends on the 

concentration of sulphide ions. The recovery of antimony at the concentrations of sulphide ion 

at 250 g/l and 125 g/l were 96 % and 92 % respectively. Dissolution of antimony with this 

reagent is temperature dependent as is shown in this investigation. Also, the recovery of 

antimony decreases slightly with increasing solids concentration whilst arsenic recovery is 

relatively stable. In all the leach solutions used in this study, arsenic solubilization was quite 

low. It can be concluded therefore, that arsenopyrite is less soluble in all the reagents used 

under this study since lower recovery of arsenic was observed in all the leaching tests. The 

study reveals that the bulk of the arsenic in the concentrate is in the form of arsenopyrite.  
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5.2 Recommendations 
 
The underlisted recommendations are suggested for further investigations which could help in 

processing tetrahedrite-containing copper concentrates at a gain without posing any 

environmental threat. 

 Dissolution kinetics of pure tetrahedrite mineral should be studied to really understand 

its leaching behaviours in different leaching solutions. 

 Recovery of antimony as a marketable product from the leach liquor should be 

investigated. 

 Recovery of arsenic from the leach solution in a stabilized form should be studied. 

 Thermodynamic data for tetrahedrite/tenantite/enargite mineral should be determined 

experimentally. 

 Economic efficiency / viability of the process should be evaluated. 

 Further investigation should be conducted on the thermal decomposition of this 

sulphosalt mineral with a view of enhancing the easy removal of the impurity 

elements. 
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APPENDICES 
 
Appendix I : Metal recovery after alkaline NaClO and acidic CuCl2 leaching of the mixed 
concentrate 
 

Metal recovery computation based on the 
residue analysis 

Leach 
solution 

Leaching conditions 

Cu 
% 

Fe % Zn 
% 

Sb % Pb % As % 

Alkaline 
NaClO 

Leachant: 0.6 M NaClO + 5 g/l NaOH ; 
Sample mass: 20 g; Leach temp.& time = 
50 0C & 6 hrs 

5.1 2.8 4.7 34.9 6.3 34.1 

Leachant: 10 g/l CuCl2 + 5 g/l Na2SO3 + 
100 g/l HCl 
Sample mass: 20 g; Leaching temp.& time: 
90 0C & 6 hrs 

30.2 19.5 80.9 39.8 98.7 8.2 

Leachant: 10 g/l CuCl2 + 100 g/l HCl; 
Sample mass: 20 g 
Leach temp.& time: 90 0C & 6 hrs 

31.5 20.0 82.5 43.1 98.5 18.3 

Acidic 
CuCl2

Leachant: 5 g/l CuCl2 + 100 g/l HCl; 
Sample mass: 20 g 
Leach temp.& time: 90 0C & 6 hrs 

21.7 13.7 81.6 43.3 98.9 11.0 
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Appendix II: Chemical analysis of leach residues and the mixed concentrate by Boliden 
Mineral AB 
 

Concentration of metal in the residues 
and concentrate 

Leaching conditions Parameter 
varied 

Cu 
% 

Fe 
% 

Zn 
% 

Pb 
% 

Sb 
% 

As 
% 

Leachant: 0.6 M NaClO + 5 g/l 
NaOH ; Sample mass: 20 g; 
Leaching temp.& time = 50 0C 
& 6 hrs  

 19.4 29.4 2.35 3.06 1.66 2.5 

Leachant: 10 g/l CuCl2 + 5 g/l 
Na2SO3 + 100 g/l HCl 
Sample mass: 20 g; Leaching 
temp.& time: 90 0C & 6 hrs 

 17 29 0.56 0.05 1.83 4.15 

Leachant: 10 g/l CuCl2 + 100 
g/l HCl; Sample mass: 20 g 
Leaching temp.& time: 90 0C & 
6 hrs 

 16.9 29.2 0.52 0.06 1.75 3.74 

Leachant: 5 g/l CuCl2 + 100 g/l 
HCl; Sample mass: 20 g 
Leaching temp.& time: 90 0C & 
6 hrs 

 18.4 30 0.52 0.04 1.66 3.88 

62.5 g/l Na2S  19.4 29.6 2.38 3.04 1.75 2.83 
125 g/l Na2S 19.5 29.6 2.41 3.06 0.21 3.05 

Feed mass: 20 g 
Leaching time & temp.: 6 hrs & 
90 0C 250 g/l Na2S  19.2 29.6 2.42 3.04 0.11 2.91 

20 0C 19.3 29.2 2.37 3.03 2.59 2.96 
55 0C 19 29 2.34 3.04 2.17 3.03 

Feed mass: 20 g 
Leachant concentration: 125 g/l 
Na2S + 25 g/l NaOH 
Leaching time: 6 hrs 

90 0C 19.5 29.6 2.41 3.06 0.21 3.05 

20 g 19.5 29.6 2.41 3.06 0.21 3.05 
100 g 19.5 29.8 2.44 3.09 0.24 3.05 
200 g 19.2 29.8 2.4 3.06 0.4 2.78 
250 g 19.2 29.8 2.49 3.12 0.35 2.9 

Leachant concentration: 125 g/l 
Na2S + 25 g/l NaOH 
Leaching time & temp.: 6 hrs & 
90 0C 

300 g 19.4 29.6 2.39 3.08 0.53 2.64 
300 g 19.3 29.5 2.44 3.02 0.58 3.03 Leachant concentration: 125 g/l 

Na2S + 25 g/l NaOH + N2
Leaching time & temp.: 6 hrs & 
90 0C 

600 g 19.4 29.6 2.4 3.06 0.86 3.03 

Mixed concentrate 19.4 28.7 2.34 3.1 2.42 3.6 
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Appendix III: Chemical analysis of the leach liquors conducted by Boliden Mineral AB 
 

Elements 
Ag Cu Fe Zn Pb Bi Sb As Hg 

Reagent Concentration 

mg/l g/l mg/l mg/l mg/l mg/l mg/
l 

mg/l mg/l mg/l 

Alkaline 
sodium 
hypochlo
rite 

0.6 M NaClO + 0.125 
M NaOH 

0.6  1.6 < 1 1.91 1.4 < 5 7.7 163 0.24 

Acidic 
cupric 
chloride 

10 g/l CuCl2 + 5 g/l 
Na2SO3 + 100 g/l 
conc.HCl 

10.3 5.4  1000 409 607 < 5 222 17.5 0.69 

 10 g/l CuCl2 + 100 
g/l conc.HCl 

10.2 5.5  1100 391 622 < 5 222 17.5 0.82 

 5 g/l CuCl2 +  100 g/l 
conc.HCl 

7.5 2.6  672 337 561 < 5 192 14.6 1.0 

Alkaline 
sodium 
sulphide 

250 g/l Na2S + 25 g/l 
NaOH; 20g sample at 
90ºC for 6 hr 

7.2  3.8 < 1 0.34 < 2 < 5 422 14.6 0.03 

 125 g/l Na2S + 25 g/l 
NaOH; 20g sample at 
90ºC for 6 hr 

< 0.5  0.6 < 1 < 0.1 < 2 < 5 431 14.6 <0.01 

 125 g/l Na2S + 25 g/l 
NaOH; 100g sample 
at 90ºC for 6 hr 

< 0.5  < 0.5 < 1 < 0.1 < 2 < 5 29 17.5 <0.01 

 125 g/l Na2S + 25 g/l 
NaOH; 200g sample 
at 90ºC for 6 hr 

< 0.5  < 0.5 < 1 < 0.1 < 2 < 5 166 47 <0.01 

 125 g/l Na2S + 25 g/l 
NaOH; 300g sample 
at 90ºC for 6 hr 

< 0.5  < 0.5 < 1 < 0.1 < 2 < 5 15.6 29 <0.01 

 125 g/l Na2S + 25 g/l 
NaOH; 20g sample at 
55ºC for 6 hr 

< 0.5  2.2 < 1 < 0.1 < 2 < 5 15.2 8.8 0.06 

 125 g/l Na2S + 25 g/l 
NaOH; 20g sample at 
20ºC for 6 hr 

< 0.5  1.4 < 1 < 0.1 < 2 < 5 < 5 8.8 <0.01 

 125 g/l Na2S + 25 g/l 
NaOH; 250g sample 
at 90ºC for 6 hr 

< 0.5  < 0.5 < 1 < 0.1 < 2 < 5 1300 87 <0.01 

 125 g/l Na2S + 25 g/l 
NaOH + N2; 300g 
sample at 90ºC for 6 
hr 

< 0.5  < 0.5 < 1 < 0.1 < 2 < 5 49 53 <0.01 

 125 g/l Na2S + 25 g/l 
NaOH + N2; 600g 
sample at 90ºC for 6 
hr 

< 0.5  < 0.5 < 1 < 0.1 < 2 < 5 918 77 <0.01 

 62.5 g/l Na2S + 25 g/l 
NaOH; 20g sample at 
90ºC for 6 hr 

< 0.5  < 0.5 < 1 < 0.1 < 2 < 5 < 5 5.9 <0.01 
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