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ABSTRACT
Today, one of the major difficulties confronted during copper metallurgy is the elimination of 
antimony and arsenic impurities from the process. This is because the pure copper ore 
reserves are becoming exhausted and the resources of unexploited ores often contain 
relatively high amounts of antimony and arsenic. During smelting of copper concentrates,
arsenic is easily removed into the offgas while antimony is not readily removed due to its 
lower partial pressure and high affinity for liquid copper. Therefore, removal of these 
impurities at an early stage of processing will be beneficial for the copper making process.

The present research is aimed at (i) purifying impure complex copper sulphide concentrates
by selectively dissolving the impurities, and consequently, upgrading the concentrates for 
pyrometallurgical processing, and (ii) depositing antimony as a marketable product from
synthetic alkaline sulphide pregnant leach liquors by electrowinning.

The mineralogical investigations conducted on the concentrates revealed that tetrahedrite, 
chalcopyrite, galena, sphalerite and pyrite were the common mineralogical phases present in 
the concentrates.  Silver and arsenic were found as solid solution in the tetrahedrite crystal 
structure. 

Alkaline sulphide solution was used to dissolve antimony from the concentrates. Antimony
recovery from tetrahedrite dissolution was increased by approximately 280% when the 
reaction temperature was increased from 84 C to 105 C. By raising the concentration of Na2S
from 60 g/L to 100 g/L, the extraction of Sb was raised by a factor of 3 while increase in 
NaOH concentration from 30 g/L to 60 g/L enhanced the recovery by 140%. It was found that 
the leaching yield decreased by about 37% when the mineral particle size of the concentrate 
was increased from -53+38 µm to -106+75 µm. Under the selected leaching conditions, the 
estimated activation energy of tetrahedrite dissolution in the leaching reagent was 81 kJ/mol, 
which is indicative of a chemically controlled leach process. Characterisation of the leach 
residue by XRD and QEMSCAN proves that the alkaline sulphide lixiviant is selective and 
effective to dissolve antimony and arsenic from the complex concentrate. The average crystal 
chemical formulae of the solid residue determined by QEMSCAN indicate the conversion of
tetrahedrite into a new copper sulphide having stoichiometry of Cu1.64S. Tetrahedrite in the 
concentrate was reduced from 30.2% to 1.1% in the purified leach residue.

Moreover, the results of electrowinning tests showed that the initial Na2S concentration had a 
significant influence on Sb deposition from this specific system. Current efficiency decreased 
remarkably when Na2S concentration was increased to 150 g/L. The test results indicated that 
the desired Na2S concentration should be less than 100 g/L. Faraday efficiency increased with 
increase in current density provided that the residual Sb concentration in the electrolyte 
remained above 20 g/L. Increase in NaOH concentration from 100 to 400 g/L raised the 
current efficiency by a factor of almost 1.5 while the specific energy requirement was reduced 
from 2.3 to 1.9 kWh/kg. Experimental results demonstrated that the specific energy decreased 
by almost 38% as the electrolyte temperature increased from 45 to 90 C and the optimum 
temperature should be between 50 and 75 C to reduce the heating cost. It was noted that 
polysulphide and thiosulphate had an adverse effect on Sb deposition. Current efficiency of 
the process decreased sharply from 83% to 32% when the polysulphide concentration was 
increased from 0 to 30 g/L; and at this polysulphide concentration, the specific energy was 
raised from 1.7 to 4.9 kWh/kg. Sparging of the electrolyte facilitates a smooth and adherent 
antimony deposit with an improved purity. The results from these experiments demonstrated 
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that the anodic reactions were influenced by anodic current density and NaOH concentration. 
The molar concentration ratio between hydroxide and free 7.3 to 
produce appreciable amounts of sulphate in the electrolytic process. The amount of sulphate 
formed increased from 0.5 to 16.9 g/L when the anodic current density was increased from 
500 to 2500 A/m2. By raising NaOH concentration from 100 to 400 g/L, the production of 
sulphate at the anode was enhanced by 6.2 g/L increment. However, the concentration of 
thiosulphate formed during the electrolysis decreased with increasing anode current density 
and NaOH concentration. The main factors influencing the purity of the antimony deposits 
were current density and NaOH concentration. Antimony purity was lowered from 99.9% to 
99.2% when the current density was increased from 50 to 250 A/m2. Sparging of the 
electrolyte during the electrodeposition enhanced antimony purity by 0.4%.

Finally, a simplified integrated hydro-/electro-metallurgical process flowsheet for antimony 
removal and recovery from Rockliden sulphide copper concentrate was developed. The 
experimental results from this investigation confirmed that different concentrations of Na2S
and NaOH were needed at leaching and electrowinning stages to achieve an efficient process.
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1. INTRODUCTION

Copper is a malleable and ductile metallic material that has significantly made, and continues 

to make, a profound effect on civilization development and also contributes immensely to the 

national economies of mature, newly developed and developing countries [1]. Its unique 

properties have qualified it to be an important engineering material and it will continue to be 

relevant to the emerging technological advancement in the future. Economic, technological 

and societal factors have influenced the demand and supply of copper in recent time. The 

increasing demand for copper worldwide has increased its production and therefore, new 

mines and plants are introduced and the existing ones are expanded.

Copper occurs naturally in the Earth’s crust in a variety of forms. Its major sulphide mineral 

ores include chalcopyrite CuFeS2, bornite Cu5FeS4, chalcocite Cu2S and covelite CuS. Copper 

can be found in carbonate deposits as azurite Cu3(CO3)2(OH)2 and malachite Cu2(CO3)(OH)2;

and in silicate deposits as chrysocolla (Cu,Al)2H2Si2O5(OH)4·nH2O and dioptase 

CuSiO2(OH)2); and as pure native copper. Copper is extracted from its ore by either smelting 

with refining [2, 3] or leaching with electrowinning [4]. Copper extraction through 

pyrometallurgical processing of concentrates relies heavily on copper sulphides and to a lesser 

degree on copper oxides, which are processed hydrometallurgically. Nowadays, many of the 

new copper sulphide mineral deposits found are complex in nature and often found in 

association with antimony and arsenic minerals [5-7] which render the concentrate unsuitable 

as a feedstock for smelting due to their antimony, arsenic and mercury contents which can 

create serious environmental problems [8-10] and even affect the quality of the copper 

product [11]. The common impurity minerals found in association with copper ores include 

tetrahedrite (Cu12Sb4S13), jamesonite (Pb4FeSb6S14), bournonite (PbCuSbS3), tennantite 

(Cu12As4S13) and enargite (Cu3AsS4). These minerals are economically attractive; however, 

the content of antimony and arsenic reduces their economic values effectively [12].

Tetrahedrite belongs to a family of minerals usually called “fahlore” which is often described 

as the “sulphosalts”. This family indicates a certain type of un-oxidized sulphur mineral that is 

structurally distinct from a sulphide. Tetrahedrite is a complex sulphide of copper and 

antimony which can be an interesting and important resource of copper (40-46%), antimony 

(27-29%) [13] and or other non-ferrous metals as is evident from its general chemical formula 

(Cu,Ag)10(Cu,Zn,Hg,Cd,Fe)2(Sb,As,Bi)4S13 [14, 15]. Naturally, it is very difficult to find pure 

tetrahedrite because its original constituents are always partially substituted by other 
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elements. Thus, arsenic can substitute for antimony leading to tennantite, while copper can be 

substituted by silver, zinc, iron, mercury, cadmium, lead etc., and some sulphur may be 

replaced by Se and Te [10, 15, 16]. Apart from the toxic elements (As, Hg) contained in 

tetrahedrite mineral, the substantial amount of copper, silver and gold usually present in the 

mineral makes its mining economically attractive. Many of such complex sulphide mineral 

deposits are largely found in Sweden [5, 7]. However, as a result of their association with the 

impurity elements that make it difficult to produce a clean and high grade concentrate, the 

deposits have been found quite a long time ago but have so far not been possible to mine 

economically. Due to the global increase in demand for base metals, the mining companies 

are now giving more attention to these low grade and complex ore deposits to economically 

process them.

Table 1: Distribution of impurity elements during smelting [4, 17]

Smelting
process

Matte phase Slag phase Offgas
As (%) Sb (%) As (%) Sb (%) As (%) Sb (%)

Outokumpu flash 15-40 60-70 5-25 5-25 35-80 5-25
Noranda 8 15 12 31 80 54
Teniente 6 19 7 30 87 51
Isasmelt 9 40 91% As reported into slag and offgas

60% Sb reported into slag and offgas

The distribution of antimony and arsenic during the smelting of Sb/As-bearing copper 

concentrate is given in Table 1. According to the table, arsenic is eliminated relatively easy 

into the offgas while antimony is not readily removed during the smelting process due to its

lower partial pressure [4, 17]. In addition, the vaporisation of antimony during copper 

metallurgy is low due to the high affinity of antimony to the liquid copper phase. To remove 

these harmful impurities from the copper circuit, the offgas solids should not be recycled to 

smelting or converting system. Besides, antimony and arsenic have been considered as 

undesirable elements that can cause serious toxicological and environmental problems [10, 

18] which have forced the mining and metallurgical industry to be conscious of the type of 

concentrate to be processed due to stringent environmental laws. It is reported that the 

presence of these noxious elements significantly affects both the quality and the physical 

properties of the copper product [11, 18, 19]. However, as the global demand for copper 

continues to grow resulting in a decline in high-grade copper deposits, the focus is now 

directed on the processing of copper ores with high tetrahedrite, tennantite and enargite 

contents. Actually, many high-antimony/arsenic ore bodies remain undeveloped due to their 

high levels of these elements. A high content of these impurities in copper resources would 
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significantly reduce their economic values. It is therefore desirable to reduce the impurity

content of the concentrates to a level lower than 0.2% of both antimony and arsenic prior to 

the shipment of the concentrates to the smelter without being charged for these elements [4, 

17]. Furthermore, it is essential that the antimony and arsenic should be removed by a 

technique which minimises pollution control problems and produces arsenic as a stable waste 

product suitable for landfill while antimony is recovered as a marketable product; and 

consequently upgrades the concentrates for pyrometallurgical treatment.

1.1 Economic importance of antimony

Antimony is relatively rare metal which is significant for the global economy. It is a silvery-

white shining, soft and brittle metal. Antimony is a semiconductor with lower thermal 

conductivity than most metal’s conductivities. It is not readily fabricated due to its poor 

mechanical properties and has no significant use in its unalloyed state. When alloyed with 

lead and other metals, it increases their hardness, mechanical strength, corrosion resistance,

and electrochemical stability or decreases their friction coefficient. Some antimony alloys 

expand slightly upon cooling, a valuable property for use in type-metal (Sb-Sn-Pb alloy) and 

other castings. Besides, antimony and its compounds have a wide range of non-metallurgical

industrial applications as shown in Fig. 1. 

Fig. 1: Applications of antimony [20, 21]

The principal use of antimony is in flame retardant formulations for textiles, rubber and 

plastics, and in catalysts for the manufacturing of polyethylene terephthalate (PET). The use 

of antimony in flame retardants will continue in future since there is no effective substitute 
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available [21, 22]. It is believed that antimony will be used as compound semiconductors (e.g. 

GaSb, InSb) in the future. Antimony-Tin-Oxide will replace Indium-Tin-Oxide used in LCD-

displays, organic light-emitting diodes (OLEDs) or photovoltaic cells in the future due to its 

low cost [21]. A significant new use for antimony is the development of a new generation 

memory devices which will replace flash drive memory devices presently used in computers, 

mobile phones and USB memory devices. These new memory devices use an alloy of 

germanium, antimony and tellurium (Ge2Sb2Te5) known as “GST”. These devices are up to 

30 times faster than normal flash memory [23].

According to a recent European Union (EU) report on defining the critical raw materials for 

the EU, antimony is considered to be of high relative economic importance and high relative 

supply risk [24]. The high level of supply risk is mainly due to the fact that China, which has 

the largest antimony ore reserves worldwide, has changed the antimony policy which has led 

to mine closures, resource conservation, high mine safety, stringent environmental protection, 

fewer mining licenses, export quotas etc. [24-27].

Fig. 2: Price trend for antimony metal (99.65%) (US$/ton) [21]

Antimony’s economic importance is enhanced by its lack of effective substitute for its major 

application and low recycling rates due to the dissipative nature of its major usage [24, 25].

The implication of this is that the price of antimony will continue to rise due to the risk of 

supply shortage to the global economy (Fig. 2). Prices of antimony were at a very low level in 

2001, but have increased gradually in the subsequent years due to the China’s reforms [21, 27, 

28].
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Fig. 3: Antimony supply and demand forecasts (kt) [21]

In June 2012, antimony’s price had surged to over $13,100 per tonne [27] due to the usage by 

China as a result of its continuing domestic development. Despite dominating world 

production, China imported 60,150 tons of antimony placers and concentrates, 3,214 tons of 

antimony oxide; and 492 tons of antimony metal and products in 2011 [26, 27]. It has been 

forecasted that non-metallurgical markets for antimony will increase by 4.6% per annum 

through to 2016, with higher growth for flame retardants and plastic catalysts tempered by 

lower growth for heat stabilisers and other applications. However, the metallurgical markets 

are forecast to increase by 1.9% per annum [23, 26]. Future supply growth is forecast to keep 

pace even with strong growth in demand (Fig. 3). Significant surplus is expected towards the 

end of 2020 in consequence of increased exploration interest outside of China driven by the 

motivation of much increased prices following China’s efforts to control its own production. 

However, the recovery of antimony from copper resources would be advantageous if 

antimony can be removed at an early stage of processing as a saleable product instead of 

ending-up as a metallurgical waste in copper metallurgy. This will add more values to the 

process economy.
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1.2 Aim and scope of the thesis

Globally, pyrometallurgical processing of copper concentrates still accounts for about 80% of 

copper production [4]. This treatment method can process relatively pure sulphide copper-

concentrates efficiently and economically. Nowadays, many of the copper ores mined are 

complex in nature and even contain a number of impurity elements that attract smelter 

penalties. Therefore, the present research is aimed at upgrading copper sulphide resources by 

selectively dissolving antimony and arsenic content through alkaline sulphide 

hydrometallurgical technology; and subsequently recovers antimony as a metallic product via 

electrolysis of the pregnant alkaline sulphide leach liquor. Consequently, the complex copper 

concentrate can be suitable as a feedstock for pyrometallurgical processing and the dissolved

antimony is recovered from the leaching solution as a marketable product.

The scope of this thesis includes 

Examination of the mineralogical compositions of various copper resources used for 

the study

Investigation of tetrahedrite dissolution kinetics and the factors influencing its 

dissolution in alkaline sulphide media 

Microscopic examination of leach residues to establish the effectiveness of the

alkaline sulphide lixiviant to selective solubilisation of the impurity elements

Electrolytic recovery of antimony from pregnant alkaline sulphide leach liquor in a 

nondiaphragm cell where oxygen generation is maximised at the anode and hydrogen 

evolution is limited at the cathode

Investigation of the parameters that affect the electrolytic process

Monitoring the change in the chemistry of the electrolytes by analytical determination 

of the sulphur species and other components of the solutions

Characterisation of electrodeposited antimony 
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2. THEORETICAL BACKGROUND

2.1 Alkaline sulphide chemistry

During sulphide leaching, sodium sulphide dissociates according to reaction 2.1. The 

protonation of sulphide ions occurs according to the equilibrium reactions 2.2 and 2.3 [29-31]

which takes place simultaneously during the leaching process. 

Na2
+ + S2- (2.1)

S2- + H2
- + OH- log K1 = -1.10 (2.2)

HS- + H+
2S log K2 = 7.04 (2.3)

Fig. 4 illustrates a plot of the molar concentrations of S2-, HS- and H2S in the leach liquor as a 

function of the solution pH at a total sulphide concentration of 1.0 M. It can be inferred from 

Fig. 4 that sulphide ion concentration increases rapidly when the pH is increased beyond 10.

This implies that pH is an important factor to consider during sulphide leaching of antimony 

and arsenic minerals. A strong alkaline environment is needed to prevent the hydrolysis of 

sulphide ions and therefore shifting the equilibrium of Eq. 2.2 to the left. Thus, the leaching 

efficiency of the sulphide solution will be improved. It is evident from the Fig. 4 that at a pH 

> 12, the protonation of sulphide ions is less and therefore sulphide ions will be available to

form soluble complexes according to reactions 2.4-2.8 [31, 32].

Fig. 4: pH dependence of sulphide speciation

As2S3(s) + S2-
(aq) 2

-
(aq) log K25 C = 2.00 (2.4)

Sb2S3(s) + S2-
(aq) SbS2

-
(aq) log K25 C = 0.90 (2.5)

Sb2S3(s) + 3S2-
(aq) SbS3

3-
(aq) log K25 C =12.61 (2.6)
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SnS2(s) + S2-
(aq) SnS3

2-
(aq) log K25 C = 5.04 (2.7)

HgS(s) + S2-
(aq) HgS2

2-
(aq) log K25 C = 0.58 (2.8)

The solubilities of accompanying compounds of other metal sulphides are shown in Table 2.

By comparing the solubility products of the metal sulphides shown in Eqs 2.4 – 2.8 with those 

presented in Table 2, it is evident that all the metal sulphides listed in the table have extremely 

low solubility products to the sulphides of antimony, arsenic, tin and mercury. Therefore, it

can be deduced that other metal sulphides are virtually insoluble in sulphide solution. During 

sulphide leaching of a complex nonferrous metal concentrate, the sulphides of other metals 

apart from Sb, As, Sn and Hg are collected as leach residue. Due to the solubility difference 

of the metal sulphides, alkaline sulphide solution remains the best lixiviant to selectively 

dissolve antimony and arsenic from copper concentrates.

Table 2: Solubilities of associated metal sulphides in sodium sulphide solution [32]

Metal sulphides Metal ions, (10-5 g/L) Log K25 C

PbS-Na2S-H2O 3.31 -3.39

ZnS-Na2S-H2O 32.8 -3.37

CdS-Na2S-H2O 0.89 -3.96

FeS-Na2S-H2O 16.3 -2.56

Cu2S-Na2S-H2O 8.80 -3.66

MoS2-Na2S-H2O 3.60 -1.89

Bi2S3-Na2S-H2O 1.90 -2.85

Antimony and arsenic behave similarly in alkaline sulphide solution but the solubility of 

arsenic in the reagent is twice higher than that of antimony (Eqs. 2.4 – 2.5). It is pertinent to 

mention that arsenic in form of arsenopyrite is insoluble in sulphide lixiviant [10, 32] but 

other arsenic minerals like tennantite (Cu12As4S13) and enargite (Cu3AsS4) are soluble in 

sulphide solution. At a high temperature in alkaline sulphide solution, tetrahedrite 

(Cu12Sb4S13) decomposes according to equations 2.9 and 2.10 to produce various thioanions –

thioantimonite (SbS3
3-), thioantimonate (SbS4

3-), etc., depending on the feed composition and 

the reaction conditions [10, 29].

Cu12Sb4S13(s) + 2Na2S 2S(s) + 2CuS(s) + 4NaSbS2 (aq) (2.9)

NaSbS2 (aq) + Na2S 3SbS3 (aq)     (2.10)
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2.1.1 Eh-pH diagrams for antimony thioanions system

The stable Eh-pH diagram for the Sb-S-H2O system is presented in Fig. 5. Generally, the 

oxidized valence states of antimony are Sb3+ and Sb5+, which form soluble sulphide 

complexes and binary sulphur compounds [33]. From Fig. 5, in alkaline negative potential 

region, the solution contains mononuclear complex ions (SbS2
-, SbS3

3- and SbS4
3-), 

polynuclear complex ions (Sb2S4
2-, Sb2S5

4- and Sb2S6
6-) as well as complex ions of partly oxo-

ligand (SbSO- and SbSO2
-) and entirely oxo-ligand ( SbO2

-, SbO3
3-, SbO3

- and SbO4
3-) [32].

Fig. 5: Eh-pH diagram for the Sb-S-H2O system at 25 C with (Sb)T = 1 mol/kg and (S)T = 3 
mol/kg [32, 34]

Along the solid Sb/liquid equilibrium line and with increasing pH, potential will shift to the 

negative and the predominance of antimony complex ions of a lower coordination number 

(SbS2
-) will progressively transit to that of higher coordination number (SbS3

3-, Sb2S6
6-); and 

simultaneously, some of the sulphur atoms in the antimony complexes will be replaced by 

oxygen so that at pH > 13.8, for instance, SbO3
3- will dominate the solution. The formation of

SbO3
3- will occur during the leaching process when there is insufficient amount of sulphide 

ions in the solution. Consequently, the NaOH component of the lixiviant will dissolve 

antimony according to Eq. 2.11.
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Sb2S3 3SbS3 + Na3SbO3 + 3H2O (2.11)

At a molar concentration ratio (Sb)T / (S)T = 1/3, the stability area for solid Sb2S3 is a narrow 

strip (Fig. 5). Motang and Tiancong [32, 34] reported that when the ratio was decreased 

further to 0.25 or less, the predominant area for Sb2S3 in the figure disappeared and the 

solution region was enlarged. This implies that leaching of antimony from its mineral (e.g. 

stibnite) would be best facilitated when the ratio (Sb)T/(S)T Conversely, by increasing 

the ratio, the potential for antimony electrodeposition would be raised, which is desirable for 

antimony electrowinning from sulphide electrolytes. The practical implication of these is that 

excess sulphide ions are needed to achieve efficient antimony dissolution from its mineral and 

on the contrary excess of free sulphide ions is detrimental to the electrowinning process.

2.1.2 Leaching kinetics

The important parameters of the leaching process are the overall rate and the variation in rate 

with leaching time. Since, these will determine the size of the reactors needed for a design 

criterion of plant capacity, and the degree of extraction that would be experienced in the plant 

when it is operated at a selected capacity, above or below, the design capacity. Leaching rates 

are usually investigated on a laboratory-scale, and the kinetic data obtained from the study are 

used in the scaling-up of the process [35]. Besides, a careful kinetic study is required to 

accurately establish the impact of variations in operating rate on metal’s extraction, so as to 

make wise choices of operating rates for variations in market conditions.

During leaching, the interaction between a solid and a leaching reagent occurs by the 

following steps: (i) diffusion of reacting species to the interface, (ii) adsorption at the 

interface, (iii) reaction at the interface, (iv) desorption of the products, and (v) diffusion of the 

products from the interface. Any of these steps may be rate-controlling depending on its 

relative velocity with respect to the others [36, 37].

2.1.2.1 Chemically controlled process

This occurs when the rate of chemical reaction is much slower than the rate of diffusion and 

therefore can be determined using Eq. 2.12 [37, 38].

= = (2.12)

Where, dw is the change in the initial mass (Wo) and final mass (W) of the mineral particle, k 

is the rate constant, the area of the particle with radius r is = , is density and C is the 

reagent concentration.

Assuming a spherical mineral particle and let X denotes the fraction of the particle leached.
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Therefore, 

= (2.13)

By substituting, = and = into Eq. 2.13 and rearranging, the equation 

becomes:

= (1 ) / (2.14)

Since, = and =

= × = 4

Substitute for in Eq. 2.12, the equation becomes:

4 = 4

On integration and substitution into Eq. 2.14, the resulted equation becomes Eq. 2.15, where t 

is the time.

=

( ) = = (2.15)

To experimentally confirm that a process is chemically controlled, the plot of ( ) /

against time t should give a straight line. A chemically controlled process is characterised by 

independence on the agitation speed since diffusion does not play a crucial role. The process 

is strongly dependent on temperature because the rate of chemical reaction increases 

exponentially with temperature [36]

2.1.2.2 Diffusion-controlled process

When the rate of chemical reaction at the interface is much faster than the rate of diffusion of 

reactants to the interface, the concentration of the reactant (Cs) at the interface becomes zero.

Considering Fig. 6, if J is the number of the reagent molecules diffusing in time t through the 

product layer, then the rate is expressed according to Fick’s law:

= = 4 (2.16)

Where A is the average area per particle in the reaction zone, D is diffusion through pores to 

the reaction zone, is the concentration gradient, ro and r are the initial and final radii.
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Fig. 6: A mineral fragment illustrating reacted and unreacted regions (assume pore layer 

diffusion) [38]

From Eq. 2.16, we have the following expression:

=
4

After integration, substitute for Cs = 0 for a diffusion-controlled leaching, then,

= 4 ( ) C

When C is constant, the fraction reacted will be as given in Eq. 2.14, that is

= (1 ) /

If N is the number of moles of unreacted solid present at any time t, M is the molecular

weight of reactant and  is the density of the reactant, then,

= 4/3

But, = × =

The rate of change of N is proportional to the flux of material J diffusing through the spherical 

shell thickness ro-r. Therefore,

= 4 = 4 , rearranging this expression, we obtain

=

Where, is the stoichiometry factor.  By integrating the expression as follows:

= ( )

We have,

=
2 6 3
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Substitute Eq. 2.14 into this expression, Eq. 2.17 is obtained.

( ) = = (2.17)

If the plot of   ( ) against time t yields a straight line, it means that diffusion 

is the rate controlling the process. This process is characterised by a strong dependence on the 

agitation speed since agitation decreases the thickness of boundary layer and slightly 

dependent on temperature because the rate of diffusion is only less influenced by temperature

[36, 37].

2.1.2.3 Activation energy

The activation energy is an important parameter to determine the mechanisms of a reaction 

and predict the rate of a reaction at a given temperature. A process may be regarded either as 

diffusion rate controlled through the porous layer when the activation energy of the process is 

from 4 to 12 kJ/mol or chemical rate controlled through the particle surface reaction when its 

activation energy is greater than 42 kJ/mol [36, 37]. If the activation energy is between 20 and 

40 kJ/mol, it is often interpreted as a mixed control mechanism. The temperature dependence 

of the chemical reactions can be expressed by the Arrhenius equation, Eq. 2.18, in a logarithm 

form [39].

= (2.18)

Where, k is the rate constant, A is the frequency factor, R is the gas constant (8.3144 

J/mol·K), T is the temperature (K) and Ea is the activation energy. Plotting  against 1/T, a 

straight line of slope  is produced and the activation energy is estimated from the slope.

2.2 Electrolytic process

2.2.1 Faraday’s laws 

Faraday’s law states that the mass of substance deposited or discharged at an electrode is 

proportional to the quantity of electricity passed. Mathematically, the law is given in Eq. 2.19.

=
· ·

·
=

· ·
=

· (2.19)

Where m is the mass (g) of substance of atomic mass M (g/mol) deposited by the passage of a 

current I (A) for a time t (s), v is the valency of the substance, F is the Faraday constant 

(96,485 C or A·s), Q is the quantity of current flow (coulomb) and z =M/v is the chemical or

electrochemical equivalent.
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2.2.2 Current efficiency 

The current efficiency is the ratio of the current depositing the substance to the total 

current applied to the electrolytic cell. In practice, it is expressed as the ratio of actual mass 

(m) discharged to the theoretical mass (mt) discharged by the quantity of current applied.

= × 100% (2.20)

Current efficiency is determined for either cathodic or anodic reactions using Eq. 2.20. A 

current efficiency of less or more than 100% does not indicate a failure in the application of 

the law, but only that all the electrochemical reactions have not been included in the 

calculation. However, the current efficiency of an electrolytic process may deviate from 100% 

due to the reasons given below [40]:

Interaction of anode and cathode products lowers the current efficiency

Simultaneous electrode reactions e.g. nickel electrodeposition from NiSO4 solution is 

usually accompanied by hydrogen evolution, and thus, the current efficiency is less 

than 100% since the current used for H2 evolution is not included in the calculation

Interaction of the electrode products with the electrolyte usually reduces the current 

yield

Currents leakage – usually occurs if the electrolytic cell is not adequately insulated 

from the earth and this affects the current efficiency adversely

Short-circuiting between the anode and the cathode lowers the current yield

2.2.3 Current density 

Current density is the current per unit area of an electrode and has the unit A/m2. If the 

electrode area were increased current density would decrease without affecting the production 

rate, but if the applied current were reduced then production rate would be reduced.

Activation and concentration polarization effects are directly dependent on the current density 

and therefore it may be desirable to reduce current density [39]. Activation polarization is 

caused by a certain slow step in the electrode process requiring activation energy to overcome 

the reaction limitation. The activation overpotential depends strongly on the solution 

composition particularly its content of anions and inhibitors. Concentration polarization is 

caused by a deviation of the concentration on the electrode surface from that of the bulk 

solution [41]. A high current density may be desirable in some cases, for example, during 

antimony electrowinning from alkaline sulphide solution, a high anodic current density is 

needed to form thiosulphate, sulphite and sulphate ions at the anode which are less harmful to 
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the electrolytic process [32]. The applied current density in an electrolytic process will also 

affect the morphology of the deposits. If a low cathodic current density is used, the discharge 

of ions will be slow therefore a coarse adherent deposit will be produced but if a high cathodic 

current density is applied, a fine-grained loosely adhering powder will be formed [40]. The 

morphology of an electrodeposited metal depends on the kinetic parameters of the deposition 

process as well as the current density applied. At lower overpotentials (current densities), 

boulders or spongy or compact deposits are formed while dendritic growth is promoted at 

higher current densities [42]. A higher current density decreases the purity of deposited metal.

2.2.4 Specific energy consumption

The specific energy (Es) is usually expressed as the power (W) required to deposit one 

kilogram of metal and has the units, kWh/kg. It is mathematically written as in Eq. 2.21.

=
· · (2.21)

Where, V is the average cell voltage in volts, applied current I in ampere, m is the mass of 

metal deposited at time t in hour.

2.2.5 Electrode potential and Nernst equation

Oxidation of a substance occurs at the anode while a simultaneous reduction process occurs at 

the cathode. The tendency of a substance to be oxidized or reduced, i.e., to lose or gain 

electrons is measured in volts and is known as potential. The electrode potential is the 

maximum work done by an electrochemical cell [39, 40]. The electrochemical reaction can be

generally written as in Eq. 2.22 in terms of the oxidized (Ox) and reduced (Red) species.

Ox + ne- Red (2.22)

Nernst equation is given in more general form according to Eq. 2.23.

=
[ ]

[ ]
(2.23)

Where, E and E0 are cell potential and standard electrode potential respectively, F is Faraday 

constant, T is the absolute temperature (298 K), R is the gas constant and n is the number of 

electrons participating in the reaction. By changing the natural logarithms, Eq. 2.23 becomes 

Eq. 2.24

=
. [ ]

[ ]
(2.24)

At equilibrium and unit activity of the involved species, E = 0. By substituting the standard 

values of R, T and F in Eq. 2.24, Eq. 2.25 is obtained.
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=
. [ ]

[ ]
=

. (2.25)

Where, K is the equilibrium constant of a redox reaction. Nernst equation shows that the

electrode potential varies with the concentrations or the activities of the participating species 

in the redox reaction.

2.2.6 Metal deposition 

According to Faraday’s laws, the rate of metal deposition depends solely on the electric 

current applied. Deposited metal is always crystalline which vary from large-grained coarse 

adherent deposit to fine-grained loosely adhering powder. Nucleation and crystal growth are 

the processes occurring during metal electrodeposition. When the rate of nucleation is much 

larger than the rate of crystal growth, the deposit will be fine powder, but when the rate of 

crystal growth is much larger than the rate of nucleation, the deposit will be coarse-grained 

[40, 42]. Powder formation during electrodeposition occurs when the electrode process is 

diffusion-controlled and coarse grain deposits occur when the process is chemically 

controlled. The nature of the deposited metal is also influenced by current density, electrolyte

concentration, temperature, stirring and colloidal substances present in the electrolyte [40].

2.2.7 Mechanism of mass transport

The movement of chemical species from the bulk solution to the surface of the electrode 

occurs by three principal mechanisms, namely (a) ionic migration, (b) convection and (c) 

diffusion [40, 43, 44]. For a given species, the total rate of transfer (Rt) in the x-direction per 

unit area perpendicular to x (cm) at any point in the fluid is expressed by Eq. 2.26 [45-48].

VC
x
CD

x
CURt (gram ions/cm2 sec) (2.26)

Where, C is species concentration, gram ions/cm3; U = mobility, cm2/sec-volt; = potential, 

volts; D = diffusion coefficient, cm2/sec and V = velocity of bulk fluid movement in direction 

of transfer, cm/sec. The three terms on the right of Eq. 2.26 represent the contributions of 

migration, diffusion and convection, respectively. Convection, which can be forced or natural

(free), is described by hydrodynamics or density/temperature differences. This is the main 

transport mechanism in the bulk of electrolyte and becomes inefficient in the vicinity of the 

cathode where the electrolyte movement is restrained by viscous force. The ionic migration is 

the movement of charged species through the electrolyte due to an electrical potential gradient

(
x

). The current of electrons through the external circuit must be balanced by the passage of 
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ions through the solution between the electrodes (both cations to the cathode and anions to the 

anode). This mode of transport can only make a substantial contribution if the potential 

gradient is sufficiently large. In most electrowinning practices, this condition is not satisfied, 

since the solutions used in electrochemical systems are too conducting and therefore,

diffusion mechanism usually dominates [44-46, 49].

Diffusion is described by a gradient in concentration (
x
C ). Due to the discharging process at 

the cathode, metal ion concentration is decreased at the electrode interface which is 

compensated by the diffusion of a fresh supply of metal ions from the bulk of the solution. 

However, the driving force for diffusion mechanism is the concentration difference between 

the bulk of the electrolyte and the layer adjacent to the cathode surface [40]. The rate of 

diffusion is given by:

  = ·

Also, the rate at which ions are discharged when current was applied is expressed as:

  =

Where, I is the applied current, n is the valency, F is Faraday’s constant, A is the electrode 

=

is the difference between the chemical species concentrations at the bulk of the solution (C) 

and the electrode interface (Ci). At steady state, the diffusion and discharged rates are equal; 

therefore, Eq. 2.27 is obtained.

= · (2.27)

During metal plating, by increasing the current density, (Eq. 2.27), the difference in 

concentration of metal ions would increase, since the metal ions at the interface will be 

rapidly depleted due to deposition. However, at a constant current density when the 

electrolyte is agitated, the thickness of the boundary layer will decrease and should also 

decrease since the concentration of metal ions at the electrode interface increases [40].

agitation, cell geometry, electrolyte properties and temperature. It is the most important 

variable used to characterise the mass transport to the electrode and can be reduced 

considerably by agitating the electrolyte [49].
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2.3 Electrolysis of antimony from sulphide solution

2.3.1 The cathode process

The possible chemical reaction processes that do occur at the cathode during antimony 

electrodeposition are given in the following sections [32]:

2.3.1.1 Antimony deposition

Usually, the dominating negatively charged antimony complex ions in the leaching solution 

are SbS4
3- and SbS3

3- ions.  These antimony ions migrate to the cathode and get reduced (Eqs. 

2.28-2.29). During antimony deposition in a nondiaphragm electrolytic cell, SbS4
3- ions might

be substantially present in the electrolyte due to SbS3
3- ions oxidation by the sulphur species 

in the solution. Therefore the current efficiency of the process is usually very low [32].

SbS4
3- + 2e-

3
3- + S2- Eo = -610 mV (2.28)

SbS3
3- + 3e- 0 + 3S2- Eo = -900 mV (2.29)

2.3.1.2 Reduction of electrolyte components 

All the reduction reactions of the oxidized sulphur species at the cathode as given in equations 

2.30-2.32 consume energy to no purpose and hence reduce the current efficiency.

S2
2- + 2e- 2S2- E0 = -480 mV (2.30)

S2O3
2- + 2e- 2- + SO3

2- E0 = -631 mV (2.31)

S2O3
2- + 3H2O + 8e- 2- + 6OH- E0 = -612 mV (2.32)

2.3.1.3 Evolution of hydrogen 

The hydrogen evolution potential is more negative than the deposition potential of antimony. 

However, this process will occur at the cathode if the concentration of antimony is too low in 

the solution. In practice, this reaction is reported to occur when the antimony concentration is

less than 20 g/L. Due to low antimony concentration, antimony complex ions may be so 

depleted that the antimony deposition potential will shift to the negative, and hence 

decreasing hydrogen overvoltage to cause hydrogen evolution at the cathode (Eq. 2.33) [32, 

50, 51]. This reaction will adversely affect the current efficiency. The evolved hydrogen may 

react with the antimony cathode to form toxic stibine gas (Eq. 2.34). Therefore, this process 

needs to be monitored and controlled.
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2H2O + 2e-
2 + 2OH- E0 = -828 mV (2.33)

3H+ + Sbo + 3e-
3 E0 = -510 mV (2.34)

2.3.2 The anode process

Reactions 2.35 and 2.36 are the major anode reactions during the electrolysis of alkaline 

sulphide solution. At a higher hydroxide concentration, reaction 2.35 will preferentially take 

place at the anode, but at a lower OH- ion concentration, reaction 2.36 will prevail. If reaction 

2.36 dominates, the elemental sulphur formed will react further with S2- in accordance with 

Eq. 2.37 to produce polysulphide in the solution. Formed polysulphide will further oxidize by 

the evolved oxygen at anode producing S2O3
2- (Eq. 2.38) in the electrolyte [32].

4OH-
2O + O2 + 4e- Eo = +400 mV (2.35)

S2- o + 2e- Eo = -476 mV (2.36)

S2- + So
2

2- (2.37)

S2
2- + 6OH-

2O3
2- + 3H2O + 6e- E0 = -353 mV (2.38)

However, the oxidized sulphur species will interact with the electrolyte components (Eqs. 

2.39 and 2.40) and also redissolve the antimony cathode according to reactions 2.41 and 2.42.

These reactions are energy consuming and therefore lower the process current efficiency.

S2
2- + SO3

2- 2- + S2O3
2- (2.39)

S2
2- + SbS3

3- 2- + SbS4
3- (2.40)

3S2
2- + 2Sbo

3
3- (2.41)

3S2O3
2- + 2Sbo + 3S2-

3
3- + 3SO3

2- (2.42)

On the other hand, if the reaction given in Eq. 2.35 dominates the process, the current 

efficiency will be enhanced, since the oxygen formed at the anode will react with sulphide ion 

to produce sulphite, thiosulphate and sulphate ions (Eqs. 2.43-2.45), and even the sulphite and 

thiosulphate ions formed will be oxidized further to sulphate (Eqs. 2.46-2.47).

S2- + 6OH-
3
2- + 3H2O + 6e- E0 = -598 mV (2.43)

S2- + 8OH-
4
2- + 4H2O + 8e- E0 = -679 mV (2.44)

2S2- + 2O2 + H2 2O3
2- + 2OH- (2.45)

SO3
2- + 2OH-

4
2- + H2O +2e- E0 = -920 mV (2.46)
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S2O3
2- + 10OH- 2SO4

2- + 5H2O + 8e- E0 = -799 mV (2.47)

8Na3SbS3 + 24Na 0 + 21Na2S + 3Na2SO4 + 12H2O (2.48)

Consequently, the overall process reaction will be according to Eq. 2.48. By forming mainly 

sulphate ions at the anode, the process current efficiency will be influenced positively [52].

The problem encountered with the formation of polysulphide and thiosulphate during the 

electrolytic process will be prevented. Apart from high hydroxide concentration in the 

electrolyte, another crucial factor that would contribute immensely to the formation of chiefly 

sulphate ions at the anode is high anodic current density, which can be greater than 1000 A/m2

[32, 52, 53]. At this high anodic current density, more vigorous discharging of hydroxide ions 

will be favoured at the anode, and therefore, the discharging of sulphide ions will be limited. 

Instead of sulphide sulphur that oxidizes to polysulphide, the oxidation will proceed further 

into the formation of SO3
2- and SO4

2- , which are less harmful to the electrolytic process [32].
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3. MATERIALS AND METHODS

3.1 Materials

The materials used in this investigation were a tetrahedrite-rich sulphide concentrate 

originated from Casapalca, Departamento Lima, Peru and Rockliden complex copper 

concentrate supplied by Boliden Mineral AB, Sweden. The elemental analyses of both

concentrates are shown in Tables 3 and 4. (For details see paper I and II).

Table 3: Elemental analysis (%) of a tetrahedrite-rich sulphide concentrate

Size fraction Cu Fe Zn Pb Si Sb As Hg Ag S

-106+75 µm 15.6 11.1 16.1 1.9 3.4 5.8 1.9 0.00010 0.08 28.0

-75+53 µm 15.2 14.2 16.8 9.5 2.5 5.4 1.9 0.00013 0.25 31.5

-53+38 µm 15.7 13.3 16.9 1.6 1.6 5.7 1.8 0.00009 0.09 26.5

Table 4: Elemental analysis (%) of Rockliden complex copper concentrate 

Cu Fe Pb Zn Sb Sn As Se Hg Ag S
17.8 27.1 7.1 5.7 1.69 0.14 0.42 0.06 0.03 0.08 >15

3.2 Mineralogical characterization techniques

In extractive metallurgy, the study of mineralogical composition of an ore is very important 

since it provides detailed information about the associated minerals in the material to be 

treated. Consequently, an appropriate processing route for the material can be designed. The 

various mineralogical techniques used in this investigation were X-ray diffractometer (XRD), 

QEMSCAN (Quantitative Evaluation of Minerals by SCANning electron microscopy) and 

scanning electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-

EDS) analyses.

3.2.1 X-ray diffractometer (XRD)

XRD analysis of the concentrates, leach residues and antimony deposits was conducted using 

a Siemens D5000 automatic X-ray diffractometer equipped with a continuous scanning 

device. XRD patterns were 10–90° (at of 40 

kV, 30 mA). Mineral phases were identified using the Joint Committee for Powder 

Diffraction Standards (JCPDS) file of the instrument.
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3.2.2 QEMSCAN and SEM-EDS analyses

A representative sample was taken from the tetrahedrite-rich concentrate as well as its leach 

residue for QEMSCAN analysis. SEM-EDS technique was used to characterise the Rockliden 

complex copper concentrate. In both cases, the samples were embedded in epoxy and a

diamond cutting wheel was used to cut the hardened blocks to size and expose the sample 

grains. The samples were polished and carbon coated before the analyses were performed on 

them. The mineralogy of particles was inferred from data obtained using the QEMSCAN®

advanced mineral analysis system. The particles were examined using the Field Scan method, 

involving spot analyses over the surface of the block, collection of the resultant X-ray spectra 

and comparison with a spectral data base.

3.3 Leaching

Leaching experiments were performed by dissolving the tetrahedrite-rich concentrate in 

alkaline sulphide lixiviant, to determine the effect of the following parameters: sodium 

sulphide (Na2S·3H2O) concentration (100 g/L, 150 g/L and 250 g/L), sodium hydroxide 

(NaOH) concentration (30 g/L and 60 g/L), leaching temperature (84 C, 91 C, 98 C and 105

C) and particle size (-53 + 38 µm, -75 + 53 µm and -106 + 75 µm). All the leaching 

experiments, each lasting 6 h, were carried out with 0.5% solid,  -75 + 53 µm particle size and 

105 C reaction temperature (except where otherwise stated) in 500 mL leach solution 

containing 150 g/L Na2S·3H2O + 60 g/L NaOH.  A four-necked round bottomed glass reactor 

was used which was stirred mechanically with a paddle stirrer at a constant stirring rate of 600 

rpm and heated in an auto-regulated system (Fig. 7). The lixiviant was first added to the 

reactor and when the desired temperature was reached, the solid sample was added. At 

predetermined time intervals, 5 mL sample slurry was taken from the reactor for the analysis 

of dissolved metals. All reagents used for leaching and chemical analysis were of analytical 

grade and used without further purification. The influence of each variable was determined by 

keeping all other variables constant. Leaching results were evaluated by means of chemical 

determinations on the leach products using Inductively Coupled Plasma-Atomic Emission 

Spectrometry (ICP-AES) / Sector Field Mass Spectrometry (ICP-SFMS). Detailed leaching 

procedure on Rockliden concentrate is given in paper V.
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Fig. 7: Leaching experimental set-up

3.4 Electrowinning

The electrowinning tests were performed in a 1 L rectangular 316-stainless steel (EN-1.4436) 

cell. The cathode was a 7.1 cm x 6.8 cm x 0.2 cm 316-stainless steel plate with a total of 101 

cm2 exposed plating area on both side of the plate. Two anodes were made from nickel wire 

(Ø = 0.38 mm, 99.8% Ni) which was vertically wound around the anode plastic frames. Three 

sets of a double-vertically wound nickel wire, which was approximately 4 cm apart, were 

made on each of the anode frames. The cathode plate was placed between the two anodes. 

Fig. 8 illustrates the experimental set-up and the arrangement of the electrodes. The total 

anode working area (10.1 cm2) was one-tenth of the cathode area which implies that the 

anodic current density was ten times higher than the cathodic current density. The distance 

between anode and cathode was 4 cm. The electrodes were connected to a constant digital DC 

power supply (PL303QMD AIM-TTI dual output 30V 3A PSU). A stock solution of the 

electrolyte was prepared by dissolving analytical grade antimony sulphide (Sb2S3), sodium 

sulphide (Na2S·3H2O) and sodium hydroxide (NaOH) in deionized water. 

The influence of cathodic current density, electrolyte temperature, the concentration of 

sodium sulphide and sodium hydroxide on the current efficiency of antimony deposition and 
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specific energy consumption was investigated. The cathodic current density was varied 

between 50 and 250 A/m2, while the concentration of sodium hydroxide was varied between 

100 and 400 g/L. The electrolyte temperature used was 45, 60, 75 and 90 C. The hydrated 

water in Na2S·3H2O was compensated for during the preparation of the various concentration 

of Na2S (60, 100 and 150 g/L) used in the tests. Each experiment was run for 9 h and the 

cathode was changed at time intervals of 1, 2, 4, 6 and 9 h. Deposited antimony was washed 

thoroughly in warm tap water, dried and weighed. Current efficiency and specific energy were 

estimated from the experimental data using Eqs. 2.20 and 2.21, respectively.

Fig. 8: Electrowinning set-up with electrode arrangement

3.5 Antimony and arsenic analysis

Analysis was performed on the sample solutions obtained during leaching and electrowinning

processes for assaying antimony and arsenic contents using atomic absorption spectroscopy

(AAS) (AAnalyst 100, PerkinElmer). The sample solution was unsuitable for AAS analysis 

directly due to its high alkalinity and sulphide concentration which have a negative impact on 

the instrument.  Therefore, the sample solution was carefully acidified without precipitating 

its antimony and arsenic contents before the analysis. The procedure for preparing sample 

solutions for AAS analysis is given below:

To 0.5 mL sample solution in a 50 mL beaker, 5 mL deionized water was added and the 

solution was continuously stirred and heated at 70 C for about 5-10 minutes. About 200 µL 

of concentrated H2SO4 was added and a reddish/brownish yellow precipitate was formed 

(Eqs. 3.1-3.2). Then, 2 mL of concentrated HNO3 was gradually added to the solution under 
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constant heating and mixing. The insoluble precipitate formed earlier dissolved (Eqs. 3.3-3.4) 

and a clear solution was obtained. The resulting solution was diluted appropriately and used 

for antimony and arsenic determination by AAS.

2Na3SbS3(aq) + 3H2SO4 Sb2S3(s) + 3Na2SO4(aq) + 3H2S(g) (3.1)

2Na3AsS3(aq) + 3H2SO4 As2S3(s) + 3Na2SO4(aq) + 3H2S(g) (3.2)

3Sb2S3(s) + 28HNO3 + 4H2 6SbO4
3-

(aq) + 9SO4
2- + 36H+ + 28NO(g) (3.3)

3As2S3(s) + 28HNO3 + 4H2 6AsO4
3-

(aq) + 9SO4
2- + 36H+ + 28NO(g) (3.4)

The purity of antimony cathode was determined by using atomic absorption spectroscopy and 

Inductively Coupled Plasma- Sector Field Mass Spectrometry (ICP-SFMS) methods.

3.6 Thiosulphate, sulphite and sulphate assay

2 mL sample solution was taken from the spent electrolyte and 30 mL of acetate buffer (pH 4) 

was added in order to strip off the weak dissociable sulphide ions and precipitate the antimony 

content of the solution. By buffering the solution during stripping, the degradation of the 

thiosulphate content into HSO3
- and elemental sulphur is avoided. This process was 

performed in a fume hood and nitrogen gas was slowly bubbled through the solution for 2 h at 

ambient temperature to quicken the removal of H2S gas from the solution. Thereafter, the 

suspension was filtered and diluted with deoxygenated water into a 100 mL flask and the 

precipitate was discarded. The filtrate was used for determining the concentration of 

thiosulphate, sulphite and sulphate ions in the spent electrolyte. It was assumed that there was 

no polysulphides present in the electrolyte, since no yellow colourisation of the solution was 

observed during the electrowinning.

To determine the concentration of thiosulphate and sulphite in the filtrate, the iodine-sodium 

thiosulphate titration method [54, 55] was used. Two identical samples (10 mL each) were 

taken into a separate 100 mL volumetric flask and 5 mL of acetate buffer was added to them. 

5 mL of 36% formaldehyde was added to one of the sample in order to mask SO3
2- ion in the 

sample. The same volume of known excess standard solution of I2 (0.05 M) was added to both 

samples. Then, the resulting solutions were titrated against a standard sodium thiosulphate 

solution (0.005 M) in order to react with the excess I2 solution. When the colour of the 

solution was slightly yellowish, a drop of starch solution was added as an indicator. The 

titration was repeated three times to minimize any experimental error. The concentration of 
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both thiosulphate and sulphite was calculated based on the stoichiometric requirement in the 

chemical reactions 3.5 and 3.6.

2S2O3
2- + I2 4O6

2- + 2I- (3.5)

SO3
2- + I2 + H2 4

2- + 2I- + 2H+ (3.6)

A turbidimetric method was used to determine the sulphate concentration in the sample and 

the procedure is described elsewhere [56, 57]. A known volume was taken from the filtrate 

above and diluted appropriately before sulphate analysis. Sample absorbance was measured at 

420 nm wavelength using a spectrophotometer DR 2800 (Hach Lange) and the calibration 

plot for this analysis is illustrated in Fig. 9.

Fig. 9: Calibration plot for sulphate analysis

3.7 Sulphide assay

Total free sulphide concentration of the sample solution taken during leaching or 

electrowinning was determined spectrophotometrically at 230 nm using a Beckman Coulter 

DU 730 UV/Vis spectrophotometer. Fig. 10a shows the apparatus set-up for sulphide 

stripping from the original sample solution containing antimony, arsenic and other species. 

The scrubbing unit contained 150 mL of 1 M NaOH to absorb H2S gas removed from the 

sample. The reactor was provided with a sintered glass gas diffuser. 40 mL of citric-citrate 

buffer (pH 4) solution and 100 mL deoxygenated water were first added to the reactor; the 

content was purged with nitrogen gas for 5 minutes at about 50 C. Thereafter, 2.5 mL sample 

solution was added to the reactor. The content of the reactor and the scrubbing unit was 
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purged by nitrogen for about 2 h until a clear solution and coagulated precipitate was 

observed (Fig. 10b). The solution in the scrubbing unit was poured into 250 mL flask and 

diluted to the mark with deoxygenated water. 1 mL sample was taken from this solution and 

diluted ten times with deoxygenated water and used for the measurement. The 

spectrophotometer was first calibrated before the measurement and a typical calibration plot is 

shown in Fig. 11.

Fig. 10: Apparatus set-up for sulphide stripping at (a) start and (b) completion of the stripping

Fig. 11: Sulphide calibration plot
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4. RESULTS AND DISCUSSION

4.1 Mineralogical study

The major mineral phases identified from the XRD analysis of the two concentrates used were 

tetrahedrite Cu12Sb4S13, sphalerite ZnS, galena PbS, chalcopyrite CuFeS2, iron sulphide (FeS)

and pyrite FeS2 (Fig. 12).

Fig. 12: XRD patterns of Rockliden and a tetrahedrite-rich concentrates

In addition to the mineralogical phases previously determined by the XRD analysis, 

QEMSCAN analysis identifies a much wider range of minor minerals that were below the 

detection limit for XRD technique. The results from this analysis are illustrated in Figs. 13-

15. This confirms that QEMSCAN analysis provides much more mineralogical information 

than the XRD method for trace mineralogy [58] .

Fig. 13: Mineralogy of a tetrahedrite-rich concentrate defined by QEMSCAN
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Fig. 14: QEMSCAN micrograph of a tetrahedrite-rich concentrate

By comparing the XRD result of the tetrahedrite-rich concentrate with the results in Figs. 13

and 14, arsenic mineral was not detected by the two techniques meaning that the arsenic in the 

concentrate (Fig. 15) was hosted in the tetrahedrite structure. The concentrate is rich in 

tetrahedrite (Fig. 13) and also contains silver (Fig. 15). The silver and arsenic found in the 

concentrate probably come from the solid solution in the tetrahedrite crystal structure [10].

Fig. 15: Elemental analysis of a tetrahedrite-rich concentrate obtained from QEMSCAN
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The other concentrate studied, Rockliden concentrate, was characterised using a SEM-EDS 

technique to verify the mineralogical constituents of the concentrate. The result, as shown in 

Fig. 16, corroborates the XRD analysis of the concentrate, but the method further identifies 

minor minerals (Table 5) that were not detected by XRD technique. The minerals recorded in 

Table 4 were estimated from the atomic weight percent obtained from the SEM-EDS analysis. 

Apart from tetrahedrite, SEM result (Fig. 16) shows that antimony was also found as 

bournonite (PbCuSbS3) while tin and arsenic was present as stannite (Cu2FeSnS4) and 

arsenopyrite, respectively. It is apparent from Table 5 that silver is bound in the tetrahedrite 

structure which may enhance the processing economy of the concentrate. 

Table 5: Mineralogy of Rockliden concentrate defined by SEM-EDS analysis (atomic wt %)

Cu Fe Zn Pb Sb As Sn Ag S Mineral
35.41 5.36 30.92 1.31 26.99 Tetrahedrite
33.71 5.77 1.62 31.34 2.03 25.55 Tetrahedrite
34.10 6.23 2.00 30.14 1.34 26.19 Tetrahedrite
34.10 6.05 30.08 3.17 26.60 Tetrahedrite
12.48 1.06 38.81 27.11 20.55 Bournonite
13.06 0.84 39.01 26.10 20.99 Bournonite
12.54 1.37 38.35 26.33 21.41 Bournonite
27.23 12.57 29.11 31.09 Stannite
28.62 12.51 27.96 30.92 Stannite
0.99 32.89 44.79 21.32 Arsenopyrite

33.53 46.07 20.40 Arsenopyrite
33.15 30.01 36.84 Chalcopyrite
32.72 30.17 37.11 Chalcopyrite

1.34 83.07 15.59 Galena
8.14 55.58 36.28 Sphalerite

44.17 55.83 Pyrite

Fig. 16: SEM micrograph of Rockliden copper concentrate
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4.2 Alkaline sulphide leaching (Papers I – II, V)

The tetrahedrite-rich sulphide concentrate was used in all the leaching studies reported in this 

thesis (papers I and II) while the Rockliden concentrate was used for the development of the 

process flowsheet (paper V).

4.2.1 The effect of sulphide and hydroxide ions concentration 

It is apparent from Fig. 17 that sodium sulphide concentration has a significant effect on the 

extraction of antimony and arsenic from the complex sulphide concentrate. After 6 h leaching, 

approximately 21% of antimony and arsenic was extracted at a concentration of 100 g/L

Na2S·3H2O and when the concentration of Na2S·3H2O was increased to 150 g/L, the 

extraction increased with almost a factor of 3. Further increase in the concentration to 250 g/L

Na2S·3H2O resulted in an extraction of antimony and arsenic of 87% and 92%, respectively. 

Fig. 17: Effect of sodium sulphide concentration

Furthermore, the effect of hydroxide concentration on the extraction of antimony and arsenic 

was investigated and plotted in Fig. 18. It is illustrated in the figure that when a low 

concentration (30 g/L) of NaOH was used, the rate of extracting antimony and arsenic was 

slower and about 25% and 24% of antimony and arsenic were dissolved after 6 h leaching,

respectively. As the concentration of NaOH increased to 60 g/L, the rate of metal extraction 

was accelerated and the percentage of metal extracted was enhanced. About 57% antimony 

and 60% arsenic was leached by the lixiviant after 6 h. The observed increase in metal 

extraction at high concentration of NaOH is due to the higher availability of S2- ion for 
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dissolution action (as described in Paper II), which is promoted by the increase in the pH .

Consequently, the hydrolysis of sulphide ion is prevented which otherwise would reduce its 

leaching efficiency. 

Fig. 18: Effect of sodium hydroxide concentration

4.2.2 Mineral particle size

The influence of particle size on antimony and arsenic leaching from the tetrahedrite-rich 

concentrate was studied using three particle sizes (-53 + 38, -75 + 53 and -106 + 75 µm) at 

105 C in leach solutions containing 150 g/L Na2S·3H2O + 60 g/L NaOH. 2.5 g of the 

concentrate was leached in 500 mL of the solution. It is observed from Fig. 19 that the rate of 

dissolving antimony and arsenic decreases with increase in particle size. 

Fig. 19: Effect of particle size 
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4.2.3 Reaction temperature 

To investigate the effect of reaction temperature on antimony and arsenic dissolution from a 

tetrahedrite-rich concentrate, the experiments were performed under the following leaching 

conditions: mineral particle size of  -75 + 53 µm, 150 g/L Na2S·3H2O, 60 g/L NaOH and 

temperatures ranging from 84 ºC to 105 ºC. The amount of the concentrate leached was kept 

constant at 2.5 g/L. Fig. 20 illustrates the results obtained from the tests. It could be inferred 

from the figure that the reaction temperatures have a significant effect on the rate of antimony 

and arsenic dissolution. The figure reveals that the leaching rate increases rapidly with 

increasing time and temperature. After 360 minutes of leaching, about 57% and 60% of 

antimony and arsenic were dissolved, respectively, at a reaction temperature of 105 ºC.

Fig. 20: Effect of leaching temperature

4.2.4 Leaching kinetics and activation energy (Paper I)

Eq. 2.15 was applied to the experimental data obtained at different reaction temperatures, the 

results of this computation were plotted in Fig. 21. The plots in the figure are linear, which 

indicate that the rate of the reaction is chemically controlled through the particle surface 

reaction. The slopes of the straight lines from each plot in Fig. 21 were estimated which is 

equivalent to the rate constants, kr. The temperature dependence of the chemical reactions was 

estimated using the Arrhenius equation (Eq. 2.18) [37, 59]. The Arrhenius plot shown in Fig. 

22 was made by plotting the natural logarithm of the rate constant (lnkr) against the reciprocal 
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of the temperature (1/T). Hence, the activation energies of antimony and arsenic were 

calculated from the slopes of the Arrhenius plots as 81 kJ/mol and 75 kJ/mol, respectively, 

which is in agreement with the reported activation energy for a chemically controlled process

[37]. The estimated activation energies are high, it can be concluded that the dissolution rate 

of antimony and arsenic from tetrahedrite by alkaline sulphide solution is very sensitive to the 

reaction temperature. 

Fig. 21: A plot of 1-(1-X)1/3 vs. time at various reaction temperatures for antimony and 
arsenic dissolution in alkaline sulphide solution

Fig. 22: Arrhenius plot for tetrahedrite leaching in alkaline sulphide solution
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4.3 Examination of leach residues (Papers II & V)

To identify the mineralogical changes that occurred after leaching of the concentrate, the solid 

residues at which the highest metal recoveries were obtained were characterized by XRD and 

QEMSCAN analyses. The results were compared with the mineralogy of the original 

concentrate as described in section 4.1. The XRD pattern shown in Fig. 23 indicates that a 

new mineralogical phase, spionkopite (Cu39S28) is observed together with other major phases 

identified in the original material. Fig. 23 shows that the tetrahedrite peaks found in the

original concentrate have disappeared completely implying that copper content of the 

tetrahedrite had been transformed to the new copper sulphide phase observed in the residue.

Fig. 23: XRD analysis of the leach residue after alkaline sulphide leaching (Paper II)

Additional QEMSCAN analysis results on the leach residue are presented in Figs. 24-25. The 

major mineral phases observed in the residue were sphalerite, galena, pyrite and chalcopyrite, 

with the newly formed copper sulphide phase. In particular, observation of the polished 

sections of the leach residue (Fig. 24) showed a micro-porous structure of the new solid phase 

often enclosing a nucleus of untransformed tetrahedrite. The average crystal chemical 

formulae of the solid residue determined by QEMSCAN analysis on the transformed phase 

proves the conversion of tetrahedrite into a copper sulphide having stoichiometry of Cu1.64S, 

which is close to the stoichiometry of the spionkopite observed by XRD but can also be a 

mixture of chalcocite and covellite. This confirms that tetrahedrite would decompose to either 

covellite or chalcocite in alkaline sulphide media [10]. However, if the leaching time was 

extended, the untransformed tetrahedrite would have been converted completely into the new 

copper sulphide phase observed in the residue.
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Fig. 24: QEMSCAN micrograph of leach residue.

Fig. 25: Mineral assay of tetrahedrite-rich concentrate and leach residue obtained from 
QEMSCAN analysis

Furthermore, QEMSCAN analysis provides more interesting information about the selectivity 

of the lixiviant to solubilize antimony and arsenic from the concentrate. Comparing the 

information given in Fig. 25, one can see that the major phases found in the concentrate were 

upgraded and not leached with the exception of the tetrahedrite phase which has diminished 

considerably in the residue. This result confirms that other metal sulphides in the concentrate

remains insoluble in the sulphide solution with the exception of antimony and arsenic that
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form soluble sulphide complexes. This analysis shows that the Na2S/NaOH lixiviant is 

suitable for pre-treating complex antimony-arsenic-containing sulphide ores.

4.4 Electrowinning (Papers III - V)

4.4.1 Anode processes

4.4.1.1 The influence of anode current density on anode reactions

Table 6 contains the measured amount of oxidized sulphur compounds during the electrolysis 

of antimony from alkaline sulphide solutions. In each test, which lasted for 9 h, the electrolyte 

contained a high and constant initial concentration of free sulphide and hydroxide ions (Table 

6). The initial antimony concentration and electrolyte temperature were constant at 35 g/L and 

75 C, respectively. The possible overall chemical reactions that occur during the electrolysis 

under the present condition of the electrolyte are given in Eqs. 2.48, 4.1 and 4.2 [32, 52, 53].

Table 6: Effect of current density on anode reactions

ACD,
A/m2

Molar ratio
(OH-:S2-)

S2O3
2-

formed,
g/L

SO3
2-

formed,
g/L

SO4
2-

formed,
g/L

500 10.3:1 1.21 0.78 0.24
1000 10.3:1 1.21 1.56 0.78
1500 10.3:1 0.97 1.77 3.11
2000 10.3:1 0.00 0.43 6.81
2500 10.3:1 0.00 0.00 7.55

8Na3SbS3 + 8Sb + 3Na2S2O3 + 9H2O + 18Na2S (4.1)

2Na3SbS3 + 2Sb + Na2SO3 + 3H2O + 5Na2S (4.2)

Table 6 illustrates the influential effect of anode current density on the anode process. At an 

anode current density less than 1500 A/m2, more net thiosulphate ions are formed with a 

minute amount of sulphate. The net formation of sulphite is seen to increase with increasing 

anode current density up to 1500 A/m2 and diminish when the current density increased 

further. There is a significant increase in the amount of sulphate formed with little or no 

thiosulphate formation when the anodic current density is 2. This explains that at a 

low anode current density, there will be simultaneous discharge of OH- and S2- ions at the 

anode but S2- ion will be more favoured leading to the formation of unwanted sulphur species 

(S2
2- and S2O3

2-) [53]. At a higher anode current density, the discharging of hydroxide ions 

will be dominating at the anode and more oxygen will be formed according to Eq. 2.35, which 

will further oxidize any intermediate sulphur species with an oxidation state less than six to 
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sulphate [32, 52]. The amount of electrons released during the oxidation process at the anode 

is directly consumed at the cathode for metal deposition and/or hydrogen evolution depending 

on the prevailing conditions during the electrolytic process. To verify this, the equivalent 

amperage-hour required to oxidize sulphide ions (Eqs. 2.32, 2.43-2.44) to thiosulphate, 

sulphite and sulphate at the anode was calculated based on the measured values of S2O3
2-,

SO3
2- and SO4

2- given in Table 6. The quantity of current flow (Q, A·h) was computed using 

Faraday’s Law (Eq. 2.19). The result from this computation as well as the actual input 

amperage during the tests is provided in Table 7.

Table 7: Calculated total amperage needed to form the measured sulphur oxyanions and the 
actual input amperage during the experiments

ACD
A/m2

Amperage for anode reaction products Actual input
amperage

A·h/L
S2O3

2-

A·h/L
SO3

2-

A·h/L
SO4

2-

A·h/L
Total
A·h/L

500 2.31 1.57 0.54 4.42 4.54
1000 2.31 3.13 1.74 7.19 9.06
1500 1.85 3.55 6.94 12.35 13.60
2000 0.00 0.86 15.20 16.06 18.13
2500 0.00 0.00 16.85 16.85 22.66

It is noted from Table 7 that the total amperage-hour estimated from the measured anode 

reaction products was lower than the actual amperage input for each test. This could be due to 

the following reasons, (i) at an anodic current density less than 1500 A/m2, there is a 

possibility of forming other oxyanions such as tetrathionate at the anode which were not 

determined in this test, (ii) since increase in anode current density will increase the rate at 

which oxygen is formed at the anode, therefore, there is a possibility that part of the oxygen 

formed escaped unreacted at an anode current density greater than 1500 A/m2, (iii) there is a 

possibility that polysulphides and a part of formed thiosulphate ions are not accumulated in 

the solution since they may be reduced to sulphide ions by interacting with the cathode (Eqs. 

2.30-2.32, 2.41-2.42) as well as the electrolyte components (Eqs. 2.39, 2.40, 4.3) (refer to 

paper III for more details).

S2O3
2- + SbS3

3-
4

3- + SO3
2- (4.3)
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4.4.1.2 The influence of NaOH concentration on anode reactions

To study the effect of NaOH concentration on the anode reactions as well as antimony 

deposition at the cathode, a series of experiments were conducted at 2000 A/m2 anodic current 

density. The relationship between the molar concentration of free sulphide and hydroxide ions

in the electrolyte for each test is presented in Table 8. The molar ratio between hydroxide and

sulphide ions required to produce sulphate at the anode (according to reaction 2.44) as the 

primary sulphur oxyanion was investigated. By so doing, the production of unwanted 

oxidized sulphur species will be avoided. However, the free S2- concentration used in Table 8 

was computed by subtracting the amount of S2- that complex with Sb2S3 to form SbS3
3-

according to Eq. 2.6 from the initial S2- concentration added to the electrolyte. The 

concentration of antimony used was 35 g/L which was added as Sb2S3. The results from these 

experiments reveal that NaOH concentration is important for the formation of sulphate during 

the electrolytic process (Table 8 and Fig. 26).

Table 8: Effect of NaOH concentration on anode reactions

NaOH 
concentration

g/L

Molar 
ratio

(OH-:S2-)

S2O3
2-

formed,
g/L

SO3
2-

formed,
g/L

SO4
2-

formed,
g/L

100 2.9:1 3.88 0.52 0.99
200 5.9:1 2.13 1.14 2.09
250 7.3:1 1.84 1.25 2.95
300 8.8:1 0.97 0.52 4.80
350 10.3:1 0.00 0.43 6.81
400 11.8:1 0.00 0.00 7.20

In accordance with Eq. 2.44, the ratio of the stoichiometry requirement between OH- and S2-

ions to form one mole of SO4
2- at the anode is 8. The experimental results given in Table 8 

show that at a molar ratio lower than 8.8, less sulphate with higher thiosulphate were formed. 

When the molar ratio was greater than or equal to 8.8, little or no thiosulphate with enhanced 

sulphate were produced. This implies that to produce sulphate solely at the anode during the 

electrolysis, the stoichiometry requirement between hydroxide and free sulphide ions 

according to Eq. 2.44 must be satisfied. 

Fig. 26 demonstrates that, as the concentration of NaOH increases, the anode current 

efficiency (based on sulphate formation) is correspondingly increasing which implies that 

more sulphate are formed (Table 8). The explanation to this observation is that at high anode 

current density and high hydroxide concentration, the oxidation of hydroxide ions will be 

favoured according to Eq. 2.33 [32]. Consequently, the oxygen formed at the anode will 
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further oxidize the sulphide ions and any intermediately formed polysulphide in the solution 

to sulphate (Eq. 2.44) and thiosulphate (Eq. 2.38), respectively. At 100 g/L NaOH, anode 

current efficiency was 12% and when NaOH concentration was increased to 350 g/L and 400

g/L, the anodic current efficiency was 85% and 90%, respectively.

Fig. 26: Effect of NaOH concentration on current efficiencies

However, the concomitant effect of this oxidation process is reflected on the cathodic current 

efficiency (Fig. 26). As the anodic current efficiency increases, there is a parallel increase in 

the cathodic current efficiency; and also, a decrease in the amount of thiosulphate formed 

(Table 8). Thus, the reduction of thiosulphate (Eq. 2.31) at the cathode as well as its

interaction with the antimony cathode (Eq. 2.42) or oxidation of Sb3+ to Sb5+ in the electrolyte 

(Eq. 4.3) which can reduce the cathodic current efficiency is avoided. The sulphate formed

was partly attached to the anode wire and the remaining precipitated at the bottom of the cell. 
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4.4.2 Cathode processes

4.4.2.1 The effect of polysulphide

The effect of polysulphides on antimony electrodeposition was studied and the results are 

reported in Fig. 27. Disodium tetra sulphide (Na2S4) was used as polysulphide (0, 10 and 30 

g/L) in this investigation. Na2S4 was prepared based on the stoichiometric requirement of the 

reactants according to the chemical reaction shown in Eq. 4.4. Each test lasted for 6 h.

Na2S + 3So
2S4 (4.4)

Fig. 27: Effect of polysulphide on antimony deposition

Fig. 27 indicates that increase in polysulphide concentration causes a decrease in the current 

efficiency and also results in higher energy consumption. At 0 g/L polysulphide, current 

efficiency was 83% and when polysulphide concentration was increased to 10 and 30 g/L, the 

process current efficiencies were 62% and 32%, respectively. The reason for this behaviour is 

due to the polysulphide oxidation and reduction processes that occurred during the 

electrowinning process. According to Eq. 2.30, polysulphide reduces at the cathode and

consumes part of the energy supplied to the process. This adversely decreases the current 

efficiency. Besides, polysulphide is a strong oxidizing agent, it will oxidize Sb3+ to Sb5+ (Eq. 

2.40); and more energy will be consumed when depositing antimony from Sb5+.  Polysulphide 

is also capable of redissolving the cathode antimony into the electrolyte solution (Eq. 2.41). 

Re-dissolution of antimony cathode can be observed in Fig. 28b when it is compared with Fig. 



43

28a. This occurrence will consequently lead to a decrease in the current efficiency of the 

process.

Fig. 28: Effect of polysulphide on antimony deposit (a) 0 g/L and (b) 30 g/L polysulphide

4.4.2.2 The effect of thiosulphate

The influence of thiosulphate on antimony electrolysis was investigated by adding various 

concentrations of sodium thiosulphate in the tests, which lasted for 6 h. The experimental 

results are presented in Fig. 29. Increase in thiosulphate concentration reduces current 

efficiency and also increases the specific energy consumed. It can be stated from Fig. 29 that 

at 0 g/L Na2S2O3, the specific energy consumed was 1.7 kWh/kg; and when the concentration 

of thiosulphate was raised to 10 and 30 g/L, the specific energy required was increased to 2.0

and 2.8 kWh/kg, respectively. Explanation to this observation is that thiosulphate in the 

electrolyte can be reduced at the cathode (Eqs. 2.31 and 2.32) or redissolve antimony cathode 

into the solution (Eq. 2.42) or oxidize Sb3+ to Sb5+ according to Eq. 4.3. All these processes 

reduce the cathodic current efficiency and will consequently increase the energy consumption 

of the process. 
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Fig. 29: Effect of thiosulphate on antimony deposition

4.4.2.3 The effect of sulphite

The effect of sodium sulphite on antimony electrodeposition was studied using 0, 10 and 30 

g/L of Na2SO3 concentration. The plot in Fig. 30 shows that increase in sodium sulphite does

not have significant influences on the Faradaic current efficiency of the process, but a slight 

increase in specific energy was noticed. By comparing Fig. 30 with the information presented 

in Figs. 27 and 29, it can be concluded that addition of sulphite to the electrolyte does not 

have negative effect on the current efficiency and specific energy of the process. This is 

because sulphite is capable of reducing SbS4
3- to SbS3

3- (Eq. 4.5) and polysulphide to 

thiosulphate (Eq. 4.6), which is beneficial to the process. This finding is in good agreement 

with results previously reported in the literature [32, 50, 60].

SbS4
3- + SO3

2-
3
3- + S2O3

2- (4.5)

Sn
2- + (n-1)SO3

2- 2- + (n-1)S2O3
2- (4.6)
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Fig. 30: Effect of sulphite on antimony deposition

4.4.2.4 The effect of initial antimony concentration

The influence of change in initial antimony concentration on current efficiency was 

investigated at Na2S and NaOH concentrations of 100 g/L and 350 g/L, respectively. The test 

was conducted at 200 A/m2 cathodic current density and 75 C electrolyte temperature. The 

results of these tests on antimony deposition are presented in Fig. 31. The current efficiency 

of depositing antimony from alkaline sulphide solution increases with increase in the initial 

antimony concentration. Fig. 31 shows the effect of initial antimony concentration on the 

specific energy consumed during the electrolytic process. The specific energy needed to 

deposit a kilogram of antimony was seen to decrease with increasing initial antimony 

concentration. The decrease in specific energy may be attributed to the increase in the 

electrochemical conductivity of the electrolyte due to the increase in Sb concentration. This 

probably facilitates the easy movement of antimony complex ions to the cathode. The average 

cell voltage of the electrolytic process was slightly increased from 2.30 V to 2.51 V and 2.53

V at 25, 35 and 45 g/L initial antimony concentrations, respectively.
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Fig. 31: Effect of initial antimony concentration

4.4.2.5 The effect of gas sparging

Gas sparging is an effective method for enhancing mass transfer in the electrowinning 

process. The diffusion layer thickness decreases considerably in consequence of the turbulent 

conditions generated by the sparging [49, 61-63]. The rate of mass transfer at both the cathode 

and anode is enhanced by the turbulence developed by sparging with a concomitant reduction 

in concentration polarization which tends to slow down the rate of anodic and cathodic 

reactions [61]. To verify the influence of gas sparging on the current efficiency of antimony 

deposition, several experiments were carried out. The investigation was performed by 

sparging nitrogen gas at different flow rate (0, 2, 5 and 10 ml/min) from the bottom of the cell 

through a sintered-glass disperser. The molar concentration ratio between NaOH and Na2S

concentrations was 6.8 and the experiment was conducted at 75 C electrolyte temperature for 

9 h. Initial antimony concentration was kept at 35 g/L. The influence of sparging on current 

efficiency and specific energy of antimony deposition is plotted in Fig. 32. It was noticed that 

there was no significant effect of gas sparging on the current efficiency as well as the specific 

energy of antimony deposition. At no sparging condition, the current efficiency was 85% after 

9 h; and when the electrolyte was sparged at 5 and 10 mL/min, respectively, the current 

efficiency remained at 87% in both cases. Although, the average cell voltage decreases with 

increasing gas sparging rate.  It was noticed during the experiment that deposited antimony 

under this condition was smooth and adherent to the cathode. 
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Fig. 32: Effect of gas sparging on antimony deposit

The effect of gas sparging on sulphate formation is illustrated in Table 9. It is observed from 

the table that as the sparging rate increases the amount of sulphate formed decreases. This 

may be attributed to the purging effect of nitrogen gas on the formed oxygen at the anode 

which may leave the solution unreacted. At no sparging, the anode current efficiency (based 

on sulphate formed) is 84%, but when the sparging rate was increased to 5 and 10 mL/min, 

anode current efficiency decreases to 35% and 27%, respectively. During these tests, 

thiosulphate and sulphite ions were not found in the spent electrolytes.

Table 9: Effect of gas sparging on sulphate formation

Sparging rate, mL/min 0 2 5 10

SO4
2- formed, g 6.81 4.63 2.83 2.21

Anode current efficiency, % 84 57 35 27

4.4.2.6 The effect of current density

Fig. 33 illustrates the influence of current density on the current efficiency and specific energy 

required for antimony deposition. The tests were performed for 9 h at a temperature of 75 C

and the concentrations of Na2S and NaOH were 100 g/L and 350 g/L, respectively. Cathodic 

current density varied from 50 to 250 A/m2, and 35 g/L initial Sb was used. It is evident in

Fig. 33 that the current efficiency is steadily increasing with increasing cathodic current 

density up to 150 A/m2, but after this, current efficiency decreases. Measured antimony

concentration in the electrolyte after 6 h, at 200 and 250 A/m2 cathodic current densities, was 



48

17.6 and 16.0 g/L, respectively which decreased further to 10.8 g/L and 9.2 g/L, respectively 

after 9 h. This suggests that hydrogen evolution might be the reason for the reduction in 

current efficiency experienced for the tests conducted at 200 and 250 A/m2 current densities.

The experimental results from this investigation show that the current efficiency obtained is 

better than what has been reported in the literature [50, 60]. In addition, due to the current 

concentration and more abundant availability of antimony ions at the edges of the cathode, the 

antimony deposit at the edges became progressively powdery; and dendritic growth was more 

pronounced at the edges of the cathode as the current density increased beyond 150 A/m2

[64].

Fig. 33: Effect of current density on antimony deposition

It is observable from the figure that an increase in the current density resulted in a 

progressively increase in the specific energy consumed during the process. The specific 

energy consumed per kilogram of antimony deposited increased from 0.61 kWh at current 

density of 50 A/m2 to 2.32 kWh at current density of 250 A/m2. The average cell voltage of 

this process ranged from 0.75 V to 2.64 V. 

4.4.2.7 The effect of Na2S concentration

The effect of Na2S concentration on the current efficiency and specific energy was studied by 

using 35 g/L initial antimony, 350 g/L NaOH, 200 A/m2 current density, 75 C electrolyte 

temperature and 9 h deposition time. The initial concentrations of Na2S used in these tests 

were 60, 100 and 150 g/L. The experimental result is described in Fig. 34. The figure 

indicates that the current efficiency decreased with increasing sodium sulphide concentration. 
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Current efficiency decreases from 88% to 87% and 77% after 9 h when 60 g/L, 100 g/L and 

150 g/L of Na2S were used, respectively. This implies that by increasing the free Na2S

concentration of the electrolyte, the oxidation of sulphide to S2
2- and S2O3

2-; and reduction of 

these species at the cathode (Eqs. 2.30-2.32) as well as their interaction with antimony (Eqs. 

2.40-2.42) will be promoted. Consequently, the current efficiency of the process was

significantly decreased. To prevent this problem from occurring, the excess sulphide ions 

should be removed prior to the electrolysis by for example adding oxidized copper powder to 

the pregnant leach liquor and precipitate the excess sulphide ions as insoluble copper sulphide 

(Eq. 4.7) [52].

Cu2O + H2O + S2-
2S + 2OH- (4.7)

Fig. 34: Effect of Na2S concentration on antimony deposition

The specific energy of the process was not significantly influenced when Na2S concentration 

was increased. This could probably be due to the increase in solution conductivity as a result 

of increasing sulphide addition which might reduce the solution resistance to ions flow. The 

average cell voltage decreased from 2.48 V to 2.14 V when Na2S concentration was increased 

from 60 g/L to150 g/L, respectively.

4.4.2.8 The effect of NaOH concentration

A number of tests were performed to investigate the influence of increasing concentration of 

NaOH on antimony electrolysis from alkaline sulphide solution. NaOH concentration was 

varied from 100 g/L to 400 g/L and the tests were run for 9 h. Results from these experiments 

are contained in Fig. 35. The test indicates that an increase in NaOH concentration increases

the current efficiency of antimony deposition progressively. The figure also shows a 
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decreasing trend in the power consumption for antimony deposition as the concentration of 

sodium hydroxide increases from 100 g/L to 250 g/L, but after this concentration, the power 

consumption is almost constant when NaOH concentration was increased further. This 

observation may be attributed to the preferential discharge of hydroxide ions at the anode over 

the sulphide ions as provided in Eq. 2.35. Thus, the oxygen formed will oxidize sulphide ions 

to thiosulphate, sulphite and sulphate, which are less harmful to the process [32]. Another 

reason could be that at high alkalinity, disproportionation of S2
2- and S2O3

2- to S2- and SO4
2- as 

shown in Eqs. 4.8-4.11 may occur since S2- and SO4
2- are thermodynamically more stable at 

high alkalinity.

4S2
2- + 8OH-

4
2- + 7S2- + 4H2O (4.8)

4S2
2- + 6OH-

2O3
2- + 6S2- + 3H2O (4.9)

3S2O3
2- + 6OH-

3
2- + 2S2- + 3H2O (4.10)

2S2O3
2- + 4OH-

4
2- + 2S2- + 2H2O (4.11)

Fig. 35: Effect of NaOH concentration on antimony deposition

The average cell voltage of the process was noticed to slightly increase with an increase in 

sodium hydroxide concentration. This might be due to the fact that increase in sodium 

hydroxide will increase the electrolyte viscosity and resistance which consequently increases

the average cell voltage. The cell voltage ranges from 2.12 V to 2.54 V.

4.4.2.9 The effect of electrolyte temperature

The temperature of the electrolyte has a significant influence on the current efficiency of the 

electrolytic process. Fig. 36 depicts the effect of the electrolyte temperature on the specific 

energy and current efficiency. The current efficiency of the process remains unchanged at 
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93% when the electrolyte temperatures were 90 C and 75 C, but when the electrolyte 

temperature was decreased further to 60 C and 45 C, the current efficiency was observed to 

decrease gradually to 90% and 81%, respectively. The plot also demonstrates a decreasing 

trend of the specific energy with increasing electrolyte temperature. The average cell voltage 

decreases from 2.78 V to 2.21V when the temperature increases from 45 C to 90 C, 

respectively. This is attributable to the decrease in the electrolyte viscosity as a result of 

increasing the temperature of the electrolyte, leading to a decline in the solution resistance;

and consequently lowering the cell voltage. However, to reduce the cost of heating, it will be 

practically advisable to use a temperature between 50 C and 75 C.

Fig. 36: Effect of electrolyte temperature on antimony deposition

4.4.3 Purity and crystallographic orientations of antimony deposits

To ascertain the purity of the deposited antimony cathode, elemental analysis was carried out 

on eight antimony cathodes under various conditions and the result of the analysis is given in 

Table 10. The baseline experimental conditions for the selected antimony deposits were 100 

g/L Na2S, 350 g/L NaOH, 35 g/L initial Sb, 200 A/m2 cathodic current density and 75 C

electrolyte temperature with the exception of the condition stated in Table 10 for each sample.

Table 10 shows that the purity of antimony deposits decreases with increasing NaOH 

concentration and cathode current density. Also, sparging of the electrolyte during the 

deposition enhances the purity of the deposit. At no sparging, the purity of antimony deposit 

is 99.2% but when the electrolyte was sparged at 10 mL/min, the purity increases to 99.6%. 



52

Table 10: The purity of antimony cathode

Condition Antimony cathode purity, %

Sb As Fe Na S Ni

100 g/L NaOH 99.8 0.008 0.026 0.09 0.103 0.002

0.003

0.014

250 g/L NaOH 99.3 0.004 0.026 0.53 0.090

350 g/L NaOH 99.2 0.004 0.055 0.64 0.126

50 A/m2 cathode current density 99.9 0.002 0.049 0.04 0.049 0.002

0.008

0.014

0.045

150 A/m2 cathode current density 99.3 0.003 0.048 0.68 0.111

200 A/m2 cathode current density 99.2 0.004 0.055 0.64 0.126

250 A/m2 cathode current density 99.2 0.003 0.081 0.49 0.125

10 mL/min N2 sparging 99.6 0.137 0.067 0.09 0.047 0.004

Furthermore, the antimony deposits obtained under varying NaOH concentrations and current 

densities were examined by X-ray diffraction to determine the order of preferred crystal 

orientations. The results are given in Figs. 37 and 38. The preferred crystallographic 

orientations of the antimony deposit obtained at 100 g/L NaOH concentration are in the order

(012) (202) (110) (104) (Fig. 37). The peaks are narrow and prominent, meaning that the 

antimony deposit at this concentration has a high degree of crystallinity. When the 

concentration of NaOH increased to 250 g/L, the most preferred crystal plane changes and the 

order becomes (012) (110) (104) (202). Further increase in NaOH concentration (250 – 400

g/L) does not change the crystal growth significantly and the (012) (110) planes remain 

preferred orientations throughout. It is noticed that the (202) plane becomes broadened and 

suppressed as NaOH concentration increased above 100 g/L. This corroborates what was 

observed during the experiment that as the concentration of NaOH increased, more antimony 

powder was noticed at the floor of the reactor. It can be said that increase in the concentration 

of sodium hydroxide leads to more dendritic growth and powder formation. Moreover, from 

Fig. 38, the order of crystal orientations for antimony deposited at 50 A/m2 is (012) (110) 

(104) (202). With the increase of cathode current density to 100 A/m2, the order of crystal 

orientations still remained the same but the growth of (110) (104) (202) crystal planes is 

suppressed. Further increase in cathodic current density broadens the peaks at (110) (104) 

(202) crystal planes but the order of crystal orientations still remains at (012) (110) (104) 

(202). This supports the claim that an excessive high current density gives rough and nodular 

cathode deposits [32].
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Fig. 37: Effect of NaOH concentration on antimony deposit

Fig. 38: Effect of current density on antimony deposit

4.5 Process flowsheet development (Paper V)

The combined hydro- and electrometallurgical processes of recovering antimony from a 

sulphide concentrate rich in antimony is presented in Fig. 39. To achieve an effective leaching 

of antimony from its minerals (e.g. tetrahedrite), it would be beneficial to finely grind the 

concentrate prior to the leaching step [10, 29, 65]. Moreover, high concentration of the 

alkaline sulphide lixiviant and high reaction temperature are necessary to maintain high 

extraction rates in the leaching circuit. After leaching, the pulp is thickened and filtered. The

purified concentrate is washed thoroughly and dried before it is fed as a feedstock in copper 
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making process. It is important to state that copper concentrates containing arsenic minerals 

as enargite (Cu3AsS4), tennantite (Cu12As4S13) and others, apart from arsenopyrite (FeAsS) 

which is inert to the leaching solution, can be treated in this process with a significant removal 

of arsenic from the concentrate. 

During leaching, it is impossible to prevent a small degree of oxidation of the lixiviant as a 

result of the effect of the oxygen in the air in accordance with Eqs. 4.12 – 4.13. These 

oxidation products (S2
2- and S2O3

2-) are reduced at the cathode during the electrolytic process 

and consequently decrease the current efficiency of the electrolytic process. 

4S2- + O2 + 2H2 2
2- + 4OH- (4.12)

S2
2- + 3/2O2 O3

2- (4.13)

Fig. 39: Process flowsheet for antimony extraction from impure copper concentrate

However, the polysulphide and thiosulphate formed due to sulphide oxidation can be 

eliminated by adding iron chips to the pregnant leach solution prior to the electrolysis (Eqs. 

4.14-4.15) [52, 53]. Addition of iron chips will also reduce Sb5+ to Sb3+ (Eq. 4.16) which is 

beneficial to the electrowinning process since less electrical energy is needed to reduce Sb3+

to metallic antimony in comparison to Sb5+.  Eq. 4.14 shows that more sulphide ions will be 

formed during this process and therefore increases the sulphide concentration.
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Fe + S2
2- 2- (4.14)

Fe + S2O3
2- O3

2- (4.15)

Fe + SbS4
3- bS3

3- (4.16)

If the sulphide concentration is higher than what is needed for the electrolytic process, the 

excess sulphide can be reduced by adding, for example, zinc oxide or copper oxide powder to 

the solution (Eq. 4.17). This is because excess free sulphide ions are harmful to the 

electrolytic process. The precipitation products are separated. 

Cu2O + H2O + S2-
2S + 2OH- (4.17)

In addition, the mercury content of the concentrate will also be dissolved by the lixiviant 

which should be removed prior to the electrolysis. Mercury removal can be performed by 

cementation with antimony powder [53]. From Eq. 4.17, it is evident that hydroxide ions are 

generated, but if the concentration of the hydroxide is not up to what is required for the 

electrowinning process further addition needs to be made before pumping the solution into a 

nondiaphragm electrolytic cell for antimony deposition. Generally, during the alkaline 

sulphide leaching of antimony mineral (e. g. tetrahedrite) and antimony electrodeposition 

from the pregnant leach solution, the major parameters consumed during these processes are 

sodium hydroxide and electrical energy. The overall reaction of these processes can be 

summarised as given in Eq. 4.18.

2Cu12Sb4S13(s)
0 + 9Na2S + 3Na2SO4 + 12H2O + 10Cu2S(s) + 4CuS(s)

(4.18)

However, at high ionic strength of the electrolyte, high hydroxide concentration and anodic 

current density greater than 1500 A/m2, sulphate and sulphide ions will be released into the 

electrolyte as antimony gets deposited at the cathode (Eq. 4.18). Under this condition of the

electrolysis, sodium sulphate will be the main dominating oxidised sulphur species in the 

electrolyte and is collected as a solid anodic product. It is crucial to state that the antimony 

content of the electrolyte should not get lowered beyond 15-20 g/L during the deposition 

process to avoid hydrogen evolution at the cathode [32, 50]. This would affect the electrolysis 

process adversely and also lead to a dangerous working environment due to the possible 

evolution of stibine (SbH3) or arsine (AsH3) gas. This implies that a proper monitoring of 

antimony concentration in the electrolyte should be taken into consideration during the 

electrolytic process. A strict bleed management is required to prevent the accumulation of 

oxidized sulphur species, sulphide ions, arsenic and other species. The bleed can be treated by 

either crystallization to recover antimony as solid Na3SbS4 [51, 66] or by acidifying it to 

recover antimony as Sb2S3 and the evolved H2S is absorbed in NaOH solution for Na2S
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recovery. However, even though the technical practicability of the process has been 

demonstrated, critical hydro- and electro-metallurgical process parameters to be used for the 

development of the process flowsheet and plant design should be investigated in a continuous 

testing process at both laboratory and pilot-plant scale levels.
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5. CONCLUSIONS
Alkaline sulphide dissolution of tetrahedrite from complex copper concentrates has been 

investigated. Antimony was recovered as a metal from synthetic pregnant leach liquors by 

electrolysis in a nondiaphragm cell. The specific technical conclusions derived from this study 

can be summarized as follows.

Mineralogical studies of the concentrates revealed that tetrahedrite, chalcopyrite, galena, 

sphalerite and pyrite were the common mineralogical phases present in the two concentrates

used. Silver and arsenic were found as solid solution in the tetrahedrite crystal structure. 

Leaching recovery of antimony from tetrahedrite was increased by approximately 280% when 

the reaction temperature was increased from 84 C to 105 C. By raising the concentration of 

Na2S from 60 g/L to 100 g/L, the extraction of Sb was raised by a factor of 3 while increase in

NaOH concentration from 30 g/L to 60 g/L enhanced the recovery by 140%. It was found that

the leaching yield decreased by about 37% when the mineral particle size of the concentrate

was increased from -53+38 µm to -106+75 µm. Under the selected leaching conditions, the 

estimated activation energy of tetrahedrite dissolution in the leaching reagent was 81 kJ/mol,

which is indicative of a chemically controlled leach process. Characterisation of the leach 

residue by XRD and QEMSCAN proves that the alkaline sulphide lixiviant is selective and 

effective to dissolve the antimony and arsenic from the complex concentrate. The average 

crystal chemical formulae of the solid residue determined by QEMSCAN indicate the

conversion of tetrahedrite into a new copper sulphide having stoichiometry of Cu1.64S. 

Tetrahedrite in the concentrate was reduced from 30.2% to 1.1% in the purified leach residue.

Moreover, the results of electrowinning tests showed that the initial Na2S concentration had a 

significant influence on Sb deposition from this specific system. Current efficiency decreased 

remarkably when Na2S concentration was increased to 150 g/L. The test results indicated that 

the desired Na2S concentration should be less than 100 g/L. Faraday efficiency increased with 

increase in current density provided that the residual Sb concentration in the electrolyte 

remained above 20 g/L. Increase in NaOH concentration from 100 to 400 g/L raised the 

current efficiency from 60% to 90% while the specific energy requirement was reduced from 

2.3 to 1.9 kWh/kg. Experimental results demonstrated that the specific energy decreased by 

almost 38% as the electrolyte temperature increased from 45 to 90 C and the optimum 
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temperature should be between 50 and 75 C to reduce the heating cost. It was noted that 

polysulphide and thiosulphate had an adverse effect on Sb deposition. Current efficiency of 

the process decreased sharply from 83% to 32% when the polysulphide concentration was 

increased from 0 to 30 g/L; and at this polysulphide concentration, the specific energy was 

raised from 1.7 to 4.9 kWh/kg. Sparging of the electrolyte facilitates a smooth and adherent 

antimony deposit with an improved purity.

The results from these experiments demonstrated that the anodic reactions were influenced by 

anodic current density and NaOH concentration. The molar concentration ratio between 

hydroxide and free sulphide io .3 to produce appreciable amounts of sulphate in 

the electrolytic process. The amount of sulphate formed increased from 0.5 to 16.9 g/L when 

the anodic current density was increased from 500 to 2500 A/m2. By raising NaOH 

concentration from 100 to 400 g/L, the production of sulphate at the anode was enhanced by 

6.2 g/L increment. However, the concentration of thiosulphate formed during the electrolysis 

decreased with increasing anode current density and NaOH concentration.

The main factors influencing the purity of the antimony deposits were current density and 

NaOH concentration. Antimony purity was lowered from 99.9% to 99.2% when the current 

density was increased from 50 to 250 A/m2. Sparging of the electrolyte during the 

electrodeposition enhanced antimony purity by 0.4%.

A potential hydro/electrometallurgical processing route of antimony removal and recovery

from Rockliden complex copper concentrate was developed. The results from this study 

confirmed that different concentrations of Na2S and NaOH were needed at leaching and 

electrowinning stages to achieve an efficient process.
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RECOMMENDATIONS

The following recommendations were provided for further investigations:

To improve the quality of the antimony deposits and enhance sulphate formation at the 
anode, further studies should be conducted by using an anode to cathode area ratio less 
than 1:10. This will maximise oxygen generation at the anode and simultaneously 
limit hydrogen formation at the cathode

Further studies should be performed to ascertain the tolerable limit of arsenic and tin
in the electrolyte at which the quality of deposited antimony will not be impaired

Addition of organic or inorganic additives that could improve the morphology of  
electrodeposited antimony should be studied

Gas sparging enhances smooth deposition of antimony but reduces sulphate formation, 
other method of mixing should be investigated

The developed process flowsheet should be investigated on a continuous leaching and 
electrowinning processes both on lab and pilot scale levels in order to extract data for 
plant design

More robust analytical techniques to determine the concentration of sulphur species 
should be looked upon
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The present study investigates the dissolution kinetics of tetrahedrite in aqueous alkaline sodium sulphide
solutions. Effect of reaction temperature, mineral particle size, sodium sulphide and sodium hydroxide
concentrations on antimony and arsenic dissolution rate from tetrahedrite were studied. It was found that
the rate of reaction increases with increase in reaction temperature, sodium sulphide concentration, and
sodium hydroxide concentration and with decrease in mineral particle size. The kinetic study indicates that
the rate of tetrahedrite leaching in the lixiviant under selected conditions is chemically controlled through
the particle surface reaction. The estimated activation energies were found to be 81 kJ/mol and 75 kJ/mol,
respectively, for antimony and arsenic dissolution from tetrahedrite, which are in agreement with the values
of activation energies reported for the chemically controlled reaction process.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Tetrahedrite (Cu12Sb4S13) is a complex sulphide of copper and
antimony which can be an interesting and important resource of
copper (40–46%), antimony (27–29%) (Baláz et al., 1998) and/or other
non-ferrous metals as is evident from its general chemical formula
(Cu,Ag)10(Cu,Zn,Fe,Cd,Hg)2(Sb,Bi,As)4S13 (Ukasik and Havlik, 2005;
Baláž, 2000). Tetrahedrite belongs to a family of minerals usually
called “fahlore” which is often described as the “sulphosalts” which
indicates a certain type of un-oxidized sulphur mineral that is
structurally distinct from a sulphide (King, 2001). The tetrahedrite
group is notable for the variety of elements which are stable in its
structure. The formula may be written as A12B4C13, where A=Ag, Cu,
Fe, Hg, and Zn; B=As, Sb, and Bi; C=S, Se, and Te. Naturally, it is very
difficult to find pure tetrahedrite because its original constituents are
always partially substituted by other elements. Thus, arsenic can
substitute for antimony leading to tennantite (Cu12As4S13), while
copper can be substituted by silver, zinc, iron, mercury, cadmium, lead
etc, and some sulphur may be replaced by Se and Te (King, 2001;
Filippou et al., 2007; Neiva Correia et al., 1993). Apart from the toxic
elements (As, Hg) contained in tetrahedrite mineral, the substantial
amount of copper, silver and gold (Havlik et al., 1999) usually present
in the mineral makes its mining to be more economically attractive.

It has been documented that in acidic oxidative leaching of
tetrahedrite mineral, e.g. in acidified ferric chloride solutions, copper
and iron enter into solution,while antimony is partially precipitated as a
compound with the composition similar to the mineral tripuhyite

(FeSbO4) and the overall leaching reaction proceeds slowly with
complicated kinetics (Baláž, 2000). Havlik et al. (1999) conducted a
leaching investigation with native tetrahedrite concentrate in acidic
ferric chloride in the temperature range of 40–90 °C. The result reveals
that the leaching rate shows a slow behaviour exhibiting apparent
parabolic kinetics. Itwas observed that increased temperatures improve
the metal extraction and the apparent activation energy was estimated
to be approximately 38 kJ/mol, which indicates that the process occurs
in themixed regime of both the diffusion and chemical reaction control.
Also, it is reported (Correia et al., 2000) that the leaching of tetrahedrite
with ferric chloride, sodium chloride and hydrochloric acid solutions
involves the breakdown of the tetrahedrite crystal structure with the
simultaneous liberation of all of its components without the formation
of sulphate in the leaching reaction. Antimony precipitates were
observed at chloride concentrations less than 3 M and the leaching
rate was controlled by a surface reaction. They found that the apparent
rate constant is proportional to the inverse of the mean particle size.

The heterogeneous fluid–solid reaction systems have a number of
applications in chemical and hydrometallurgical processes. Many
studies have been conducted on these types of reactions and a lot of
mathematical models have been proposed and developed (Lapidus
and de Lourdes Mosqueira, 1988; Ray, 1993). The shrinking particle
model and the shrinking core model are the most commonly used.
The shrinking core model considers that the leaching process is
controlled either by the diffusion of reactant through the solution
boundary layer, or through a solid product layer while the shrinking
particle model considers that the leaching process is controlled by the
rate of the surface chemical reaction (Aydogan et al., 2005).

Besides, during the leaching process, dissolution rate decreaseswith
time and it is directly dependent on the activation energy. Habashi
(1980) stated that if the rate of reaction in the bulk of the solution was

Hydrometallurgy 103 (2010) 167–172

⁎ Corresponding author. Tel.: +46 920 491290; fax: +46 920 491199.
E-mail address: ake.sandstrom@ltu.se (Å. Sandström).

0304-386X/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.hydromet.2010.03.014

Contents lists available at ScienceDirect

Hydrometallurgy

j ourna l homepage: www.e lsev ie r.com/ locate /hydromet



fast, the solution would be governed by the rate of diffusion of the ions
from the surface of the solid through the boundary layer. On the other
hand, if the rate of reaction is slow, it will control the overall process and
the process will be chemically controlled, thus, diffusion through the
boundary layer will not play any critical role (Aydogan et al., 2005). It is
reported that a diffusion-controlled heterogeneous process was
characterised by being slightly dependent on temperature, while the
chemically controlled process was strongly dependent on temperature
which is attributed to linear dependency of diffusion coefficients and
exponential dependency of chemical velocity constants on temperature.
However, the activation energy of a diffusion-controlled process is
characterised asbeing4–12 kJ/mol,while it is usually greater than42 kJ/
mol for a chemically controlled process (Aydogan et al., 2005; Habashi,
1980).

Recently, Riveros andDutrizac (2008) performed a series of leaching
tests on tetrahedrite (Cu12Sb4S13) in acidicmedia using Fe2(SO4)3, FeCl3
or O2 as oxidizing agents. At temperatures b100 °C , the dissolution
kinetics of disks of synthetic iron-bearing tetrahedrite in Fe2(SO4)3–
H2SO4 media were linear; the leaching rates were slow but increased
significantly with increasing temperature with an apparent activation
energy of 120 kJ/mol. The dissolution of sized particles of natural Ag-
bearing tetrahedrite in FeCl3–HCl solutions proceeds according to the
shrinking coremodel andbothCuandAgdissolve at about the samerate
provided that the total chloride concentration of the solution is
sufficiently high to solubilize the AgCl reaction product. The leaching
rates were slow and the apparent activation energy is 116 kJ/mol. The
addition of sulphate ions to the FeCl3–HCl system reduces the
tetrahedrite leaching rate to values similar to those realized in the Fe2
(SO4)3–H2SO4 system.

Similarly, Anderson and Krys (1993) leached an argentiferous
tetrahedrite concentrate from the Sunshine mine in sodium sulphide
lixiviant producedbydissolving elemental sulphur in sodiumhydroxide
at temperatures close to the solution boiling point for 4–12 h. The
chosen variables investigated were agitation rate, concentrate regrind,
temperature, percent solids, caustic concentration, carbonate concen-
tration, and individual sulphur species concentration. Their findings
showthat theprocess is sensitive to theamountof regrindperformedon
the concentrate, reaction temperature and sulphide concentration. They
also concluded that polysulphide, increased levels of thiosulphate and
hydroxide, and increased percent solids enhance the process but
the reaction is independent of sulphite, sulphate or carbonate
concentration.

In addition, alkaline sulphide leaching of copper–antimony–arsenic
sulphide minerals has been extensively studied and documented in the
literatures (Baláz et al., 1998, 1992;Awe, 2008; Baláz andAchimovicová,
2006a,b; Balaz et al., 2001; Delfini et al., 2003; Frohlich and Miklos,
2001; Yang et al., 2005; Tongamp et al., 2010; Ackerman et al., 1993;
Coltrinari, 1977; Dayton, 1982) but no detailed study was found
regarding the dissolution kinetics of natural tetrahedrite in alkaline
sulphide solutions. However, in the present study, the dissolution
kinetics of tetrahedrite in aqueous alkaline sodium sulphide solution
was investigated. The effect of the reaction temperature, mineral
particle size, and the concentration of sodium sulphide and sodium
hydroxide on the dissolution rate have been evaluated. The dissolution
kinetics of tetrahedrite was examined according to the heterogeneous
reaction models. The activation energies of antimony and arsenic
dissolution from tetrahedrite by alkaline sulphide solution were
determined from the experimental data.

2. Material and methods

2.1. Material

The tetrahedrite used in this investigation was prepared from the
tetrahedrite crystals bought from Gregory, Bottley & Lloyd Company,
United Kingdom, which originated from Casapalca, Huarochiri,

Departamento Lima, Peru, containing mainly sharp tetrahedrite
crystals accompanied by an excellent brilliance and striation growth
of sphalerite and partially covered by quarts. The tetrahedrite mineral
was crushed, ground and sieved into the following size fractions:
−150+106, −106+75, −75+53, −53+38 and −38+20 µm.
The particle size fractions of−106+75,−75+53 and−53+38 µm
were used in this study.

2.2. Analytical and instrumentation techniques

X-ray powder diffraction (XRD) was used to characterise the
tetrahedrite mineral using a Siemens D5000 automatic diffractometer
equipped with a continuous scanning device. CuKα radiation of 40 kV
and 30 mA with a sample rotation of 30 rpm was used. Diffraction
patterns (Fig. 1) for the sample were measured in the 2-theta range
from 5 °C to 90 °C and crystalline phases were identified using the
Joint Committee for Powder Diffraction Standards (JCPDS) file of the
instrument. The tetrahedrite mineral and the leach solutions were
chemically analysed by Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES)/Sector Field Mass Spectrometry (ICP-SFMS).
The chemical composition of the fractions used in the study is shown
in Table 1.

2.3. Experimental procedure

The leaching experiments were conducted in batch-wisemode in a
four-necked round bottomed glass reactor which was stirred
mechanically with a paddle stirrer at 600 rpm and heated with an
autoregulated device. The leaching solution (500 mL) was added to
the reactor and when the desired temperature was reached, 2.5 g of
solid sample was added in all the leaching experiments. At
appropriate time intervals, 5 mL sample of the leach solution was
collected for the analysis of themetals dissolved in the leach liquor. All
reagents used for leaching and chemical analysis were of analytical
grade and used without purification. The experimental leaching
conditions used were: sodium sulphide (Na2S·3H2O) concentration
(100 g/L, 150 g/L and 250 g/L); sodium hydroxide (NaOH) concen-
tration (30 g/L and 60 g/L); leaching temperature (84 °C, 91 °C, 98 °C
and 105 °C), mineral particle size (−53+38 µm, −75+53 µm and
−106+75 µm) and reaction time of 360 min in all cases.

Fig. 1. XRD pattern of the mineral sample.

Table 1
Chemical composition (%).

Size fraction Cu Fe Zn Sb As S

−106+75 µm 15.6 11.1 16.1 5.8 1.9 28.0
−75+53 µm 15.2 14.2 16.8 5.4 1.9 31.5
−53+38 µm 15.7 13.3 16.9 5.7 1.8 26.5
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3. Results and discussion

3.1. Effect of temperature

The effect of reaction temperature on the rate of antimony and
arsenic dissolution from tetrahedrite at different reaction times are
plotted in Fig. 2 using mineral particle size fraction of −75+53 µm,
and concentration of sodium sulphide and sodiumhydroxide of 150 g/
L and 60 g/L respectively at temperatures ranging from 84 °C to
105 °C. The amount of solid leached was kept constant at 5 g/L. The
obtained results reveal that the reaction temperatures studied have a
significant effect on the rate of antimony and arsenic dissolution from
tetrahedrite. It can be seen from Fig. 2 that the leaching rate increases
rapidly with increasing time and temperature. After 360 min of
leaching, about 57% and 60% of antimony and arsenic were dissolved
respectively at a reaction temperature of 105 °C.

3.2. Kinetic model

3.2.1. Rate control by diffusion through the product layer
If the rate of the reaction is controlled by diffusion through the

product layer, the integrated rate equation is described as follows:

1−2
3
X− 1−Xð Þ

2=3
=

2MSDCA

ρSβr
2
0

t = kdt ð1Þ

where X is the fraction reacted, kc is the kinetic constant, MS is the
molecular weight of the solid, CA is the concentration of the dissolved
lixiviant A in the bulk of the solution, ρS density of tetrahedrite, β is
the stoichiometric coefficient of the reagent in the leaching reaction,

r0 is the initial radius of the solid particle, t is the reaction time,D is the
diffusion coefficient in the porous product layer, kd and kr are the rate
constants which are calculated from Eqs. (1) and (2), respectively. An
attempt was made to fit the obtained experimental data to the model
equation described in Eq. (1), and this is presented in Fig. 3 for both
antimony and arsenic dissolution from tetrahedrite. It is observed that
the data do not correlate to this model, since neither a straight line nor
a zero point intercept was obtained in both figures.

3.2.2. Rate control by chemical reaction
When surface chemical reaction is rate controlling, the kinetics

may be correlated graphically using Eq. (2).

1− 1−Xð Þ
1=3

=
kcMSCA

ρSβr0
t = krt: ð2Þ

Application of Eq. (2) to the experimental data obtained, at
different temperatures, resulted in linear plots presented in Fig. 4. It is
observed, from both plots, during the whole reaction time that the
data in these figures are linear, which indicate that the rate of the
reaction is chemically controlled through the particle surface reaction.
The slopes of the straight lines from each figure were estimatedwhich
is equivalent to the rate constants, kr.

3.2.3. Calculation of the activation energy
A process may be regarded either as diffusion rate controlled

through the porous layer when the activation energy of the process is
from 4 to 12 kJ/mol or chemical rate controlled through the particle
surface reaction when its activation energy is greater than 42 kJ/mol

Fig. 2. Effect of leaching temperature on tetrahedrite dissolution rate.

Fig. 3. A plot of 1−2/3X−(1−X)2/3 vs. time at various reaction temperatures for
tetrahedrite dissolution in alkaline sulphide solution.

Fig. 4. A plot of 1−(1−X)1/3 vs. time at various reaction temperatures for antimony
and arsenic dissolution from tetrahedrite in alkaline sulphide solution.

Fig. 5. Arrhenius plot for tetrahedrite leaching in alkaline sulphide solution.
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(Habashi, 1980). The temperature dependence of the chemical
reactions can be given by the Arrhenius equation (Ray, 1993; Habashi,
1980) as follows:

kr = A exp −Ea = RTð Þ ð3Þ

where A is the frequency factor and Ea is the apparent activation
energy. The Arrhenius plot shown in Fig. 5 was made by plotting the
natural logarithm of the rate constant (lnkr) against the reciprocal of
the temperature (1/T). Hence, the activation energies of antimony and
arsenic were calculated from the slopes of the Arrhenius plots
presented in Fig. 5 as 81 kJ/mol and 75 kJ/mol respectively, which is
in agreement with the reported activation energy for a chemically
controlled process (Habashi, 1980). Since the calculated activation
energies are high, it can be concluded that the dissolution rate of
antimony and arsenic from tetrahedrite by alkaline sulphide solution
is very sensitive to temperature.

3.3. Effect of particle size

The effect of particle size on the leaching of antimony and arsenic
from tetrahedrite mineral was studied using three particle sizes
(−53+38, −75+53 and −106+75 µm) at 105 °C in leach
solutions containing 150 g/L Na2S·3H2O and 60 g/L NaOH. 2.5 g of
tetrahedrite was leached in 500 mL of the solution and maintained
throughout the tests. It was observed from Fig. 6 that the rate of
antimony and arsenic dissolution increases with increase in time
and decreases with increase in particle size. The smaller the particle
size, the faster was tetrahedrite leaching by the lixiviant. Lineari-
zation of the kinetic curves for antimony and arsenic dissolution
from tetrahedrite was performed by means of Eq. (2) and presented

in Fig. 7. The rate constant values increased with the decrease in the
particle size, which may be attributed to the increase in surface area
with the decrease in particle size. The values of the rate constants
were plotted against the reciprocal of the mineral particle radii
yielding a linear relationship with correlation coefficients of 0.99
and 0.98 (Fig. 8) respectively for antimony and arsenic dissolution
from the tetrahedrite. In addition, the linear dependence of the rate
constant on the inverse particle radius, Fig. 8, is further evidence in
support of the surface reaction shrinking particle model proposed
for this process.

3.4. Effect of sodium sulphide concentration

Antimony and arsenic form complex compoundswith sulphide ions,
therefore, the influence of sodium sulphide concentration on tetrahe-
drite leaching is an important parameter to investigate. When
tetrahedrite is leached in alkaline sulphide solution, a variety of reaction
products may result. This includes chalcocite (Cu2S) or covelite (CuS),
while arsenic and antimony are dissolved as thioanions: thioarsenate
(AsS43−), thioantimonite (SbS33−), thioantimonate (SbS43−) etc depend-
ing on the feed composition, sulphide ion concentration and the
reaction conditions (Filippou et al., 2007). The dissolution reaction of
tetrahedrite in alkaline sulphide solutions is expressed as follows:

Cu12Sb4S13ðsÞ þ 2Na2SðaqÞ→5Cu2SðsÞ þ 2CuSðsÞ þ 4NaSbS2ðaqÞ ð4Þ

NaSbS2ðaqÞ þ Na2SðaqÞ→Na3SbS3ðaqÞ: ð5Þ

Leaching testswere conducted to investigate the effect of varying the
initial concentration of sodium sulphide in the range of 100–250 g/L at

Fig. 6. Effect of mineral particle size on tetrahedrite dissolution rate.

Fig. 7. A plot of 1−(1−X)1/3 vs. time at various mineral particle sizes for antimony and
arsenic dissolution from tetrahedrite.

Fig. 8. Dependence of rate constant on the reciprocal of mineral particle radius.

Fig. 9. Effect of sodium sulphide concentration on tetrahedrite dissolution rate.
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105 °C in solutions containing 60 g/L sodium hydroxide. During the
tests, the amount of solid leachedwas kept constant at 5 g/L taking from
−75+53 µmmineral particle size fraction. It is apparent that the rate of
dissolving antimony and arsenic from tetrahedrite (Fig. 9) by the
lixiviant increases steadily with increasing sodium sulphide concentra-
tion, and the dissolution rate at Na2S concentration of 250 g/L is much
higher than that at 150 and 100 g/L Na2S·3H2O. The results show that
tetrahedrite leaching depends strongly on the concentration of sodium
sulphide in the leach liquor. When the data from the experiment was
substituted into Eq. (2), Fig. 10 was constructed. By plotting the natural
logarithm of the slope of each line (lnkr) in Fig. 10 against the natural
logarithm of initial concentration of sodium sulphide (ln[Na2S]), Fig. 11
canbedrawn. It is indicated fromFig. 11 that lnkr is a linear functionof ln
[Na2S]. The kinetic equations about the effect of the initial concentration
of Na2S on the leaching rate of antimony and arsenic can be written as
Eqs. (6) and (7), respectively.

lnkr ¼ 2:2ln½Na2S�−7:77 ð6Þ

lnkr ¼ 2:3ln½Na2S�−7:76 ð7Þ

Therefore, the apparent reaction order for dissolving antimony and
arsenic from tetrahedrite by the lixiviant was estimated to be
approximately equal to 2, which implies that both elements reacted
similarly with the lixiviant as should be expected since they were
present in the same mineral.

3.5. Effect of sodium hydroxide concentration

Fig. 12 presents the influence of sodium hydroxide concentration
on the leaching of tetrahedrite mineral. The tests were carried out
under the following leaching conditions: 150 g/L Na2S·3H2O; particle
size of −75+53 µm; 2.5 g of tetrahedrite leached in 500 mL of the
lixiviant; reaction temperature and time of 105 °C and 360 min
respectively. It is evident from this figure that tetrahedrite dissolution
in the lixiviant is strongly dependent on the concentration of NaOH.
This can be observed from the plot that the percentage of antimony
and arsenic (Fig. 12) reported into the leach liquor after 360 min at a
concentration of 60 g/L NaOH is greater than that obtained at sodium
hydroxide concentration of 30 g/L. It is also found that increase in
NaOH concentration accelerates the rate at which antimony and
arsenic solubilise in the leach solution. The kinetic data obtained from
the tests are plotted in Fig. 13. This plot shows a linear relationship
and therefore supports that tetrahedrite leaching by the lixiviant is
controlled by the shrinking particle model for reaction-controlled
process.

4. Conclusions

The dissolution kinetics of tetrahedrite in aqueous alkaline
sulphide solution was investigated. It was found that the rate of
reaction increases with increase in reaction temperature, sodium
sulphide concentration, and sodium hydroxide concentration and
with decrease in mineral particle size. The kinetic study indicates that
the rate of tetrahedrite leaching in the lixiviant under selected
conditions is chemically controlled through the particle surface
reaction. The activation energies were found to be 81 kJ/mol and

Fig. 10. A plot of 1−(1−X)1/3 vs. time at various sodium sulphide concentrations for
antimony and arsenic dissolution from tetrahedrite.

Fig. 11. Determination of the reaction order with respect to [Na2S].

Fig. 12. Effect of sodium hydroxide concentration on tetrahedrite dissolution rate.

Fig. 13. A plot of 1−(1−X)1/3 vs. time at various sodium hydroxide concentrations for
antimony and arsenic dissolution from tetrahedrite.
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75 kJ/mol, respectively, for antimony and arsenic dissolution from
tetrahedrite, which are consistent with the values of activation
energies reported for the chemically controlled reaction process.
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a b s t r a c t

Removal of impurity elements in copper metallurgy is one of the major problems encountered today
since pure copper ore reserves are becoming exhausted and the resources of unexploited ores often con-
tain relatively high amounts of impurity elements like antimony, arsenic, mercury and bismuth, which
need to be eliminated. The present work is aimed at pre-treating a tetrahedrite rich complex sulphide
concentrate by selective dissolution of the impurities, therefore, upgrading it for pyrometallurgical pro-
cessing. To accomplish this, dissolution of antimony and arsenic by an alkaline sulphide lixiviant from the
concentrate were investigated. The lixiviant proved selective and effective to dissolve these impurity ele-
ments from the concentrate with good recoveries. Further investigations on the factors influencing the
leaching efficiency of the lixiviant were studied. The parameters considered were sulphide ion and
hydroxide ion concentrations, mineral particle size, reaction temperature and leaching time. Analysis
of the leach residue indicates that copper content of tetrahedrite has transformed into copper sulphides
with the average chemical formula Cu1.64S. The grade and economic value of the concentrate were
improved greatly after sulphide treatment, and therefore, suitable as a feedstock for smelting. The impu-
rities have been reduced to low levels which are tolerable in the smelting furnace and consequently
reduce both the treatment and environmental problem encountered when such concentrate is processed
pyrometallurgically.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Copper extraction through pyrometallurgical processing of con-
centrate relies heavily on copper sulphides; and to a lesser degree
on copper oxides, which are processed hydrometallurgically. The
majority of copper sulphide mineral deposits mined today are
complex in nature. These minerals are often found in association
with tetrahedrite (Cu12Sb4S13), enargite (Cu3AsS4) and tennantite
(Cu12As4S13) minerals (Riveros and Dutrizac, 2008), which render
them less appropriate as a feed material for smelting due to their
antimony, arsenic and mercury contents that can create serious
processing and environmental problems (Curreli et al., 2009;
Filippou et al., 2007; Lattanzi et al., 2008). These minerals are eco-
nomically attractive due to their substantial contents of silver and
copper (Baláž et al., 1998; Havlik et al., 1999); however, the
content of antimony and arsenic effectively reduces their economic
value due to requirements for further treatment options for the
containment of hazardous emissions from pyrometallurgical pro-
cessing. Also, the presence of these noxious elements will signifi-

cantly affect both the quality and the physical properties of the
copper product (Filippou et al., 2007; Mihajlovic et al., 2007; Tong-
amp et al., 2009; Viñals et al., 2003; Wang, 2004). Besides, arsenic
and antimony have been considered as undesirable elements that
cause serious toxicological and environmental problems (Filippou
et al., 2007) which have forced the smelters to be selective of the
type of concentrate to process due to the stringent environmental
laws. Wang (2004) explained further that during copper smelting,
most of the undesirable impurities such as antimony, arsenic, bis-
muth and lead are only partially removed by oxidation. When
white metal and blister copper are in equilibrium, these impurities
are partly distributed into the copper phase, from which their
removal is difficult. Furthermore, Navarro and Alguacil (2002)
explained that during electro-refining of impure copper, the
impurity elements would gradually increase in concentration to
their solubility limits if no electrolyte was eliminated from the
electro-refining circuit. However, they would passivate the anodes
and also contaminate the cathodes which cause a decrease in the
efficiency of the electro-refining plant. Consequently, the electro-
lyte is usually treated conventionally by withdrawing a bleed from
the stream to recover its copper content and isolate, and recover
the impurities afterwards. But, this conventional method of treat-
ment has some disadvantages which include; difficult materials
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handling, energy consumption, possibility of toxic arsine gas for-
mation, and loss of high copper in a low value recycle product
(Navarro and Alguacil, 2002).

As a result of the global increase in demand for base metals,
mining companies are now paying more attention to the low grade
and complex sulphide ore deposits to economically process them.
However, this necessitates pre-treatment operations to be con-
ducted to selectively remove the impurities prior to the smelting
of the copper concentrates. Therefore, this paper reports and dis-
cusses the studies carried out on the selective leaching of antimony
and arsenic under various experimental conditions from a tetrahe-
drite rich complex sulphide concentrate in alkaline sulphide
media.

2. Methods of pre-treating As/Sb rich sulphide ores/
concentrates

In an attempt to upgrade sulphide concentrates rich in arsenic
and antimony for pyrometallurgical processing, selective flotation
of enargite, tetrahedrite and tennantite from other copper sulp-
hides such as covelite (CuS), chalcopyrite (CuFeS2), chalcocite
(Cu2S) and bornite (Cu5FeS4) has been studied (Curreli et al.,
2005; Filippou et al., 2007). The outcome showed that these miner-
als are difficult to separate from other sulphide minerals (Filippou
et al., 2007) because they exhibit similar flotation properties as cop-
per sulphides and therefore report to copper concentrates.

Apart from this, a more cost effective and environmentally
friendly process for the removal of antimony and arsenic from
the so called ‘‘dirty concentrates” prior to pyrometallurgical pro-
cessing has been considered to be achieved through hydrometal-
lurgical process (Baláž and Achimovičová, 2006b; Baláž et al.,
1998; Nadkarni et al., 1975). The discussions about the possibility
of leaching antimony–arsenic bearing minerals in copper resources
are available in literature. It is reported that the amphoteric nature
of antimony allows the use of both acidic and basic media for its
solubilization (Anderson, 2001; Baláž et al., 2001). In reality, only
two lixiviant systems are utilized in antimony hydrometallurgy:
acidic chloride (Correia et al., 2001; Correia et al., 2000; Guy
et al., 1983; Havlik et al., 1999; Havlik and Kammel, 2000; Padilla
et al., 2005) and alkaline sulphide (Awe, 2008; Baláž and Achim-
ovičová, 2006a; Baláž and Achimovičová, 2006b; Baláž et al.,
2001; Frohlich and Miklos, 2001). Previous studies have shown
that arsenic and antimony containing minerals dissolve slowly in
acidic media below 100 �C (Correia et al., 2001; Padilla et al.,
2005). Significantly faster leaching rates have been obtained in
alkaline media containing sulphide (Awe et al., 2010; Awe and
Sandström, 2010; Baláž et al., 2000; Baláž et al., 2001) or sodium
hypochlorite (Viñals et al., 2003) as well as in acid media at ele-
vated temperatures (Neiva Correia et al., 1993; Riveros and Dutri-
zac, 2008). Due to the refractoriness of tetrahedrite, enargite and
tennantite to most lixiviants; concentrated leaching agents, high
reaction temperatures and long leaching times are required to effi-
ciently dissolve antimony and arsenic (Baláž, 2000). In a recent
study conducted by the authors, it was shown that the rate of
leaching tetrahedrite in alkaline sulphide lixiviant was chemically
controlled through the particle surface reaction (Awe et al., 2010).
Filippou et al. (2007) reported that alkaline sulphide solution is
selective in dissolving antimony and arsenic; and the copper prod-
uct obtained after sulphide leaching may be chalcocite or covelite,
while arsenic and antimony are dissolved as thioanions: thioarse-
nite (AsS3�

3 ), thioarsenate (AsS3�
4 ), thioantimonite (SbS3�

3 ), thioan-
timonate (SbS3�

4 ), etc. depending on the feed composition and the
reaction conditions. The chemical reactions occurring during sul-
phide leaching are briefly described as follow (Filippou et al.,
2007):

Cu12Sb4S13ðsÞ þ 2Na2SðaqÞ ! 5Cu2SðsÞ þ 2CuSðsÞ
þ 4NaSbS2ðaqÞ ð1Þ

NaSbS2ðaqÞ þ Na2SðaqÞ ! Na3SbS3ðaqÞ ð2Þ

Sb2S3ðsÞ þ 3Na2SðaqÞ ! 2Na3SbS3ðaqÞ ð3Þ

2Cu3AsS4ðsÞ þ 3Na2SðaqÞ ! 3Cu2SðsÞ þ 2Na3AsS4ðaqÞ ð4Þ

As2S3ðsÞ þ 3Na2SðaqÞ ! 2Na3AsS3ðaqÞ ð5Þ
Baláž et al. (1998) disclosed that sulphide lixiviant reacts with

mercury to form a soluble salt complex which could easily be
hydrolyzed if the alkali concentration is very low.

Furthermore, alkaline sulphide leaching processes have been
utilized industrially at operations in Russia, China, the Sunshine
antimony refinery, Idaho, USA (Anderson and Krys, 1993), and also
at Equity Silver Mines Ltd., British Columbia, Canada (Dayton,
1982; Filippou et al., 2007). At Sunshine, the lixiviant was pro-
duced on site by dissolving elemental sulphur, a major product
of the silver refinery, in sodium hydroxide and the resulting solu-
tion contains the following chemical species; sodium sulphide,
thiosulphate and polysulphides according to reactions (6) and (7)
(Ackerman et al., 1993).

4S�ðsÞ þ 6NaOHðaqÞ ! 2Na2SðaqÞ þ Na2S2O3ðaqÞ þ 3H2O ð6Þ

ðX� 1ÞS�ðsÞ þ Na2SðaqÞ ! Na2Sx; wherex ¼ 2 to 5 ð7Þ
In addition, the leach processes at Sunshine Mining and Equity

Silver Mines are somehow similar while the solution purification
processes are different. Antimony was electrowon from the leach
solution at Sunshine Mining (Nordwick and Anderson, 1993)
whereas Equity Silver Mines entirely recovered antimony in auto-
claves as sodium hydroxyl antimonate and arsenic was converted
to calcium arsenate to be impounded at a site far from the mine
(Dayton, 1982; Filippou et al., 2007).

Due to the widespread occurrence of antimony and arsenic con-
taining minerals in copper concentrates, a suitable pre-treatment
process to selectively remove antimony and arsenic from such con-
centrates is a necessity. If the impurity content is reduced to an
acceptable limit the penalties charged by the smelters would be
alleviated. Thus, antimony can be recovered as marketable prod-
ucts while arsenic can be precipitated as a stable material (e.g. fer-
ric arsenate) suitable for landfills. By so doing, pyrometallurgical
treatment of the so called ‘‘dirty ore/concentrate” will be made
possible with more economical viability and environmental
friendliness.

3. Materials and methods

3.1. Material characterization

The antimony-bearing sulphide material used in this investiga-
tion was bought from Gregory, Bottley & Llooyd Company, United
Kingdom and originated from Casapalca, Departamento Lima, Peru.
The coarse material was first crushed and part of its associated
quartz was removed by handpicking prior to grinding. The ground
sample was sieved into the following size fractions: �106 + 75,
�75 + 53, �53 + 38 and �38 + 20 lm, which were used in the
study. The concentrate contains 5.43–5.78% Sb and 1.77–1.87%
As and other elements as shown in Table 1.

X-ray powder diffraction (XRD) patterns were collected from
pulverised solid samples using a Siemens D5000 Automated Pow-
der Diffractometer equipped with a continuous scanning device.
Patterns were collected between 2h angles of 5–90� (at Cu Ka radi-
ation of 40 kV, 30 mA). Mineral phases were identified using the
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Joint Committee for Powder Diffraction Standards (JCPDS) file of
the instrument.

A representative sample was taken from the antimony-bearing
sulphide concentrate and also from the leach residue, at which the
highest recovery of antimony was obtained, for QEMSCAN (a scan-
ning electron microscope with four energy dispersive X-ray detec-
tors and a microanalyser) analysis. The samples were mounted in
epoxy and a diamond cutting wheel was used to cut the hardened
blocks to size and expose the sample grains. The samples were pol-
ished and carbon coated prior to QEMSCAN analysis. The mineral-
ogy of particles was inferred from data obtained using the
QEMSCAN� advanced mineral analysis system. The particles were
examined using the Field Scan method, involving spot analyses
over the surface of the block, collection of the resultant X-ray spec-
tra and comparison with a spectral data base.

3.2. Leaching

Antimony and arsenic selective removal tests were performed
by dissolving the antimony-bearing sulphide concentrate in alka-
line sulphide solutions, to determine the effect of the following
parameters: sodium sulphide (Na2S�3H2O) concentration (0.76 M,
1.14 M and 1.89 M), sodium hydroxide (NaOH) concentration
(0.75 M and 1.5 M), leaching temperature (357 K, 364 K, 371 K
and 378 K) and mineral particle size (�53 + 38 lm, �75 + 53 lm
and �106 + 75 lm). All experiments, each lasting 6 h, were carried
out with 0.5% solids, �75 + 53 lm particle size and 378 K reaction
temperature (except where otherwise stated) in 500 mL leach

solution containing 1.14 M Na2S�3H2O + 1.5 M NaOH. A 500 mL
four-necked round bottomed glass reactor was used which was
stirred mechanically with a paddle stirrer at a constant stirring rate
of 600 rpm and heated in an auto-regulated system. The lixiviant
was first added to the reactor and when the desired temperature
was reached, the solid sample was added. At predetermined time
intervals, 5 mL sample solution was taken from the reactor for
the analysis of dissolved metals. All reagents used for leaching
and chemical analysis were of analytical grade and used without
further purification. The influence of each variable was determined
by keeping all other variables constant. Leaching results were eval-
uated by means of chemical determinations on the leach products
using Inductively Coupled Plasma-Atomic Emission Spectrometry
(ICP-AES)/Sector Field Mass Spectrometry (ICP-SFMS).

4. Results and discussion

4.1. Mineralogical composition

The mineralogical composition of the antimony-bearing sul-
phide concentrate was investigated using XRD and QEMSCAN
methods of analysis. Fig. 1 shows the result obtained from XRD
analysis performed on the concentrate. The major mineralogical
phases identified in the diffractogram were tetrahedrite, sphaler-
ite, galena, chalcopyrite, pyrite and iron sulphide.

QEMSCAN analysis was conducted on the concentrate sample to
confirm the mineralogy previously determined by the XRD
technique. The result from this method is shown in Fig. 2 and
Table 2. This result compares well with the XRD identification of
the major phases present in the concentrate, but the method iden-
tifies a much wider range of minor minerals (Table 2) that were be-
low the detection limit for XRD. This confirms that QEMSCAN
analysis can provide much more mineralogical information than
the XRD method for trace mineralogy (Goodall et al., 2005). No
arsenic mineral was detected by the two techniques meaning that
the arsenic in the mineral is hosted in the tetrahedrite structure.
Also, QEMSCAN result shows that the concentrate is rich in tetra-
hedrite (Table 2) and silver is found bonded in the tetrahedrite

Table 1
Chemical analysis of a tetrahedrite rich sulphide concentrate.

Size fraction (%) �106 + 75 lm �75 + 53 lm �53 + 38 lm

Cu 15.6 15.2 15.7
Fe 11.1 14.2 13.3
Zn 16.1 16.8 16.9
Sb 5.78 5.43 5.71
As 1.87 1.86 1.77

Fig. 1. XRD diffractogram of antimony-bearing sulphide concentrate.
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(Fig. 2). This confirms the presence of silver and arsenic as a solid
solution in the tetrahedrite crystal structure as widely reported
in the literature (Filippou et al., 2007).

4.2. Eh–pH and speciation diagrams

In order to study the behaviour of sulphide ions during leaching
in relation to the solution pH, an equilibrium Eh–pH diagram for
S-H2O system was constructed using FactSage 6.1 computer soft-
ware at the temperatures of 298 K and 378 K (Fig. 3a and b),
respectively. The equilibrium diagram (Fig. 3) obtained shows that
at lower redox potential, S2� ion is the dominant ion in the solution
at pH P 13 at 298 K (Fig. 3a) and at pH P 11 at 378 K (Fig. 3b). This
implies that higher concentration of sodium hydroxide will be re-
quired at 298 K than at 378 K in order to prevent the protonation of
S2� to HS� in the solution and therefore, making it available to sol-
ubilize antimony by forming soluble sulphide complexes. During
sulphide leaching of tetrahedrite, sodium sulphide dissociates
according to reaction (8) and antimony forms the complexes thi-
oantimonite and thioantimonate (Filippou et al., 2007) with sul-
phide ions as shown in reactions (1) and (2). Many other species

such as polysulphides, thiosulphates and sulphates (Fig. 3) may
form if the leaching is performed under an oxidising environment.

Fig. 2. QEMSCAN micrograph of Sb-bearing sulphide concentrate.

Table 2
Material mineralogy defined by QEMSCAN.

Mineral Mass fraction (% w/w)

Tetrahedrite 30.2
Sphalerite 20.6
Galena 19.0
Pyrite 15.7
Chalcopyrite 13.4
Quartz 0.4
Tetrahedrite with Ag 0.1
Andalusite (Al2SiO5) 0.1
Total 99.5

Fig. 3. Eh–pH diagram of the S-H2O system at (a) 298 K and (b) 378 K. The dashed
line represents H2(g)/H2O.
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Protonation of sulphide ions occur according to the equilibria
(9) and (10) (Delfini et al., 2003) which take place simultaneously
during the leaching process.

Na2S$ 2Naþ þ S2� ð8Þ

S2� þHþ $ HS� log K1 ¼ 11:96 ð9Þ

HS� þHþ $ H2S log K2 ¼ 7:04 ð10Þ
Fig. 4 shows a plot of the molar concentrations of S2�, HS� and H2S
in the leach liquor as a function of the solution pH at a total sul-
phide concentration of 1.14 M. It can be seen from Fig. 4 that sul-
phide ion concentration increases rapidly when pH is increased
from 10 and upwards, therefore, pH is an important factor. This is
because, at a pH > 12, the protonation of sulphide ions will be pre-
vented and therefore available to solubilize antimony according to
reactions (1) and (2). Also, a strong alkaline environment is needed
to reduce the consumption of more expensive sodium sulphide due
to the hydrolysis of sulphide ions (Eq. (11)).

S2� þH2O$ HS� þ OH� ð11Þ

4.3. Influence of temperature on antimony and arsenic dissolution

The plot shown in Fig. 5 describes the dependency of antimony
and arsenic extraction from a tetrahedrite rich sulphide concen-
trate on the reaction temperature which was varied in the range
between 357 K and 378 K. It is evident from Fig. 5 that, after 6 h,
the extraction of antimony and arsenic from the mineral is highly
influenced by the reaction temperature. At 357 K, 15% and 16% of
antimony and arsenic were extracted respectively, and when the
reaction temperature was increased to 378 K, about 57% and 60%
of antimony and arsenic were extracted, respectively. This obser-
vation supports the conclusion made by (Baláž and Achimovičová,
2006a) that temperature accelerates and enhances the extraction
of metals into the leach liquor.

4.4. Effect of leaching time on extraction

The effect of leaching time on antimony and arsenic dissolution
from the complex sulphide concentrate were investigated and the
experimental results are presented in Fig. 6. Increasing the leach-
ing time resulted in increased antimony and arsenic extraction.
Due to the narrow size fraction used in this investigation, the metal
extraction by the lixiviant is linearly dependent on the leaching
time. After 1 h of leaching, approximately 13% of both antimony
and arsenic was extracted, and when the leaching time was in-
creased to 6 h, antimony and arsenic extraction was 57% and
60%, respectively. Examination of metal extraction trend shown
in Fig. 6 reveals that higher extraction could be achieved if the
leaching time was extended beyond 6 h.

4.5. Influence of sulphide ion and hydroxide ion concentrations

In the experiments to study the influence of Na2S concentration
on antimony and arsenic dissolution, Na2S concentration was var-
ied in the range of 0.76–1.89 M while the NaOH concentration was
kept constant at 1.5 M. The result is described in Fig. 7. It is appar-
ent from the figure that Na2S concentration has a significant effect
on the extraction of antimony and arsenic from the mineral. After
6 h leaching, approximately 21% of antimony and arsenic was ex-
tracted at a concentration of 0.76 M Na2S and when the Na2S con-
centration was increased to 1.14 M, the extraction increased with
almost a factor of 3. Further increase in the concentration to
1.89 M Na2S resulted in an extraction of antimony and arsenic of
87% and 92%, respectively (Fig. 7).

Fig. 4. Equilibrium diagram of sulphide species as a function of pH at a total
sulphide ion concentration of 1.14 M at 298 K.

Fig. 5. Influence of reaction temperature on As/Sb leaching.
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Fig. 6. Effect of leaching time on As/Sb leaching.

Fig. 7. Effect of sodium sulphide concentration on As/Sb leaching.

Fig. 8. Effect of sodium hydroxide concentration on As/Sb leaching.
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In order to study the effect of hydroxide ion concentration on
the extraction, the leaching conditions were maintained the same
as described above except that the concentration of Na2S was con-
stant at 1.14 M while the concentration of NaOH were 0.75 M and
1.5 M.

Fig. 8 illustrates that when a low concentration (0.75 M) of
NaOH was used, the rate of extracting antimony and arsenic was
slower and about 25% and 24% of antimony and arsenic were dis-
solved respectively. As the concentration of NaOH increased to
1.5 M, the metal extraction rate is accelerated and the percentage
of metal extracted was enhanced. About 57% antimony and 60% ar-
senic was leached by the lixiviant after 6 h. The observed increase
in metal extraction at high concentration of NaOH is due to the
higher availability of S2� ion for dissolution action (as described
in Section 4.2 above), which is promoted by the increase in the
pH of the leach liquor and consequently, prevents the hydrolysis

of sulphide ion which otherwise would reduce its leaching
efficiency.

4.6. Particle size dependence on antimony and arsenic dissolution

The influence of particle size on the extraction of antimony
and arsenic from the complex sulphide concentrate was examined
for three different size fractions (�106 + 75, �75 + 53 and
�53 + 38 lm) at 378 K using solutions containing 1.14 M Na2S
and 1.5 M NaOH. It is illustrated in Fig. 9 that extraction of both
metals increases with decreasing particle size. After 6 h leaching
of the �106 + 75 lm particle size fraction, about 43% and 49% of
antimony and arsenic were extracted, respectively. When the same
leaching conditions were applied to the size fraction �53 + 38 lm,
antimony and arsenic extraction were 68% and 75%, respectively.
Since the leaching kinetics of tetrahedrite is relatively slow

Fig. 9. Effect of particle size on As/Sb leaching.

Fig. 10. XRD diffractogram of the residue after alkaline sulphide leaching.
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there is much to gain by grinding the material thereby creating a
larger surface area which is advantageous for the leaching
efficiency.

4.7. Selective removal of the impurity elements

In order to identify the mineralogical changes brought about by
leaching, solid residue from the leaching test at which the highest
antimony extraction was obtained, was characterized by XRD and
QEMSCAN analyses. The results were compared with the mineral-
ogy of the original concentrate. The residue used was obtained
under the following leaching conditions: 1.89 M Na2S + 1.5 M

NaOH, 0.5% solids, 378 K reaction temperature and 6 h leach time
where antimony recovery of 87% was obtained. The XRD pattern
shown in Fig. 10 indicates that a new mineralogical phase, spi-
onkopite (Cu39S28) is observed together with other major phases
identified in the original concentrate (Fig. 1). Similarly, a non-stoi-
chiometric copper sulphide (Cu3.9S2.8) phase was observed when
the residues from enargite leached in alkaline sulphide solutions
were analyzed (Filippou et al., 2007). The XRD pattern in Fig. 10
shows that the tetrahedrite peaks found in the concentrate
(Fig. 1) have disappeared completely meaning that copper content
of the tetrahedrite had been transformed to the new copper sul-
phide phase observed in the residue.

Fig. 11. Mineralogical study of Sb-bearing concentrate and leach residue based on QEMSCAN analysis.

Fig. 12. QEMSCAN micrograph of leach residue.
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The results of the QEMSCAN analysis on the leach residue are
presented in Figs. 11 and 12. The major mineral phases observed
in the residue were sphalerite, galena, pyrite and chalcopyrite,
with the newly formed copper sulphide phase. In particular, obser-
vation of the polished sections of the leach residue (Fig. 12)
showed a micro-porous structure of the new solid phase often
enclosing a nucleus of untransformed tetrahedrite. The average
crystal chemical formulae of the solid residue determined by QEM-
SCAN analysis on the transformed phase proves the conversion of
tetrahedrite into a copper sulphide having stoichiometry of
Cu1.64S, which is close to the stoichiometry of the spionkopite ob-
served by XRD but can also be a mixture of chalcocite and covellite.
This observation confirms the expectation that tetrahedrite would
decompose to either covellite or chalcocite in alkaline sulphide
solution (Filippou et al., 2007). However, if the leaching time had
been prolonged further, the untransformed tetrahedrite would
have been converted completely into the new copper sulphide
phase observed in the residue. Additionally, QEMSCAN analysis
provides more interesting information about the selectivity of
the lixiviant to solubilize the impurity elements from the concen-
trate. Comparing the information given in Fig. 11 concerning the
concentrate and the residue, one can see that the major phases
found in the concentrate were upgraded and not leached
(Fig. 12) with the only exception of the tetrahedrite phase which
was reduced from 30.2% to 1.1% in the residue. This result confirms
that other metal sulphides in the concentrate remains insoluble in
the sulphide solution with the exception of antimony and arsenic
sulphides which form soluble complexes in sulphide media. This
analysis shows that the Na2S/NaOH lixiviant is suitable for pre-
treating, difficult to treat, complex antimony–arsenic-containing
sulphide ores/concentrates prior to their smelting and thereby
avoiding the difficulty experienced when such ores/concentrates
are directly treated in smelting plant.

5. Conclusions

The mineralogical investigation of the complex sulphide con-
centrate reveals that the concentrate is rich in tetrahedrite. Anti-
mony, arsenic and silver form a solid solution in the tetrahedrite
crystal structure and other major minerals identified were sphaler-
ite, galena, chalcopyrite and pyrite. Alkaline sulphide leaching of
the concentrate shows that antimony and arsenic extraction from
tetrahedrite strongly depends on the concentration of sulphide
and hydroxide ions, reaction temperature and the leaching time.
Due to the relative slow leaching kinetics of tetrahedrite, fine min-
eral particles are required in order to significantly improve anti-
mony and arsenic extraction. Analysis of the leach residue
indicates that the lixiviant is strongly selective to remove the
impurity metals As and Sb. Tetrahedrite in the concentrate was
found to be converted into a new species having the average chem-
ical formula Cu1.64S which could be a mixture of chalcocite, covel-
ite or spionkopite. The study shows that alkaline sulphide leaching
can be a suitable hydrometallurgical pre-treatment process from
technological and environmental point of view, to selectively and
effectively reduce antimony and arsenic content from difficult to
treat complex sulphide concentrates, and therefore, upgrading it
for further pyrometallurgical treatment.
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Baláž, P., Achimovičová, M., 2006b. Selective leaching of antimony and arsenic from

mechanically activated tetrahedrite, jamesonite and enargite. International
Journal of Mineral Processing 81 (1), 44–50.

Baláž, P., Achimovičová, M., Bastl, Z., Ohtani, T., Sanchez, M., 2000. Influence of
mechanical activation on the alkaline leaching of enargite concentrate.
Hydrometallurgy 54 (2), 205–216.
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ABSTRACT 

Antimony electrowinning from synthetic alkaline sulphide electrolytes has been studied in a 

nondiaphragm electrolytic cell. The electrodes were constructed in such a way that the anode 

produces ten times higher current density than the cathodic current density so that a vigorous 

production of oxygen at the anode with lesser amounts of polysulphide will be enhanced; and 

simultaneously decreasing the tendency of hydrogen evolution at the cathode. The result 

revealed that at an anodic current density lower than 1500 A/m2, minute amounts of sulphate 

ions were formed but when the anode current density increased beyond 1500 A/m2, sulphate 

formation was promoted. The molar concentration ratio between hydroxide and free sulphide 

ions should be  8.8 in order to facilitate the formation of sulphate ions as the only anodic 

product. The highest anodic current efficiency obtained based on the amount of sulphate 

formed was 84%.  An increase in the anode current density as well as NaOH concentration 

enhances the cathodic and anodic current efficiencies with respect to the antimony metal 

deposited and sulphate ions produced, respectively. The tests revealed that the concentration 

of thiosulphate formed during the electrolysis decreased with increasing anode current density 

and NaOH concentration. A build-up of polysulphide and thiosulphate in the electrolyte 

adversely affect the current efficiency of the electrodeposition by (i) redissolving the 

antimony cathode, (ii) oxidizing trivalent antimony to the pentavalent state and (iii) being 

reduced to sulphide at the cathode. Result showed that a build-up of sulphite and sulphate ions 

in the solution does not have any detrimental effect on the current efficiency of antimony 

deposition. 

 

Keywords: Sulphur oxyanions, Electrodeposition, Electrolyte, Sodium sulphide, Antimony, Current 

efficiency 
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1. Introduction 

Alkaline sulphide leaching has been found to be a suitable hydrometallurgical process to 

selectively dissolve antimony and arsenic from the materials containing these elements 

(Anderson and Krys, 1993, Baláž and Achimovi ová, 2006, Awe et al., 2010, Awe and Sandström,

2010b, Awe and Sandström, 2011, Awe et al., 2012) . The process has been applied industrially 

and is particularly suitable when the primary purpose is to recover one or more metals from 

the starting material, and is also suitable when the leaching residue contains a recoverable 

metal different from antimony and arsenic, for example, copper and precious metals (Celep et

al., 2011). The pregnant leach liquor is further processed for antimony recovery. This is 

performed by either crystallisation by cooling/evaporation (Nadkarni and Kusik, 1988, Anderson

et al., 1991) of the pregnant solution to recover antimony as solid sodium thioantimonate 

(Na3SbS4); or by electrolysis of the alkaline sulphide pregnant solution in special diaphragm 

cells (Holmes, 1943, Holmes, 1944, Anderson et al., 1991) or in diaphragmless cells (Lindström,

1977, Nordwick and Anderson, 1993, Anderson et al., 1994) to recover antimony as a metal.  

In a diaphragm electrolytic cell, antimony is electrowon in a specially designed electrolyte 

vessel, in which the anode and cathode chambers are mutually separated by means of a 

diaphragm. By this method, the polysulphide ions and sulphur oxyanions (S2O3
2-, SO3

2- and 

SO4
2-) produced at the anode are to a large extent prevented from migrating to the cathode, 

where they would be reduced and cause undesirable decrease in the current efficiency of the 

process. The catholyte was primarily made up of 90 – 100 g/L Sb and 20 g/L sodium sulphide 

while the anolyte was mainly a solution of sodium hydroxide with a concentration of 100 - 

120 g/L. The anolyte was held in a diaphragm bag made from commercial canvas or cotton 

duck and the two electrolytes were circulated separately (Tian cong, 1988). However, since the 

anolyte is normally recycled back to the leaching stage, any formation of polysulphide and 

thiosulphate ions during the electrolytic process is undesirable. The polysulphide and 

thiosulphate ions which are not consumed in the leaching process will accumulate in the 

electrolyte, which reduces the cathode current yield. Apart from this, the process has been 

considered expensive and complicated (Lindström, 1977, Tian cong, 1988, Nordwick and

Anderson, 1993). The current efficiency for a diaphragm electrodeposition of antimony from 

alkaline sulphide electrolyte is usually in the range 80-85% (Tian cong, 1988). 

Besides, non-diaphragm electrowinning processes have been reported to offer current 

efficiencies comparable to or better than the diaphragm-based technology. The metallic 
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antimony obtained from this process is of a higher quality and the system is simpler to operate 

and maintain (Tian cong, 1988, Nordwick and Anderson, 1993, Anderson et al., 1994). During this 

process of antimony electrolysis, a high anode current density is generally employed because 

it will mitigate the deleterious effects of the anode oxidation products on the current 

efficiency. High anodic current density will enhance more vigorous discharging of hydroxide 

ions at the anode, and therefore, preventing the oxidation of sulphide sulphur to polysulphide 

(S2
2-) which is harmful to the process. But instead sulphide oxidation will proceed to the 

formation of thiosulphate and sulphate ions, which are less detrimental to the electrolytic 

process (Lindström, 1977, Tian cong, 1988). Generally, the current efficiency of nondiaphragm is 

in the range of 45-55% due to the oxidation and reduction processes of the electrolyte 

components (S2-, S2
2-, S2O3

2-, SbS3
3- and SbS4

3-) that occur simultaneously during the 

electrolytic process (Tian cong, 1988). 

The present investigation is based on antimony electrodeposition from alkaline sulphide 

electrolytes in a diaphragmless electrolytic cell. The electrolytes were characterised by high 

ionic-strength and high hydroxide ion concentration as well as high anode current density 

with a view of forming sodium sulphate at the anode as the main sulphur oxyanion product. 

The electrodes were constructed in such a way that the anode will produce ten times higher 

current density than the cathodic current density.  This was purposely performed in order to 

facilitate a vigorous production of oxygen at the anode with lesser amounts of polysulphide as 

a side-product and at the same time decreasing the tendency of hydrogen evolution at the 

cathode. The change in the chemistry of the electrolytes at the end of each test was monitored 

by determining the amounts of thiosulphate, sulphite and sulphate formed during the 

electrolysis in order to establish the molar concentration ratio between hydroxide and free 

sulphide ions that are needed to form sulphate as the main anodic product. In consequence, 

the current efficiency of the process will be enhanced. The effect of increased addition of 

polysulphide, thiosulphate and sulphite ions to the electrolyte on the cell voltage, specific 

energy and current efficiency of the process were also investigated. 

1.1 Theory of sulphide electrolysis 

According to the thermodynamic data available in the literature (Latimer, 1952, Weast, 1982, 

Hemmingsen, 1992, Bouroushian, 2010), the equilibrium oxidation potential for the possible 

anode reactions were estimated as shown in reactions 1 to 14. Based on the oxidation 

potential of reactions 1- 6 and Fig. 1, it can be seen that, thermodynamically, sulphate should 
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be the product of sulphide oxidation at pH 11 and above. However, sulphate can only be 

formed at potentials greater than those required thermodynamically due to the slow kinetics of 

the oxidation process (Huang, 1985). Although other sulphur oxyanions such as disulphite 

(S2O5
2-), dithionite (S2O4

2-), trithionate (S3O6
2-), dithionate (S2O6

2-) etc., may possibly form 

but these ions are more unstable than the tetrathionate (S4O6
2-) ion, and can only be present as 

intermediate products in the reactions 1 to 6. If a low anode current density is used during 

electrolysis, then, the formation of elemental sulphur which is subsequently dissolved to 

polysulphides according to reactions 1 and 2 is favoured. Consequently, it is possible to 

control the anodic reactions in order to favour the formation of sulphate or sulphite as the 

main anode products by raising the anode current density. 

 
Fig. 1: Eh-pH diagram for S-H2O system at 75 C obtained from FactSage 6.3 

 

S2-  S(s) + 2e-   Eo = -476 mV (1) 

S2- + S(s)  S2
2-     (2) 

4S2- + 12OH-  S4O6
2- + 6H2O + 18e-    Eo = -542 mV (3) 

S2- + 6OH-  SO3
2- + 3H2O + 6e-    Eo = -598 mV (4) 

2S2- + 6OH-  S2O3
2- + 3H2O + 8e-    Eo = -612 mV (5) 

S2- + 8OH-  SO4
2- + 4H2O + 8e-  Eo = -679 mV (6) 
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However, by increasing the anode current density (that is raising the anode potential) at a low 

hydroxide concentration, there would be vigorous discharged of sulphide ions at the anode 

and more polysulphides (Eqs. 1-2) would be formed at the anode due to a limitation of the 

supply of hydroxide ions at the anode surface. As a result, the reactions are then displaced in 

favour of thiosulphate (S2O3
2-), sulphite (SO3

2-), sulphate (SO4
2-) or tetrathionate (S4O6

2-) 

formation. Due to kinetic reasons, these ions are still not formed despite an increase in the 

anodic current density until a limiting current density is reached where the anodic film is 

completely depleted of sulphide ions and is oversaturated in elemental sulphur. Further 

increase in current density above the limiting value would raise the anode potential which will 

favour oxygen evolution (Eq. 7) at the anode and this will occur before the reactions 8-14 will 

take place.  

4OH-  O2 + 2H2O + 4e-     Eo = +401 mV (7) 

4S(s) + 12OH-  S4O6
2- + 6H2O + 10e-    Eo = -578 mV (8) 

S(s) + 6OH-  SO3
2- + 3H2O + 4e-  Eo = -657 mV (9) 

2S(s) + 6OH-  S2O3
2- + 3H2O + 4e-    Eo = -743 mV (10) 

S(s) + 8OH-  SO4
2- + 4H2O + 6e-  Eo = -747 mV (11) 

S2O3
2- + 10OH-  2SO4

2- + 5H2O + 8e-  Eo = -799 mV (12) 

S4O6
2- + 20OH-  4SO4

2- + 10H2O + 14e- Eo = -872 mV (13) 

SO3
2- + 2OH-  SO4

2- + H2O + 2e-    Eo = -920 mV (14) 

Based on the normal oxidation potentials for sulphur oxyanions formation, reaction 8 

indicates that tetrathionate formation is the least probable and then sulphite formation (Eq. 9). 

Thus, the required anode potential for the tetrathionate (Eq. 13) ions to further oxidise to 

sulphate is low as well as for sulphite ion (Eq. 14). The oxidation of sulphite to sulphate is not 

much inhibited, because the possible sulphite formed is immediately oxidized to sulphate 

when the anode potential is approaching oxygen evolution.  

It is pertinent to state therefore that apart from increasing the anode potential due to the 

increase in anode current density, it is equally important that the electrolyte is rich in 

hydroxide ions such that the consumed hydroxide ion is compensated for during the duration 

of the electrolytic process so as to force the anodic reaction into sulphate production. To 
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facilitate sulphate production at the anode, the anodic current density should exceed 1500 

A/m2 and the ionic strength of the electrolyte during the electrolysis should be of the 

magnitude that the sum of the sulphide ion concentration (mol/L) multiplied by two, and the 

hydroxide ion concentration (mol/L) should be at least 8. To prevent the anode film from 

being depleted of hydroxide ions, the hydroxide concentration must be at least double the 

concentration of sulphide ions in the electrolyte, which means that the ions molar 

concentration ratio OH-:S2- should be at least 2:1 (Lindström, 1977).  

2. Materials and methods 

2.1 Materials 

The electrowinning experiments were conducted in a 1000 mL rectangular 316 stainless steel 

(EN-1.4436) cell without a diaphragm (Fig. 2a). The cathode plate was a 7.1 cm x 6.8 cm x 

0.2 cm 316-stainless steel with a total exposed plating area of 101 cm2 on both side of the 

plate. The cathode plate was placed in between two anodes (Fig. 2b). The anode was made 

from a nickel wire (Ø = 0.38 mm, 99.8% Ni) which was vertically wound around the anode 

plastic frame. The total anode working area was one-tenth of the cathode area in order to give 

an anodic current density ten times higher than the cathodic current density. The gap between 

the anode and cathode was 4 cm. The electrodes were connected to a constant digital DC 

power supply (PL303QMD AIM-TTI dual output 30V 3A PSU). A stock solution of alkaline 

sulphide electrolyte was prepared by dissolving analytical grade antimony sulphide (Sb2S3), 

sodium sulphide (Na2S·3H2O) and sodium hydroxide (NaOH) in deionized water.  

2.2 Electrowinning experiments 

Electrowinning experiments were performed to study the influence of anodic current density 

and sodium hydroxide concentration on the formation of sulphur oxyanions during the 

electrolytic process. The anodic current density was varied between 500 and 2500 A/m2 while 

the concentration of sodium hydroxide was varied between 100 and 400 g/L. At the end of 

these tests, the amount of thiosulphate, sulphite and sulphate formed at the anode were 

determined. Also, the effect of increased concentrations of polysulphide; thiosulphate; 

sulphite and sulphate on antimony electrodeposition was investigated. The initial 

concentration of antimony (Sb3+) was constant at either 25 or 35 g/L while the sodium 

sulphide concentration was maintained at 100 g/L in all the experiments. The electrolyte 

temperature of 75 C was maintained by circulating water with constant temperature through a 
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cell jacket. Each experiment was run for either 6 h or 9 h and the cathode was changed at the 

following time interval 1, 2, 4, 6 and 9 h. At the end of each experiment, 1 L volume of 

deionized water was added to the spent electrolyte under constant mixing so as to dissolve the 

precipitated sodium sulphate or sodium sulphite formed during the electrolysis. Thereafter, a 

sample solution was taken for the determination of thiosulphate, sulphite and sulphate ion 

concentrations. 

 
Fig. 2: Electrowinning set-up (a) with electrodes arrangement (b) 

 

2.3 Analytical determination of S2O3
2-, SO3

2- and SO4
2- concentrations in the electrolyte 

2 mL sample solution was taken from the spent electrolyte and 30 mL of acetic-acetate buffer 

solution (pH 4) was added in order to strip off the weak dissociable sulphide ions and 

precipitate the antimony content of the solution. By buffering the solution during stripping, 

the degradation of the thiosulphate content into HSO3
- and elemental sulphur is avoided. This 

process was performed in a fume hood and nitrogen gas was slowly bubbled through the 

solution for 2 h at ambient temperature to quicken the removal of H2S gas from the solution. 

Thereafter, the suspension was filtered and diluted with deoxygenated water into a 100 mL 

flask and the precipitate was discarded. The filtrate was used for determining the 

concentration of thiosulphate, sulphite and sulphate ions in the spent electrolyte. It was 
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assumed that there was no polysulphides present in the electrolyte, since no yellow 

colourisation of the solution was observed during the electrowinning. 

To determine the concentration of thiosulphate and sulphite in the filtrate, the iodine-sodium 

thiosulphate titration method (Koh, 1990, Jeffery et al., 1997) was used. Two identical samples 

(10 mL each) were taken into a separate 100 mL volumetric flask and 5 mL of acetic-acetate 

buffer solution was added to them. 5 mL of 36% formaldehyde was added to one of the 

sample in order to mask SO3
2- ion in the sample. The same volume of known excess standard 

solution of I2 (0.05 M) was added to both samples. Then, the resulting solutions were titrated 

against a standard sodium thiosulphate solution (0.005 M) in order to react with the excess I2 

solution. When the colour of the solution was slightly yellowish, a drop of starch solution was 

added as an indicator. The titration was repeated three times to minimize any experimental 

error. The concentration of both thiosulphate and sulphite was calculated based on the 

stoichiometric requirement in the chemical reactions 15 and 16. 

2S2O3
2- + I2  S4O6

2- + 2I-     (15) 

SO3
2- + I2 + H2O  SO4

2- + 2I- + 2H+    (16) 

 

Fig. 3: Sulphate calibration curve 

A turbidimetric method was used to determine the sulphate concentration in the sample and 

the procedure is described elsewhere (American Public Health Association, 1975, Kolmert et al.,
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2000). A known volume was taken from the filtrate above and diluted appropriately before 

sulphate analysis. Sample absorbance was measured at 420 nm wavelength using a 

spectrophotometer DR 2800 (Hach Lange) and the calibration plot for this analysis is 

illustrated in Fig. 3. 

3. Results and discussion 

3.1 The effect of anode current density (ACD) on anode reactions 

Table 1 contains the measured amount of oxidized sulphur compounds during the electrolysis 

of antimony from alkaline sulphide solutions. In each test, which lasted for 9 h, the electrolyte 

contained a high and constant initial concentration of sulphide and hydroxide ions (Table 1). 

The initial antimony concentration and electrolyte temperature were constant at 35 g/L and 

75 C, respectively, in all the tests. The possible overall chemical reactions that could occur 

during the electrolysis of antimony from alkaline sulphide solutions under the present 

condition of the electrolyte are given in reactions 17 - 19 (Lindström, 1959, Lindström, 1977,

Tian cong, 1988). 

Table 1: Effect of current density on anode reactions 
 

ACD, 
A/m2 

Molar ratio 
(OH-:S2-) 

S2O3
2- 

formed, 
g/L 

SO3
2- 

formed, 
g/L 

SO4
2- 

formed, 
g/L 

500 10.3:1 1.21 0.78 0.24 
1000 10.3:1 1.21 1.56 0.78 
1500 10.3:1 0.97 1.77 3.11 
2000 10.3:1 0.00 0.43 6.81 
2500 10.3:1 0.00 0.00 7.55 

 

8Na3SbS3 + 18NaOH  8Sb + 3Na2S2O3 + 9H2O + 18Na2S  (17) 
 
2Na3SbS3 + 6NaOH  2Sb + Na2SO3 + 3H2O + 5Na2S  (18) 
 
8Na3SbS3 + 24NaOH  8Sb + 3Na2SO4 + 12H2O + 21Na2S  (19) 
 
Table 1 shows the influential effect of anode current density on the anode process. It can be 

seen from the table that at an anode current density less than 1500 A/m2, more net 

thiosulphate ions are formed with a minute amount of sulphate ions. The net formation of 

sulphite ions is seen to increase with increasing anode current density up to 1500 A/m2 and 

diminish when the current density increased further. At an anodic current density  1500 

A/m2, there is a significant increase in the amount of sulphate formed with little or no 
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thiosulphate formation. The reason is that at a low anode current density, there will be 

simultaneous discharge of OH- and S2- ions at the anode but S2- ion will be more favoured 

leading to the formation of unwanted sulphur species (S2
2- and S2O3

2-). At a higher anode 

current density, the discharging of hydroxide ions will be dominating at the anode and more 

oxygen will be formed according to Eq. 7, which will further oxidize any intermediate sulphur 

species with an oxidation state less than six to sulphate ions (Lindström, 1977, Tian cong, 1988). 

In an electrolytic process, the amount of electrons released during the oxidation process at the 

anode is directly consumed at the cathode for metal deposition and/or hydrogen evolution 

depending on the prevailing conditions during the electrolytic process. To verify this, the 

equivalent amperage-hour required to oxidize sulphide ions (Eqs. 4-6) to thiosulphate, 

sulphite and sulphate at the anode was calculated based on the measured values of the sulphur 

oxyanions given in Table 1. The quantity of current flow (Q, A·h) was computed using 

Faraday’s Law: 

h)(A
M0036
FzmQ      (20) 

Where, m is the mass of the substance deposited at the anode or cathode (g), M is the atomic 

weight of the substance deposited (g/mol), z is the number of moles of electrons needed to 

produce the anode products or cathode metal and F is the Faraday’s constant (96 485 C). The 

result from this computation as well as the actual input amperage during the tests is provided 

in Table 2. 

Table 2: Calculated total amperage needed to form the measured sulphur oxyanions and the 
actual input amperage during the experiments 

ACD 
A/m2 

Amperage for anode reaction products Actual input 
amperage 

A·h/L 
S2O3

2- 
A·h/L 

SO3
2- 

A·h/L 
SO4

2- 
A·h/L 

Total 
A·h/L 

500 2.31 1.57 0.54 4.42 4.54 
1000 2.31 3.13 1.74 7.19 9.06 
1500 1.85 3.55 6.94 12.35 13.60 
2000 0.00 0.86 15.20 16.06 18.13 
2500 0.00 0.00 16.85 16.85 22.66 

 

Table 2 demonstrates that the total amperage-hour estimated from the measured anode 

reaction products was lower than the actual amperage input for each test. This observation 

could be due to the following reasons, (i) at an anodic current density less than 1500 A/m2, 
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there is a possibility of forming other oxyanions such as tetrathionate at the anode according 

to Eq. 3 which was not determined in this test, (ii) since increase in anode current density will 

increase the rate at which oxygen is formed at the anode, therefore, there is a possibility that 

part of the oxygen formed escaped unreacted at anode current density greater than 1500 A/m2, 

(iii) there is  a possibility that polysulphides and a part of formed thiosulphate ions are not 

accumulated in the solution since they may be reduced to sulphide ions by interacting with the 

cathode (Eqs. 21-24) as well as the electrolyte components (Eqs. 25-26). 

S2O3
2- + 2e-  S2- + SO3

2-     (21) 

Sn
2- + 2(n-1)e-  nS2-, n= 2, 3, …    (22) 

3S2O3
2- + 2Sbo + 3S2-  2SbS3

3- + 3SO3
2-   (23) 

3S2
2- + 2Sbo  2SbS3

3-     (24) 

Sn
2- + (n-1)SbS3

3-  S2- + (n-1)SbS4
3-    (25) 

S2O3
2- + SbS3

3-  SbS4
3- + SO3

2-    (26) 

 

Fig. 4: Effect of anodic current density (ACD) on current efficiency. Conditions: 35 g/L 
initial Sb, 350 g/L NaOH, 100 g/L Na2S, 9 h deposition time and 75 C electrolyte 
temperature. 

The effect of anode current density (ACD) on the cathodic and anodic current efficiencies is 

shown in Fig. 4. The cathodic and total anodic current efficiencies plotted in Fig. 4 were 

calculated from the amount of antimony deposited at the cathode and the total sulphur 
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oxyanions formed during the electrolysis, respectively. The calculation was based on the 

stoichiometry requirement according to reactions 17-19. From Fig. 4, it can be deduced that 

an increase in the anode current density brings an increase in the anode current efficiency with 

respect to the formation of sulphate; and anodic current yields of 84 and 74% were obtained at 

2000 and 2500 A/m2, respectively. At 2500 A/m2, it is noticed that the anode current 

efficiency calculated based on sulphate decreases. This may be due to the possibility that 

some of the oxygen produced at the anode leave the reactor without reacting as a result of 

increased production rate. The total anodic current efficiency follows the same trend as the 

cathodic current efficiency within the experimental accuracy of titrations to determine the 

thiosulphate and sulphite concentrations. Also, a steady increase in the current efficiency of 

antimony deposition was observed with increasing anode current density (cathode current 

density is one tenth of anode current density) until 1500 A/m2 after which the current 

efficiency starts to decrease slightly. It was noticed that after 6 h of electrodeposition tests at 

2000 and 2500 A/m2 anode current density, the concentration of antimony in the solution was 

17.6 and 16.0 g/L, respectively, but as the electrowinning was prolonged to 9 h, the antimony 

content of the electrolyte decreased to 10.8 and 9.2 g/L, respectively. Therefore, the slight 

decrease experienced in the cathode current efficiency is probably due to the lower antimony 

concentration in the electrolyte after 6 h, which may lead to the evolution of hydrogen or 

stibine (SbH3) gas at the cathode; and hence caused a deteriorating effect on the current 

efficiency. A similar phenomenon has been reported when the antimony content of the 

electrolyte was lower than 15 g/L (Tian cong, 1988, Nordwick and Anderson, 1993, Awe and

Sandström, 2013). The average cell voltage of this electrolytic process ranged from 0.75 V to 

2.64 V (Awe and Sandström, 2013)which was somehow lowered than a typical industrial cell 

voltage for nondiaphragm electrolytic cell which is between 2.7 V to 3.0 V (Tian cong, 1988). 

3.2 The effect of NaOH concentration on sulphur oxyanions formation 

A series of experiments were conducted in order to study the effect of sodium hydroxide 

concentration on the formation of sulphur oxyanions in the electrolyte as well as the cathodic 

current efficiency of depositing antimony from the solution. The characteristic of the 

electrolyte in terms of the relationship between the molar concentration of sulphide and 

hydroxide ions for each test is presented in Table 3. The tests were performed to investigate 

the concentration ratio of sodium hydroxide to that of sodium sulphide to produce sulphate 

ions at the anode (according to reaction 6) as the primary sulphur oxyanion. By so doing, the 

production of oxidized sulphur ions, which can reduce the cathodic current efficiency of the 
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electrolytic process, will be avoided. However, the free S2- concentration used in Table 3 was 

computed by subtracting the amount of S2- that complex with Sb2S3 to form SbS3
3- from the 

total initial S2- concentration added to the electrolyte. The concentration of antimony used was 

35 g/L which was added as Sb2S3. The results from these experiments reveal that NaOH 

concentration is important for the formation of sulphate during the electrolytic process (Table 

3 and Fig. 5).  

Table 3: Effect of NaOH concentration on anode reactions 
 

NaOH 
concentration 

g/L 

Molar 
ratio 

(OH-:S2-) 

S2O3
2- 

formed, 
g/L 

SO3
2- 

formed, 
g/L 

SO4
2- 

formed, 
g/L 

100 2.9:1 3.88 0.52 0.99 
200 5.9:1 2.13 1.14 2.09 
250 7.3:1 1.84 1.25 2.95 
300 8.8:1 0.97 0.52 4.80 
350 10.3:1 0.00 0.43 6.81 
400 11.8:1 0.00 0.00 7.20 

 

The current efficiencies plotted in Fig. 5 were estimated as explained in section 3.1. In 

accordance with Eq. 6, the ratio of the stoichiometry requirement between OH- and S2- ions to 

form one mole of SO4
2- at the anode is 8. The experimental results given in Table 3 show that 

at a molar ratio lower than 8.8, less sulphate with higher thiosulphate were formed. When the 

molar ratio was greater than or equal to 8.8, little or no thiosulphate with enhanced sulphate 

were produced. This implies that to produce sulphate solely at the anode during the 

electrolysis, the stoichiometry requirement between hydroxide and free sulphide ions 

according to Eq. 6 must be satisfied. It is observed from Fig. 5 that, as the concentration of 

sodium hydroxide increases, the anodic current efficiency (based on sulphate formation) is 

correspondingly increasing which means that more sulphate ions are formed (Table 3). The 

explanation to this observation is that at high anode current density and high hydroxide 

concentration, the oxidation of hydroxide ions will be favoured according to reaction 7 (Tian

cong, 1988). Consequently, the oxygen formed at the anode will further oxidize the sulphide 

ions and any intermediately formed polysulphide in the solution to sulphate (Eq. 27) and 

thiosulphate (Eq. 28), respectively. 

S2- + 2O2  SO4
2-     (27) 

S2
2- + 3/2O2  S2O3

2-     (28) 
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The concomitant effect of this oxidation process is reflected on the cathodic current efficiency 

(Fig. 5). As the anodic current efficiency increases, there is a corresponding increase in the 

cathodic current efficiency; and also, a decrease in the amount of thiosulphate formed (Table 

3). Thus, the reduction of thiosulphate (Eq. 21) at the cathode as well as its interaction with 

the antimony cathode (Eq. 23) or oxidation of Sb3+ to Sb5+ in the electrolyte (Eq. 26) which 

can reduce the cathodic current efficiency is avoided. It was noted during the electrowinning 

process that the sulphate formed partly attached to the anode wire and the remaining 

precipitated at the bottom of the cell. It is observable from Fig. 5 that a little deviation exists 

between the total anodic current efficiency and the cathodic current efficiency at NaOH 

concentration  300 g/L, which is attributed to the reasons given in section 3.1. Previous 

study by the authors reveals that the purity of deposited antimony decreases with increasing 

sodium hydroxide concentration. At 100 g/L NaOH, the purity of antimony was 99.8% but 

when the concentration of NaOH increased to 350 g/L, antimony purity decreased to 99.2% 

(Awe et al., 2013). 

 
Fig. 5: Effect of sodium hydroxide concentration on current efficiency. Conditions: 35 g/L 
initial Sb, 2000 A/m2 ACD, 100 g/L Na2S and 75 C electrolyte temperature 

 

3.3 The effect of polysulphide on the electrolytic process 

The effect of polysulphides on antimony electrodeposition was studied and the results are 

reported in Figs. 6 and 7. Disodium tetra sulphide (Na2S4) was used as polysulphide (0, 10 
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and 30 g/L) in this investigation. Na2S4 was prepared based on the stoichiometric requirement 

of the reactants according to the chemical reaction shown in Eq. 29.  

Na2S + 3So  Na2S4     (29)  

 

Fig. 6: Effect of polysulphide on antimony recovery. Conditions: 25 g/L initial Sb, 2000 A/m2 
ACD, 100 g/L Na2S, 350 g/L NaOH and 75 C electrolyte temperature. 

Fig. 6 indicates that antimony recovery decreases for a given increase in polysulphide 

concentration. Also, the effect of polysulphide on current efficiency and power consumption 

is reflected in Fig. 7. The experimental result shows that increase in polysulphide 

concentration causes a decrease in the current efficiency and also results in higher energy 

consumption. At 0 g/L polysulphide, current efficiency was 83% and when polysulphide 

concentration was increased to 10 and 30 g/L, the process current efficiencies were 62% and 

32%, respectively. The reason for this behavior is due to the polysulphide oxidation and 

reduction processes that occurred during the electrowinning process. According to the 

chemical reaction (Eq. 22), polysulphide will consume part of the energy supplied to the 

process in order to get it reduced to sulphide. This will adversely contribute to a decrease in 

the current efficiency. Besides, since polysulphide is a strong oxidizing agent, it will oxidize 

antimony from oxidation state +3 to +5 (Eq. 25); and more current and energy will be 

consumed when depositing antimony from Sb5+.  Polysulphide is also capable of redissolving 

cathode antimony back into the solution (Eq. 24). This phenomenon is clearly observable in 

Fig. 8 where part of the electrodeposited antimony was redissolved by polysulphide. 

However, this occurrence will consequently lead to a decrease in the current efficiency of the 

process. 
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Fig. 7: Effect of polysulphide on current efficiency and specific energy. Conditions: 25 g/L 
initial Sb, 2000 A/m2 ACD, 100 g/L Na2S, 350 g/L NaOH and 75 C electrolyte temperature 

 

Fig. 8: Photograph of antimony cathode at (a) 0 g/L and (b) 30 g/L polysulphide 

3.4 The influence of thiosulphate on antimony electrodeposition 

The influence of thiosulphate was investigated by adding various concentrations of sodium 

thiosulphate during the tests. The effect of this on antimony recovery is presented in Fig. 9. 

The graph reveals that for a given increase in thiosulphate concentration, there is a decrease in 

the recovery of antimony.  Increase in thiosulphate concentration reduces current efficiency 

and also increases the specific energy consumed. It can be depicted from Fig. 10 that at 0 g/L 

Na2S2O3, the specific energy consumed was 1.7 kWh/kg; and when the concentration of 

thiosulphate was raised to 10 and 30 g/L, the specific energy required was increased to 1.98 

and 2.8 kWh/kg, respectively. Explanation to this observation could be that thiosulphate in the 
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electrolyte might get reduced at the cathode (Eqs. 21 and 30) or redissolve antimony from the 

cathode into the solution (Eq. 23) or oxidize Sb3+ to Sb5+ according to Eq. 26. All these 

processes reduce the cathodic current efficiency and will consequently increase the energy 

consumption of the process.  

S2O3
2- + 3H2O + 6e-  2S2- + 6OH-    (30) 

Fig. 9: Influence of thiosulphate on antimony recovery. Conditions: 25 g/L initial Sb, 2000 
A/m2 ACD, 100 g/L Na2S, 350 g/L NaOH and 75 C electrolyte temperature. 

Fig. 10: Influence of thiosulphate on cathodic current efficiency and specific energy. 
Conditions: 25 g/L initial Sb, 2000 A/m2 ACD, 100 g/L Na2S, 350 g/L NaOH and 75 C 
electrolyte temperature. 
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3.5 The influence of sulphite on antimony electrodeposition 

The effect of sodium sulphite on antimony electrodeposition was studied using 0, 10 and 30 

g/L of Na2SO3 concentration. The result shown in Fig. 11 reveals that there is no negative 

influence of sodium sulphite on antimony recovery. The plot in Fig. 12 shows that increase in 

sodium sulphite leads to an increase in the Faradaic current efficiency of the process. Addition 

of sulphite into the electrolyte has improved the current efficiency of antimony deposition. 

The reasons for this improvement are that sulphite will reduce formed SbS4
3- to SbS3

3- (Eq. 

31) and also form thiosulphate from polysulphide (Eq. 32), which is beneficial to the process. 

This finding is in good agreement with the result reported in the literature (Tian cong, 1988,

Nordwick and Anderson, 1993, Anderson et al., 1994). 

SbS4
3- + SO3

2-  SbS3
3- + S2O3

2-    (31) 

Sn
2- + (n-1)SO3

2-  S2- + (n-1)S2O3
2-    (32) 

Fig. 11: Influence of sulphite on antimony recovery. Conditions: 25 g/L initial Sb, 2000 A/m2 
ACD, 100 g/L Na2S, 350 g/L NaOH and 75 C electrolyte temperature 
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Fig. 12: Influence of sulphite on current efficiency. Conditions: 25 g/L initial Sb, 2000 A/m2 
ACD, 100 g/L Na2S, 350 g/L NaOH and 75 C electrolyte temperature 

 

4. Conclusions

Electrowinning of antimony from alkaline sulphide electrolytes has been investigated in a 

non-diaphragm electrolytic cell. The result revealed that at an anodic current density lower 

than 1500 A/m2, minute amounts of sulphate ions was formed but when the anode current 

density increased beyond 1500 A/m2, the formation of sulphate was promoted. The test 

showed that the molar concentration ratio between hydroxide and free sulphide ions should be 

 8.8 in order to facilitate the formation of sulphate ions as the only anodic product. The 

highest anodic current efficiency obtained based on the amount of sulphate formed was 84%.  

It has been shown that an increase in the anode current density as well as sodium hydroxide 

concentration enhances the cathodic and anodic current efficiencies with respect to the 

antimony metal deposited and sulphate ions produced, respectively. The tests revealed that the 

concentration of thiosulphate formed during the electrolysis decreased with increasing anode 

current density and sodium hydroxide concentration. A build-up of polysulphide and 

thiosulphate in the electrolyte adversely affect the current efficiency of the electrodeposition 

by (i) redissolving the antimony cathode, (ii) oxidizing trivalent antimony to the pentavalent 

state and (iii) being reduced to sulphide at the cathode. Result showed that a build-up of 

sulphite and sulphate ions in the solution does not have any detrimental effect on the current 

efficiency of antimony deposition. 
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The influence of initial antimony concentration, cathode current density, concentrations of Na2S and NaOH, gas
sparging and electrolyte temperature on average cell voltage, specific energy and current efficiency of antimony
deposition has been studied. The experiments were conducted in a nondiaphragm electrolytic cell. The anode
and cathode were made in such a way that the anode current density was ten times higher than the cathode
current density so that a vigorous production of oxygen is promoted at the anode with lesser amounts of
polysulphide; and concurrently decreasing the propensity of producing hydrogen at the cathode. Increasing
the initial concentration of antimony from 25 g/L to 45 g/L increased the current efficiency by 18%. The average
cell voltage decreased from 2.78 V to 2.21 V when the electrolyte temperature was raised from 45 °C to 90 °C.
The results showed that increasing the sulphide concentration from 0.77 M to 1.92 M decreased the current ef-
ficiency by13% due to the formation of polysulphide and thiosulphate ionswhich have negative effect on the cur-
rent efficiency. Sparging of the electrolyte promotes a smooth and adherent antimony deposit; and the purity of
deposited antimonywas raised from 99.2% to 99.6%. The specific energy consumed per kilogramof deposited an-
timony decreased by 74% when the cathode current density was decreased from 250 to 50 A/m2. Based on sul-
phate formation, anodic current efficiencies of 85% and 90% were obtained at sodium hydroxide concentrations
of 8.75 Mand 10 M, respectively. The preferred crystallographic orientations of the antimony deposit obtained at
2.5 M NaOH concentration are in the order (012) (202) (110) (104), but the order becomes (012) (110) (104)
(202)whenNaOH concentration is increased further. The order of crystal orientations for antimony electrodepo-
sition at 50 A/m2 cathodic current density is (012) (110) (104) (202), which does not change with increasing
cathode current density but the peaks at (110) (104) (202) crystal planes become more broadened and
suppressed as current density increased.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Antimony is a silvery, white, brittle and shiny metal that exhibits
poor conductivity of heat and electricity. At room temperature, antimo-
ny does not change in air; and it is not tarnished in humid air or pure
water. Antimony metal is extensively used globally to harden and
increase the mechanical strength of lead which is used in wet-cell bat-
teries. Apart from its use as alloying element, antimony compounds
are used as a flame retardant in fabrics and plastics; decolorizing and re-
fining agent in glass; opacifier and emulsifier for enamel; and pigments
in paints and ceramics (Awe and Sandström, 2011; Tian-cong, 1988).

Antimony had been recovered as a metal through electrolysis
of alkaline sulphide solution at the Sunshine plant, Idaho, USA,
while at the Equity Silver plant, antimony was produced solely as so-
dium hydroxyl antimonate (NaSb(OH)6) (Filippou et al., 2007). Elec-
trodeposition of antimony from pregnant alkaline sulphide solution
can be conducted in either diaphragm electrolytic cells (Anderson et
al., 1991; Holmes, 1943, 1944) or nondiaphragm cells (Anderson et al.,
1994; Harrison, 2007; Lindström, 1959, 1977). Anderson et al. (1991)

recovered antimony by electrolysis of purified pregnant solution
containing about 60 g/L Sb in special diaphragm cells at 50–55 °C. The
electrolytic processwas performed at cell potential of 3–5 V and current
density of approximately 320 A/m2. The deposited antimony metal was
brittle and non-adherent. During the electrolysis, sulphur species (espe-
cially S2O3

2− and SO4
2−) get accumulated in the anolyte and approxi-

mately 10% of total antimony input reported to the fouled anolyte. To
avoid significant antimony losses, the fouled anolyte was treated in an
autoclave at 105 °C to precipitate sodium hydroxy antimonate and con-
vert the thioarsenate ion to arsenate. The solution containing the sodium
arsenate and the residual antimonywas treatedwith ferrous sulphate at
pH 8–8.5 to precipitate ferrous arsenate (Fe3(AsO4)2),whichwas sent to
a tailing pond (Filippou et al., 2007). However, the complexity and high
maintenance cost of using diaphragm electrolytic cells has made it less
attractive.

Besides, Anderson et al. (1994) used a nondiaphragm electrowin-
ning cell to recover antimonymetal from crystallized antimony com-
pounds produced by crystallization purification of the pregnant
leach liquor. The crystallized antimony compound was redissolved
in sodium hydroxide solution and used as the electrolyte. The
current densities at both anode and cathode were 843 A/m2 and
813 A/m2, respectively. The electrowinning process was conducted
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for 6 h at 50 °C. A Faradaic current efficiency of 51.4% was achieved.
The average power consumed was 6673 kWh/ton of antimony metal
produced with 99.7% antimony purity. The cell voltage ranged
from 3.5 V to 5 V. It was concluded that the following parameters —
addition of Na2CO3 and Na2SO3, lower temperatures, higher cathodic
and anodic current densities, and lower agitation, increase the cell
current efficiency and also reduce power usage. The process is advanta-
geous because the crystallized antimony compound is clean and cus-
tomized, therefore, the creation of sodium sulphate build-up which is
prevalent in most electrowinning situations is eliminated (Anderson
et al., 1994).

Similarly, Lindström (1977) recovered antimony in a nondiaphragm
electrolytic cell at high current yield (>80%) from alkaline sulphide
solutions and at the same time regenerated the leaching liquid with-
out requiring the use of separate precipitation operations. During the
electrowinning process, it is ensured that the anodic current density
exceeds 1500 A/m2 and the electrolyte is characterized by high ionic
strength. At this condition of the electrolyte, the total quantity of
oxygen–sulphur compounds formed constitutes SO4

2− ion which
reacted with Na+ and formed a saturated solution of sodium sul-
phate, which was precipitated and removed as sludge from the elec-
trolytic cell. Therefore, the problem of low current efficiency caused
by the formation of polysulphide and thiosulphate ions at the anode
in a nondiaphragm electrolytic cell is abruptly curtailed. For this pro-
cess to be efficient and effective, Lindström (1977) concluded that
the electrolyte should contain at least one equimolar quantity of hy-
droxide ions in relation to the sulphide ions in the solution meaning
that the ion ratio OH−:S2− is at least 1:1. To prevent the crystalliza-
tion of the electrolyte components, the electrowinning process was
conducted at a temperature between 50 °C and 90 °C.

In this study, the optimization of electrolysis parameters for anti-
mony electrodeposition at the cathode from model alkaline sulphide
solutions is reported. The anode and cathode were made in such a
way that the anode current density was ten times higher than the
cathode current density so that a vigorous production of oxygen is
promoted at the anode with lesser amounts of polysulphide; and
concurrently decreasing the propensity of producing hydrogen at
the cathode. The influence of the parameters including the initial
antimony concentration, cathode current density, concentration
of Na2S and NaOH, electrolyte temperature and nitrogen gas sparg-
ing on antimony electrowinning in a nondiaphragm electrolytic
cell is investigated. Also, the influence of the aforementioned pa-
rameters on the crystallographic orientations of antimony deposits
is examined.

2. Mechanism of the electrolytic process

During the electrolytic recovery of antimony from alkaline sulphide
solutions in a nondiaphragm cell, several electrochemical reactions do
occur, some of which affect the process adversely depending on the
prevailing electrowinning conditions.

2.1. The cathode process

The possible chemical reaction processes that do occur at the
cathode during antimony electrodeposition are given in the following
sections (Tian-cong, 1988).

2.1.1. Antimony deposition
Usually, the dominating negatively charged antimony complex

ions in the leaching solution are SbS43− and SbS33− ions. These anti-
mony ions migrate to the cathode and get reduced (Eqs. (1)–(2)).
During antimony deposition in a nondiaphragm electrolytic cell,
SbS43− ions generally dominate the electrolyte due to SbS33−ion oxi-
dation by the sulphur species in the solution. Therefore the current
efficiency of a nondiaphram electrolytic process is usually low (in

the range 45–55%) due to the oxidation (Eqs. (3)–(4)) and reduction
(Eq. (1)) processes that occur during electrolysis (Tian-cong, 1988).

SbS3−4 þ 2e−→SbS3−4 þ S2− Eo ¼−610mV ð1Þ

SbS3−3 þ 3e−→Sb0 þ 3S2− Eo ¼−900mV ð2Þ

S2−2 þ SbS3−3 →S2− þ SbS3−4 ð3Þ

S2O
2−
3 þ SbS3−3 →SbS3−4 þ SO2−

3 ð4Þ

2.1.2. Reduction of electrolyte components
All the reduction reactions of the oxidized sulphur species at the

cathode as given in Eqs. (5)–(7) consume energy to no purpose and
hence reduce the current efficiency. The effect of these oxidized sul-
phur species on antimony deposition was investigated by the authors
and reported in their communication submitted for publication (Awe
et al., 2013).

S2−2 þ 2e−→2S2− E0 ¼−480 mV ð5Þ

S2O
2−
3 þ 2e−→S2− þ SO3

2− E0 ¼−631 mV ð6Þ

S2O
2−
3 þ 3H2Oþ 8e−→2S2− þ 6OH− E0 ¼−612 mV ð7Þ

2.1.3. Evolution of hydrogen
The hydrogen evolution potential is more negative than the deposi-

tion potential of antimony. However, this processwill occur at the cath-
ode if the concentration of antimony is too low in the solution. In
practice, this reaction is reported to occur when the antimony concen-
tration is less than 20 g/L. Due to low antimony concentration, antimo-
ny complex ions may be so depleted that the antimony deposition
potential will shift to the negative, and hence decreasing hydrogen
overvoltage to cause hydrogen evolution at the cathode (Anderson et
al., 1991; Nordwick and Anderson, 1993; Tian-cong, 1988). This reac-
tion will adversely affect the current efficiency. The evolved hydrogen
may react with the antimony cathode to form dangerous stibine gas
(Eq. (9)). Therefore, this process needs to be monitored and controlled.

2H2Oþ 2e−→H2 þ 2OH− E0 ¼−828 mV ð8Þ

3Hþ þ Sbo þ 3e−→SbH3 E0 ¼−510 mV ð9Þ

2.2. Anodic process

Reactions 10 and 11 are the major anode reactions during the
electrolysis of alkaline sulphide solution. At a higher hydroxide con-
centration, reaction 10will preferentially take place at the anode, but
at a lower OH− ion concentration, reaction 11will prevail. If reaction 11
dominates, the elemental sulphur formed will react with S2− ion in ac-
cordancewith Eq. (12) to produce polysulphide in the solution. Formed
polysulphide will further oxidize by the evolved oxygen at anode
producing S2O3

2− (Eq. (13)) in the electrolyte (Tian-cong, 1988).

4OH−→2H2Oþ O2 þ 4e− Eo ¼ þ400 mV ð10Þ

S2−→So þ 2e− Eo ¼−476 mV ð11Þ

S2− þ So→S2
2− ð12Þ

S2−2 þ 6OH−→S2O
2−
3 þ 3H2Oþ 6e− E0 ¼−353 mV ð13Þ
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However, the oxidized sulphur species will interact with the
electrolyte components (Eqs. (3) and (14)) and also redissolve the
antimony cathode according to reactions 15 and 16. These reactions
are energy consuming and therefore lower the process current
efficiency (Nordwick and Anderson, 1993; Tian-cong, 1988).

S2−2 þ SO2−
3 →S2− þ S2O

2−
3 ð14Þ

3S2−2 þ 2Sbo→2SbS3−3 ð15Þ

3S2O
2−
3 þ 2Sbo þ 3S2−→2SbS3−3 þ 3SO2−

3 ð16Þ

On the other hand, if the reaction given in Eq. (10) dominates the
process, the current efficiency will be enhanced, since the oxygen
formed at the anode will react with sulphide ion to produce sulphite,
thiosulphate and sulphate ions (Eqs. (17)–(19)), and even the
sulphite and thiosulphate ions formedwill be oxidized further to sul-
phate (Eqs. (20)–(21)) (Awe et al., 2013; Latimer, 1952; Lindström,
1959; Weast, 1982). The effect of these species on the electrolytic
process of depositing antimony from alkaline sulphide solution has
been verified experimentally (Anderson et al., 1994; Awe et al.,
2013; Nordwick and Anderson, 1993; Tian-cong, 1988).

S2− þ 6OH−→SO2−
3 þ 3H2Oþ 6e− E0 ¼−598 mV ð17Þ

S2− þ 8OH−→SO2−
4 þ 4H2Oþ 8e− E0 ¼−679 mV ð18Þ

2S2− þ 2O2 þH2O→S2O
2−
3 þ 2OH− ð19Þ

SO2−
3 þ 2OH−→SO2−

4 þH2Oþ 2e− E0 ¼−920 mV ð20Þ

10OH− þ S2O
2−
3 →2SO2−

4 þ 5H2Oþ 8e− E0 ¼−799 mV ð21Þ

8SbS3−3 þ 24OH−→8Sb0 þ 21S2− þ 3SO2−
4 þ 12H2O ð22Þ

Consequently, the overall process reaction will be according to
Eq. (22). By forming mainly sulphate ions at the anode, the process
current efficiency will be influenced positively (Lindström, 1977).
The problem encountered with the formation of polysulphide and
thiosulphate during the electrolytic process will be prevented.
Apart from high hydroxide concentration in the electrolyte, another
crucial factor that would contribute immensely to the formation of
chiefly sulphate ions at the anode is high anodic current density,
which can be greater than 1000 A/m2 (Lindström, 1959, 1977;
Tian-cong, 1988). At this high anodic current density, more vigorous
discharging of hydroxide ions will be favored at the anode, and
therefore, the discharging of sulphide ions will be limited. Instead
of sulphide sulphur that oxidizes to polysulphide, the oxidation
will proceed further into the formation of thiosulphate and sulphate,
which are less harmful to the electrolytic process (Tian-cong, 1988).

3. Materials and methods

3.1. Electrolysis process

The electrolyte was prepared by dissolving analytical grade antimo-
ny sulphide (Sb2S3), sodium sulphide (Na2S·3H2O) and sodium hy-
droxide (NaOH) in deionized water. The water of crystallization in
sodium sulphide reagent was compensated for during the preparation
of the electrolyte. The electrowinning tests were performed in a 1 L
stainless steel (EN-1.4436) cell. The cathode plate was made from the
same material as the electrolytic cell with a total working area of
1.01 · 10−2 m2 including both sides of the plate. The cathode plate
was placed between two anodes, which weremade from a 99.8% nickel
wire (Ø = 0.38 mm) wound vertically around the anode frame. The

total anode working area was one-tenth of the cathode area and the
gap between anode and cathode was approximately 0.04 m.

The preferred electrolyte temperaturewasmaintained by circulating
a cell jacket with constant temperature water. Each experimentwas run
for 9 h and the cathodewas replaced at the following time intervals 1, 2,
4, 6 and 9 h. The reagents and their addition levels used in the present
study are shown in Table 1. The value of the variable used for the base-
line experiment is highlighted in Table 1. After electroplating, the cath-
ode was carefully removed from the cell and immediately rinsed with
warm tap water. The deposit was dried and weighed to calculate the
current efficiency and specific energy consumed. To determine the
concentration of sulphate formed during the electrolytic process, a
turbidimetric method was used and the procedure is described else-
where (American Public Health Association, 1975; Kolmert et al.,
2000). A Siemens D5000 X-ray powder diffractometer was used to ex-
amine the antimony deposits to determine their preferred crystal orien-
tations. Patterns were collected between 2θ angles of 10–90° (at Cu Kα
radiation of 40 kV, 30 mA).

3.2. Processing of experimental data

The deposited antimony at specified time intervals was thoroughly
washed, dried and weighed. Electrodeposited antimony was analyzed
by inductively coupled plasma so as to determine the purity of the
deposited antimony and also calculate the current efficiency of the
process. The current efficiency (η, %) was estimated from the obtained
data using Faraday's law of electrolysis (Eq. (23)).

η ¼ m � n � F
M � I � t ⋅100% ð23Þ

However, the specific energy consumption (Es, kWh/kg) for the
electrodeposition of antimony after time, t (h) was calculated from
Eq. (24).

Es ¼
V � I � t
m

ð24Þ

where,

m mass of antimony deposited at time, t (g)
n number of electron transferred/molecule
F Faraday constant, 96 485 C
t deposition time (second)
I total current (A)
M antimony atomic weight, 121.76 g/mol
V average cell voltage, volts

4. Results and discussion

4.1. Influence of initial antimony concentration

The influence of change in initial antimony concentration on current
efficiency was investigated at Na2S and NaOH concentrations of 1.28 M
and 8.75 M, respectively. The test was conducted at 200 A/m2 cathodic

Table 1
Experimental variables for antimony electrodeposition tests.

Experimental variable Values

Antimony concentration, g/L 25, 35, 45
Na2S concentration, M 0.77, 1.28, 1.92
NaOH concentration, M 2.50, 5.00, 6.25, 7.50, 8.75, 10.00
Cathode current density, A/m2 50, 100, 150, 200, 250
Electrolyte temperature, °C 45, 60, 75, 90
N2 sparging, mL/min 0, 2, 5, 10
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current density and 75 °C electrolyte temperature. The result of these
tests on the current efficiency of antimony deposition is presented in
Fig. 1. Results in Fig. 1 show that the current efficiency of depositing
antimony from alkaline sulphide solution increases with increase in
antimony concentration in the electrolyte. During the duration of 6 h
electrolysis, a slight decrease in the current efficiency was observed
over this period of the electrodeposition at initial antimony concentra-
tions of 45 and 35 g/L.

When the initial antimony concentration was decreased to 25 g/L, a
similar decrease in current efficiency was observed but this decrease
was more pronounced already after 4 h of electrodeposition time
(Fig. 1). It is obvious from Fig. 2 that the concentration of antimony in
the electrolyte changes with the deposition time. After 4 h of electrode-
position, the concentrations of antimony in the solution at 25, 35 and
45 g/L of initial antimony concentrations were 12.8, 22.9 and 32.9 g/L,
respectively. However, the sharp decrease in the current efficiency at
25 g/L initial Sb concentration indicates that hydrogen evolution at the
cathode might be responsible. This process consumes energy to no pur-
pose and therefore reduces the current efficiency. It is reported that
when the antimony concentration in the electrolyte is less than 20 g/L,
hydrogen evolution is probable (Anderson et al., 1991; Nordwick and
Anderson, 1993; Tian-cong, 1988).

Fig. 3 shows the effect of initial antimony concentration on the av-
erage cell voltage and specific energy consumed during the electro-
lytic process. It is revealed from the figure that the average cell
voltage was slightly increased from 2.30 V to 2.51 V and 2.53 V at
25, 35 and 45 g/L initial antimony concentrations, respectively. Spe-
cific energy needed to deposit a kilogram of antimony was seen to
decrease with increasing initial antimony concentration. The decrease
in specific energy may be attributed to the increase in the electro-
chemical conductivity of the electrolyte due to the increase in Sb con-
centration. This probably facilitates the easy movement of antimony
complex ions to the cathode.

4.2. Influence of gas sparging on antimony deposition

It is reported that gas sparging is an effectivemethod for enhancing
mass transfer in the electrowinning process. The diffusion layer thick-
ness decreases considerably in consequence of the turbulent condi-
tions generated by the sparging (Daous and El-Shazly, 2012; Ettel et
al., 1975; Hosny et al., 1992; Rigby et al., 2001). Furthermore, the tur-
bulence developed by sparging enhances the rate of mass transfer at
both the cathode and anode with a concomitant reduction in concen-
tration polarization which tends to slow down the rate of anodic and

cathodic reactions (Daous and El-Shazly, 2012). Hence, the effect of
this gas-induced mixing will improve the current efficiency of the
electrolytic process if the Sb3+ ion is directly reduced at the cathode.
To verify the influence of gas sparging on the current efficiency of an-
timony deposition, several experiments were carried out. The investi-
gation was performed by sparging nitrogen gas at different flow rates
(0, 2, 5 and 10 mL/min) from the bottom of the cell through a
sintered-glass disperser. Molar concentration ratio between NaOH
and Na2S concentrations was 6.8 and the experiment was conducted
at 75 °C electrolyte temperature for 9 h. Initial antimony concentra-
tion was kept at 35 g/L. The influence of sparging on the cell voltage
and specific energy of antimony deposition from alkaline sulphide so-
lution is plotted in Fig. 4. The plot shows that the average cell voltage
and the specific energy consumed during the process decrease with
increasing gas sparging rate. This observation could be due to the tur-
bulence generated by the rising gas bubbles which enhances the rate
of mass transfer and decreases the concentration polarization as well
as the solution resistance to ion flow. It was noticed that there was
no significant effect of gas sparging on the current efficiency of anti-
mony deposition. At no sparging condition, the current efficiency
was 85% and when the electrolyte was sparged at 5 and 10 mL/min,
respectively, the current efficiency remained at 87% in both
cases. Fig. 5 illustrates the picture of deposited antimony under no
sparging (Fig. 5a) and sparged (Fig. 5b) conditions. It is seen from
Fig. 5a that the quality of antimony deposited is poor due to a rough,
nodulised and dendritic surface of the cathode. When the electrolyte

Fig. 1. Influence of initial antimony concentration on current efficiency.

Fig. 2. Change in antimony concentration in the electrolyte with electrodeposition time.

Fig. 3. Influence of initial antimony concentration on cell voltage and specific energy.
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was sparged, the quality of antimony deposit was good from visual in-
spection and the cathodewas characterized by a smooth and adherent
antimony deposit (Fig. 5b). The elemental analysis conducted on the
antimony deposits shows that the purity of the deposit enhances by
gas sparging. At no sparging, the purity of antimony deposit was
99.2% but when the electrolyte was sparged at 10 mL/min, the purity
increases to 99.64%.

4.3. Influence of current density on antimony deposition

Fig. 6 illustrates the influence of cathodic current density on the cur-
rent efficiency of antimony deposition. The influence of cathode current
density on the average cell voltage and specific energy needed to deposit
1 kg of antimony is depicted in Fig. 7. The tests were performed for 9 h
at a temperature of 75 °C and the concentrations of Na2S and NaOH
were 1.28 M and 8.75 M, respectively. Cathodic current density varied
from 50 to 250 A/m2, and 35 g/L initial Sb was used. It is evident in
Fig. 6 that the current efficiency is steadily increasingwith increasing ca-
thodic current density up to 150 A/m2, but after this, current efficiency
starts to decrease. The concentration of antimony remaining in the elec-
trolyte after 6 h at 200 and 250 A/m2 cathodic current density was 17.8
and 16.0 g/L Sb, respectively. This suggests that hydrogen evolution
might be the reason for the reduction in current efficiency experienced
for the tests conducted at 200 and 250 A/m2 cathodic current densities.
The rapid depletion in antimony ions or complexes on the cathode sur-
face due to the enhanced antimony deposition rate when the current
density was increased might also be responsible.

In addition, due to the current concentration and more abundant
availability of antimony ions at the edges of the cathode, the antimo-
ny deposit at the edges became progressively powdery and dendritic

growth was more pronounced at the edges of the cathode as the ca-
thodic current density was increased beyond 150 A/m2 (Sharma et
al., 2005). This was noticed during the experimental work.

Fig. 7 presents the change of cell voltage and specific energy as a
function of cathode current density. It is observable from the figure
that an increase in the cathodic current density resulted in a progressive
increase in the cell voltage aswell as the specific energy consumed dur-
ing the process. The average cell voltage ranged from 0.75 V to about
2.64 V. A typical industrial cell voltagewhen nondiaphragm electrolytic
cell is used is between 2.7 V and 3.0 V (Tian-cong, 1988). It is reported
that higher cathode current density leads to larger cell capacity and
labor productivity, but this will concomitantly increase the cell voltage
and power consumption (Tian-cong, 1988). Moreover, the specific en-
ergy consumed per kilogram of antimony deposited increased from
0.61 kWh at current density of 50 A/m2 to 2.32 kWh at cathode current
density of 250 A/m2. This implies that at higher cathode current density,
hydrogen evolutionmight have played a crucial role during the electro-
winning process.

4.4. Influence of sodium sulphide concentration on antimony deposition

The effect of sodium sulphide concentration on the current efficien-
cy was studied by using the baseline conditions highlighted in Table 1.
The concentrations of initial sodium sulphide used in these tests were
0.77, 1.28 and 1.92 M. The experimental result is shown in Fig. 8. This
figure indicates that the current efficiency decreased with increasing
sodium sulphide concentration. After 9 h of electrodeposition, current
efficiency decreased from 88% to 87% and 77% for 0.77, 1.28 and

Fig. 4. Influence of gas sparging on cell voltage and specific energy.

Fig. 5. Photograph of antimony cathode at (a) 0 mL/min and (b) 10 mL/min N2 sparging.

Fig. 6. Influence of current density on current efficiency.

Fig. 7. Influence of current density on cell voltage and specific energy.
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1.92 M of sodium sulphide, respectively. This implies that by increasing
the sodium sulphide concentration in the electrolyte, the oxidation and
reduction processes as highlighted in Section 2.2 will be promoted and
more of the undesirable sulphur species (S22− and S2O3

2−) will be
formed. Consequently, the current efficiency of antimony deposition
will decrease significantly. To prevent this problem from occurring,
Lindström (1977) suggested that the excess sulphide ions should be
removed prior to the electrolysis by adding oxidized copper powder
to the pregnant leach liquor and precipitate the excess sulphide ions
as insoluble copper sulphide (Eq. (25)).

Cu2O þ H2O þ S
2−→Cu2S þ 2OH

− ð25Þ

Fig. 8 also illustrates the effect of sodium sulphide concentration on
the average cell voltage. It is evident from the plot that the average cell
potential decreases linearly with increasing sodium sulphide concen-
tration. This could probably be due to the increase in solution conduc-
tivity as a result of increasing sulphide addition which might reduce
the solution resistance to ion flow. The average cell voltage decreased
from 2.48 V to 2.14 V when Na2S concentration was increased from
0.77 M to1.92 M, respectively.

4.5. Influence of sodium hydroxide concentration on antimony deposition

In nondiaphragm electrodeposition of antimony from alkaline sul-
phide electrolyte, it is favorable to use high concentration of NaOH,
since this will suppress the discharging of sulphide ions at the anode
and consequently prevent the formation of sulphur species which can
reduce the current efficiency of the process. A number of tests were
performed to investigate the influence of increasing concentration of
NaOH on antimony electrolysis from alkaline sulphide solution. NaOH
concentration was varied from 2.5 M to 10 M and the tests were
run for 9 h. Results from these experiments are contained in Figs. 9
and 10. The test indicates that an increase in NaOH concentration in-
creases the current efficiency of antimony deposition progressively
(Fig. 9). The figure also shows a decreasing trend in the power con-
sumption for antimony deposition as the concentration of sodium hy-
droxide increases from 2.5 M to 6.25 M, but after this concentration,
the power consumption is almost constant when NaOH concentration
is increased further. This observationmay be attributed to the preferen-
tial discharge of hydroxide ions at the anode over the sulphide ions as
provided in Eq. (10). Thus, the atomic oxygen formed will oxidize sul-
phide ions to oxygen–sulphur compounds like thiosulphate, sulphite
and sulphate, which are less harmful to the process (Tian-cong, 1988).

Fig. 10 illustrates the influence of NaOH concentration on cell volt-
age as well as the formation of sulphate ions during the electrowinning
process. It is obvious that the anodic current efficiency, which was esti-
mated based on the sulphate formed at the anode (Eq. (22)), increases
with increasing NaOH concentration. At 2.5 M NaOH, anode current
efficiency was 12% and when NaOH concentration was increased to
8.75 M and 10 M, the anodic current efficiency was 85% and 90%, re-
spectively. The figure also depicts that the average cell voltage slightly
increases with an increase in sodium hydroxide concentration. This
might be due to the fact that increase in sodiumhydroxidewill increase
the electrolyte viscosity and resistance which will consequently in-
crease the average cell voltage. The formation of sulphate with increas-
ingNaOHconcentration could also be responsible for the increase in cell
voltage due to the same reason.

4.6. Influence of electrolyte temperature

The temperature of the electrolyte has a significant influence on
the current efficiency of the electrolytic process. Fig. 11 shows that
at 90 °C and 75 °C, the current efficiency remains unchanged at 93%,
but when the electrolyte temperature is decreased further to 60 °C
and 45 °C, current efficiency is observed to decrease gradually to
90% and 81%, respectively. The plot also demonstrates a decreasing
trend of the average cell voltage with increasing electrolyte tempera-
ture. The explanation to these observations is that, as the electrolyte

Fig. 8. Influence of Na2S concentration on the process current efficiency and cell voltage.

Fig. 9. Influence of sodium hydroxide concentration on antimony electrodeposition.

Fig. 10. Influence of sodium hydroxide concentration on cell voltage and sulphate
formation.
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temperature increases, the viscosity of the electrolyte decreases, lead-
ing to a decline in the solution resistance and consequently lowering
the cell voltage. The average cell voltage decreases from 2.78 V to
2.21 V when the temperature increases from 45 °C to 90 °C, respec-
tively. However, to reduce the cost of heating, it will be practically
advisable to use a temperature between 50 °C and 75 °C.

4.7. Crystallographic orientations of antimony deposit

The antimony deposits obtained under varying current density and
NaOH concentration are examined by X-ray diffraction method to de-
termine the order of preferred crystal orientations. The results are
given in Figs. 12 and 13. The preferred crystallographic orientations of
the antimony deposit obtained at 2.5 M NaOH concentration are in
the order (012) (202) (110) (104) (Fig. 12). The peaks are narrow
and prominent, meaning that the antimony deposit at this concentra-
tion of NaOH has a high degree of crystallinity. When the concentration
of NaOH increased to 6.25 M, the most preferred crystal plane changes
and the order becomes (012) (110) (104) (202). Further increase in
NaOH concentration (6.25–10 M) does not change the crystal growth
significantly and the (012) (110) planes remain preferred orientations
throughout. It is noticed that the (202) plane becomes broadened and
suppressed as NaOH concentration increased above 2.5 M. This corrob-
orateswhatwas observed during the experiment that as the concentra-
tion of NaOH increased,more antimonypowderwas noticed at the floor

of the reactor. It can be said that increase in the concentration of sodium
hydroxide leads to more dendritic growth and powder formation.

Moreover, from Fig. 13, the order of crystal orientations for antimony
deposited at 50 A/m2 is (012) (110) (104) (202). With the increase of
cathode current density to 100 A/m2, the order of crystal orientations
still remained the same but the growth of (110) (104) (202) crystal
planes is suppressed. Further increase in cathodic current density
broadens the peaks at (110) (104) (202) crystal planes but the order
of crystal orientations still remains at (012) (110) (104) (202). This sug-
gests that the crystallinity of antimony deposit decreases with increas-
ing current density. This also supports the claim that an excessive high
current density gives rough and nodular cathode deposits (Tian-cong,
1988).

5. Conclusions

Antimony electrodeposition from model alkaline sulphide electro-
lytes has been carried out in a nondiaphragm electrolytic cell. The influ-
ence of initial antimony concentration, cathode current density,
concentrations of Na2S and NaOH, gas sparging and electrolyte temper-
ature on average cell voltage, specific energy and current efficiency of
antimony deposition has been examined. Increasing the initial concen-
tration of antimony from25 g/L to 45 g/L increased the current efficien-
cy by 18%. The average cell voltage decreased from 2.78 V to 2.21 V
when the electrolyte temperature was raised from 45 °C to 90 °C. The
results showed that increasing the sulphide concentration by 149%
decreased the current efficiency by 13% due to the formation of
polysulphide and thiosulphate ions which have adverse effect on the
current efficiency. Sparging of the electrolyte promotes a smooth and
adherent antimony deposit; and the purity of deposited antimony was
raised from 99.2% to 99.6%. The specific energy required to deposit a ki-
logram of antimony decreased by 74% when the cathode current densi-
ty was decreased from 250 to 50 A/m2. Based on sulphate formation,
anode current efficiencies of 85% and 90% were obtained at sodium hy-
droxide concentrations of 8.75 M and 10 M, respectively. The preferred
crystallographic orientations of the antimony deposit obtained at 2.5 M
NaOH concentration are in the order (012) (202) (110) (104), but the
order becomes (012) (110) (104) (202) when NaOH concentration is
increased further.
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Fig. 11. Influence of electrolyte temperature on current efficiency and cell voltage.

Fig. 12. XRD patterns of antimony deposits at various NaOH concentrations.

Fig. 13. XRD patterns of antimony deposits at various cathode current densities.
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a b s t r a c t

The technical feasibility, on laboratory scale, of hydro- and electrometallurgical processes of recovering
metallic antimony from an antimony-bearing copper sulphide concentrate has been investigated. The
influence of Na2S concentration, temperature and solid concentration was studied during the leaching
test while the effect of current density, Na2S concentration, electrolyte temperature and NaOH concen-
tration on antimony electrowinning from alkaline sulphide solutions was investigated. The leaching
results showed that antimony dissolution is strongly dependent on the concentration of the leaching
reagent as well as the leaching temperature. The antimony content in the concentrate was reduced from
1.7% to less than 0.1% Sb which is desirable for copper metallurgy. Cathode current efficiency is one of the
important parameters to evaluate the performance of an electrolytic process. It is revealed in this study
that current efficiency of antimony deposition from sulphide electrolytes is highly dependent on the con-
centration of sodium hydroxide and the current density used. The results illustrate that the combined
effect of increasing anode current density (which was 10 times higher than the cathode current density)
and NaOH concentration enhanced the current efficiency of the electrolytic process. It was demonstrated
that excess free sulphide ions impacts the current efficiency of the process detrimentally. An integrated
hydro-/electrometallurgical process flowsheet for antimony removal and recovery from a sulphide cop-
per concentrate was developed.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The production of high purity copper at a competitive produc-
tion cost is increasingly challenging because the purity of the min-
eral resources is gradually decreasing. Ore bodies with low levels of
impurity have become rarer after several decades of intense
extraction. Besides, recent developments in the copper production
technology to increase productivity as well as environmental com-
pliance are often unfavorable to impurity elimination (Larouche,
2001).

The difficulties caused by the presence of antimony and arsenic
in copper metallurgy are well reported in the literature (Navarro
and Alguacil, 2002; Wang, 2004; Filippou et al., 2007; Awe and
Sandström, 2010b). To reduce the detrimental effect of these
metallic impurities during copper making, it is common to carry
out controlled purges in order to maintain the concentrations be-
low the critical levels in the electrorefining process. However, this
practice results in the loss of valuable metals, besides, additional
facilities to treat these purges prior to discharge cause an increase
in the operation cost (Ibanez et al., 2003).

According to Table 1, typical impurity levels and penalty
charges for the treatment of impurity elements (Sb, As, Bi, and
Pb) in copper concentrates are given (Larouche, 2001).

Practically, smelters usually specify the maximum level of these
impurities in the copper concentrates under which no penalty is
paid and this is referred to as a No Charge Maximum (NCM). Above
NCM, a penalty per discrete increment in the level of minor ele-
ment is generally charged. Although, there is wide variations in
penalty charged as a consequence of the independence and privacy
of smelting contracts, market fluctuations, available technology,
environmental regulations and labour costs (Larouche, 2001).

As a result of constant increase in impurities in copper ore con-
centrates over the years, an even more critical situation can be rea-
sonably expected in the future. It is therefore important to keep the
impurities below the accepted levels by national and international
standards for the copper industry, and to decrease the amount of
harmful components emitted during copper production (Montene-
gro et al., 2010). Presently, this problem is being faced by the
majority of smelters throughout the world. The negative impact
of these impurities on the quality of copper metal necessitates a
special attention to limit their presence at low levels in the final
cathode. Their elimination might be extremely difficult even
at low concentration because of their thermodynamic and
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electrochemical properties being similar to copper (Filippou et al.,
2007). Besides, some of the impurity elements have been found to
be toxic (e.g., arsenic and lead) so their removal might present
environmental, health and safety challenges. The preferred way
to control the levels of these elements in the copper product is to
limit the feed content of these impurity elements. However, it is
not always possible due to the absence of high purity feed materi-
als or unfavourable economics. In consequence, the optimisation of
minor element elimination in the conventional smelting/electrore-
fining or development of special removal treatments is important
for the copper industry (Larouche, 2001).

The previous works conducted by various researchers have
shown that alkaline sulphide leach process has proven ability to
selectively dissolve antimony and arsenic from copper materials
prior to their smelting (Anderson, 2001; Baláž and Achimovičová,
2006; Awe and Sandström, 2010a, 2011; Awe et al., 2012). The
pregnant leach solution can be processed for antimony recovery
by using electrolytic process (Holmes, 1944; Lindström, 1977;
Anderson et al., 1994) or crystallization by cooling/evaporation
methods (Nadkarni and Kusik, 1988; Anderson et al., 1991). How-
ever, the present research is aimed at developing an innovative
process of pretreating antimony-bearing copper concentrates
using alkaline sulphide technology; and subsequently, recovering
antimony from the pregnant leach solution by an electrolytic
process.

1.1. Basic fundamentals

During the alkaline sulphide leaching process, sodium sul-
phide dissociates according to the chemical reaction (Eq. (1))
and the protonation of sulphide ions occur simultaneously
according to the equilibria reactions in Eqs. (2)–(4) (Delfini
et al., 2003). Further protonation may be caused by carbon diox-
ide uptake from the air (Eq. (5)). Consequently, the leaching abil-
ity of the lixiviant will be reduced due to the loss of sulphide
ions as HS� or H2S gas.

Na2S $ 2Naþ þ S2� ð1Þ

S2� þH2O $ HS� þ OH� ð2Þ

S2� þHþ $ HS� ð3Þ

HS� þHþ $ H2S ð4Þ

CO2 þH2O ! CO2�
3 þ 2Hþ ð5Þ

To prevent the protonation of S2� to HS� during leaching, the
pH of the solution must be kept above 12. This implies that a
strong alkaline (NaOH) environment is required to keep a high
activity of sulphide ions in solution throughout the leaching per-
iod (Ubaldini et al., 2000; Awe and Sandström, 2010b). When
tetrahedrite dissolves in Na2S solution (Eqs. (6) and (7)),
antimony forms the following soluble thio-complexes: thioan-
timonite ðSbS3�

3 Þ or thioantimonate ðSbS3�
4 Þ (Filippou et al.,

2007).

Cu12Sb4S13ðsÞ þ 2Na2SðaqÞ ! 5Cu2SðsÞ þ 2CuSðsÞ
þ 4NaSbS2ðaqÞ ð6Þ

NaSbS2ðaqÞ þ Na2SðaqÞ ! Na3SbS3ðaqÞ ð7Þ
In the presence of polysulphides or thiosulphates in the solu-

tion, the thioantimonite will be oxidised to thioantimonate (Eq.
(8)).

SbS3�
3 þ S2�

2 ! SbS3�
4 þ S2� ð8Þ

However, the antimony dissolved during the leaching process
can be recovered by an electrolytic process and the primary reac-
tions that occur during the electrolysis are given in Eqs. (9)–(13)
(Lindström, 1977; Tian-cong, 1988).

At the cathode:

SbS3�
3 þ 3e� ! Sb0 þ 3S2� ð9Þ

SbS3�
4 þ 5e� ! Sb0 þ 4S2� ð10Þ
Ideally, the following reactions occur at the anode:

4OH� ! 2H2Oþ O2 þ 4e� ð11Þ

S2� þ 2O2 ! SO2�
4 ð12Þ

Which gives the following overall cell reaction (Eq. (13)), con-
sidering the reduction of trivalent antimony at the cathode:

8SbS3�
3 þ 24OH� ! 8Sb0 þ 21S2� þ 3SO2�

4 þ 12H2O ð13Þ
Generally, by forming solely sulphate ions during the electroly-

sis in accordance with the overall reaction (Eq. (13)), the require-
ment of removing the undesirable sulphur compounds (S2�

2 and
S2O2�

3 ) and the formation of alkaline mist are prevented. At the
same time an extremely high current efficiency can be obtained
without the use of diaphragms in the electrolytic cell (Lindström,
1959, 1977).

2. Materials and methods

2.1. Materials

The copper concentrate used in this investigation was a flota-
tion concentrate obtained from Boliden Mineral AB, Sweden. More
than 80% of the mineral particles were less than 40 lm, further de-
tails about the particle size distribution of the concentrate is given
in the previous publication (Awe et al., 2012). The main mineralog-
ical phases present in the concentrate were chalcopyrite, sphaler-
ite, galena, pyrite, tetrahedrite (Cu12Sb4S13), bournonite
(PbCuSbS3), stannite (Cu2FeSnS4) and arsenopyrite (Awe et al.,
2012). Table 2 presents the elemental analysis of the concentrate.

2.2. Methods

2.2.1. Leaching
The leaching experiments were conducted in a batch mode

using a 1 L five-necked round bottomed glass reactor. The leaching
solution was prepared by dissolving sodium sulphide (Na2S�3H2O)
in sodium hydroxide (NaOH) solution. The concentration of sodium
hydroxide used at each run of the test was 20 wt% of the sodium

Table 1
Typical impurity level and penalty charges for treating impure copper concentrates.

Element No charge maximum (NCM), wt% in
dry feed (%)

Penalty (US$/MT of dry
concentrate)

Sb 0.1–0.3 $1.5–4/0.1% above NCM
As 0.1–0.3 $1.5–4/0.1% above NCM
Bi 0.01–0.03 $1.5–4/0.01% above NCM
Pb 0.5–2 $1.5–3/1% above NCM

Table 2
Elemental analysis (%) of the complex copper concentrate.

Cu Fe Pb Zn Sb Sn As Se Hg Ag

17.8 27.1 7.1 5.7 1.69 0.14 0.42 0.06 0.03 0.08
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sulphide concentration used. The lixiviant was first added to the
reactor and when the desired temperature was reached, 100 g/L
of the concentrate was added except where otherwise stated. The
contents of the reactor were mechanically homogenised using a
paddle stirrer at a constant stirring rate of 300 rpm and heated
on an auto-regulated device. All the leaching experiments lasted
for 6 h. At predetermined time intervals, a slurry sample was taken
from the reactor for the analysis of dissolved metals. All reagents
used for leaching and chemical analysis were of analytical grade
and used without further purification. Leaching results were eval-
uated by means of elemental determinations on the leach products
using Inductively Coupled Plasma–Atomic Emission Spectrometry
(ICP–AES)/Sector Field Mass Spectrometry (ICP-SFMS).

2.2.2. Electrowinning
The electrowinning tests were performed in a 1 L rectangular

316-stainless steel (EN-1.4436) cell. The cathode was a
7.1 cm � 6.8 cm � 0.2 cm 316-stainless steel plate with a total of
101 cm2 exposed plating area on both side of the plate. Two anodes
were made from nickel wire (Ø = 0.38 mm, 99.8% Ni) which was
vertically wound around the anode plastic frames. Three sets of a
double-vertically wound nickel wire, which was approximately
4 cm apart, were made on each of the anode frames (Fig. 1). The
cathode plate was placed between the two anodes. The total anode
working area (10.1 cm2) was one-tenth of the cathode area which
implies that the anodic current density was ten times higher than
the cathodic current density. The distance between anode and
cathode was 4 cm. The electrodes were connected to a constant
digital DC power supply (PL303QMD AIM-TTI dual output 30 V
3A PSU). A stock solution of the electrolyte was prepared by dis-
solving analytical grade antimony sulphide (Sb2S3), sodium sul-
phide (Na2S�3H2O) and sodium hydroxide (NaOH) in deionized
water.

The influence of cathodic current density, electrolyte tempera-
ture, the concentration of sodium sulphide and sodium hydroxide
on the current efficiency of antimony deposition and specific en-
ergy consumption was investigated. The cathodic current density
was varied between 50 and 250 A/m2, while the concentration of
sodium hydroxide was varied between 100 and 400 g/L. The elec-
trolyte temperature used was 45, 60, 75 and 90 �C. The hydrated
water in Na2S�3H2O was compensated for during the preparation
of the various concentration of Na2S (60, 100 and 150 g/L) used
in the tests. Each experiment was run for 9 h and the cathode
was changed at time intervals of 1, 2, 4, 6 and 9 h. Deposited anti-
mony was washed thoroughly in warm tap water, dried and
weighed.

3. Results and discussion

3.1. Alkaline sulphide leaching process

3.1.1. The influence of Na2S concentration on antimony leaching
The effect of sodium sulphide concentration on the extraction of

antimony from a copper concentrate containing antimony is
shown in Fig. 2. The following leaching conditions were applied –
solid concentration: 100 g/L, temperature: 90 �C and time: 6 h.
From the plots in Fig. 2, it can be seen that the leaching kinetic
was faster in the first 1 h, and thereafter, the rate of antimony
leaching was observed to be slowly decreasing with increasing
time. The figure reveals the dependence of the degree of antimony
leaching on the concentration of sodium sulphide, therefore, it can
be concluded that the higher the concentration of sodium sulphide,
the faster the dissolution of antimony from the concentrate. At
200 g/L Na2S addition, about 97% antimony is removed within
6 h, however, the recovery decreases when sodium sulphide con-
centration is reduced to 150 and 100 g/L, reaching up to 92% and
63% in 6 h, respectively. Since antimony is present in the concen-
trate as tetrahedrite (Cu12Sb4S13) and bournonite (PbCuSbS3), the
result shows that the leaching of antimony from these minerals
is strongly dependent on the concentration of Na2S. Further expla-
nation to this behaviour is that during leaching of these antimony
minerals, they will decompose and the various elements in the
minerals will react with sulphide ions to form either soluble (Na3-

SbS3) or insoluble (CuS, Cu2S, and PbS) sulphide compounds. This
means that for the leaching process to be efficient and effective,
more than the stoichiometry requirement of sulphide ions needed
to dissolve the antimony content of the material should be used.
This result is consistent with the previous study by the author
(Awe and Sandström, 2010a,b) when antimony was leached from
a tetrahedrite rich complex sulphide concentrate.

3.1.2. The influence of leaching temperature
Fig. 3 shows the dependence of antimony leaching from an anti-

mony-bearing copper concentrate on temperature. The leaching
experiment was investigated by conducting tests at: 40–100 �C
while keeping the concentrations of sodium sulphide and solid
material constant at 150 g/L and 100 g/L, respectively. It is clearly
shown from Fig. 3 that leaching of antimony from the concentrate
is strongly influenced by temperature. A slower increase in the
leaching degree is noticeable after 1 h. This is probably due to
the leaching of the fine mineral particles before the coarse ones
since more than 80% of the mineral grains are less than 40 lm.
The results show a clear improvement in the kinetics of antimony
removal as temperature is increased. This strong temperatureFig. 1. A schematic side view drawing of the electrodes.

Fig. 2. Effect of Na2S concentration on antimony leaching. Conditions: 100 g/L solid
concentration, 90 �C leaching temperature and 6 h leaching time.
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dependence suggests that the controlling mechanism is the chem-
ical reaction taking place on the surface of the particles (Awe and
Sandström, 2010a). After 6 h leaching at 90 and 100 �C, the maxi-
mum antimony dissolved was 92%. This implies that there is no
need to perform antimony leaching from the concentrate at a tem-
perature greater than 90 �C.

3.1.3. The influence of solid concentration
To optimise the effect of solid concentration on the leaching

efficiency, the antimony-bearing copper concentrate was leached
with solid concentration between 100 g/L and 300 g/L by keeping
other conditions constant (sodium sulphide concentration, 150 g/
L; leaching temperature, 90 �C; stirring rate, 300 r/min; and leach-
ing time, 6 h). The results illustrated in Fig. 4 show that antimony
leaching recovery increased slightly when the solid concentration
was decreased from 300 g/L to 200 g/L, but the recovery profile
was almost the same as at solid concentrations of 200 and 100 g/
L, respectively. The result indicates that under this leaching condi-
tion, the optimum solid concentration needed to achieve the opti-
mum antimony dissolution within 6 h of leaching may be 250 g/L.
The highest antimony leaching recovery obtained was 92% at both
100 and 200 g/L solid concentration after 6 h.

3.1.4. Examination of leach residue
At the end of the leaching tests, four of the leach residues at

which the antimony recovery was greater than 95% were selected
for elemental analysis. The result of this analysis is presented in Ta-
ble 3. The result indicates that the alkaline sulphide lixiviant is
strongly selective to dissolving antimony from the concentrate.
About 96% of the antimony content of the concentrate has been re-
moved into solution. This confirms the previous findings reported

in the literature (Baláž and Achimovičová, 2006; Awe and Sands-
tröm, 2010b, 2011). It is noticeable from the table that only about
10% of arsenic is removed during the leaching. This is because ar-
senic is present mainly as arsenopyrite in the concentrate, and
arsenopyrite mineral has been reported to be unreactive to alkaline
sulphide solution (Filippou et al., 2007; Awe et al., 2012). More-
over, the arsenic content dissolved in the lixiviant probably comes
from the tetrahedrite mineral present in the concentrate since ar-
senic can substitute for antimony in the tetrahedrite crystal struc-
ture (Awe and Sandström, 2010b). The antimony content in the
upgraded concentrate is far less than the concentration of anti-
mony that should be present in the smelter’s feedstock under
which no penalty will be charged as reported in Table 1.

3.2. Electrolytic recovery of antimony

3.2.1. Effect of current density
Fig. 5 illustrates the effect of cathodic current density on anti-

mony electrodeposition. Antimony recovery is seen to increase
with increase in cathodic current density. The highest antimony
deposition within 9 h at 250 A/m2 was 74%. It can be seen from
the figure that the current efficiency was steadily increasing with
increasing cathodic current density up to 150 A/m2, but after this,
current efficiency started decreasing. The antimony left in solution
after 6 h at 200 and 250 A/m2 cathode current density was 17.8
and 16.0 g/L Sb, respectively. This implies that hydrogen evolution
might be the reason for the reduced current efficiency experienced
after 6 h for the tests conducted at 200 and 250 A/m2 cathodic cur-
rent density. At the Sunshine plant, it was reported that hydrogen
gas evolution was noticeable when the antimony content of the
electrolyte was lower than 15 g/L (Nordwick and Anderson,
1993; Filippou et al., 2007). Another reason could be that since
thiosulphate and polysulphide concentrations increase with elec-
trowinning time due to the continuous formation at the anode,
the part of current used for the reduction of thiosulphates and

Fig. 3. Effect of leaching temperature. Conditions: 100 g/L solid concentration,
150 g/L Na2S concentration and 6 h leaching time.

Fig. 4. Effect of solid concentration. Conditions: 150 g/L Na2S concentration, 90 �C
leaching temperature and 6 h leaching time.

Table 3
Elemental analysis of the feed and selected leach residues.

Cu (%) Zn (%) Pb (%) As (%) Sb (%)

Feed 17.8 5.7 7.1 0.42 1.69
Residue 1 17.5 5.6 6.8 0.39 0.10
Residue 2 17.2 5.7 7.0 0.39 0.03
Residue 3 17.6 5.7 7.1 0.34 0.10
Residue 4 17.3 5.5 6.7 0.39 0.07
Average in residues 17.4 5.6 6.9 0.38 0.07

Fig. 5. Effect of cathode current density (CCD) on antimony recovery and current
efficiency (CE). Conditions: 100 g/L Na2S, 350 g/L NaOH, 35 g/L Sb, and 75 �C
electrolyte temperature and 9 h deposition time.
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polysulphides at the cathode increases when the antimony concen-
tration decreases.

The influence of the current density on the cell voltage and spe-
cific energy consumption is shown in Fig. 6. It is apparent from the
figure that increase in the cathodic current density resulted in a
steady increase in the cell voltage as well as the specific energy
consumed during the process. It has been reported that higher cur-
rent density leads to larger cell capacity and productivity, but will
concomitantly increase cell voltage and power consumption (Tian-
cong, 1988). Fig. 7 demonstrates that increase in cathode current
density influences the morphology of the deposit. It is obvious
from Fig. 7 that at 50 A/m2, antimony deposition is smooth, silvery
whitish in colour and strongly adherent to the cathode while at
250 A/m2, the deposit is rough and greyish-green with loose adher-
ence to the cathode material.

3.2.2. Effect of sodium sulphide concentration
The effect of sodium sulphide concentration on the current effi-

ciency was studied by using the following electrolytic conditions –
initial antimony concentration: 35 g/L, NaOH concentration: 350 g/
L, cathode current density: 200 A/m2 and electrolyte temperature:
75 �C. The concentrations of initial sodium sulphide used in these
tests were 60, 100 and 150 g/L. The result obtained from this
experiment is shown in Fig. 8. The figure indicates that the current
efficiency decreases with increasing free sodium sulphide concen-
tration. After 9 h of electrodeposition, current efficiency decreased
from 88% to 87% and 77% for 60, 100 and 150 g/L of sodium sul-
phide respectively. This implies that by increasing the free sodium
sulphide concentration in the electrolyte, it will promote the oxi-

dation of sulphide sulphur to undesirable sulphur species like S2�
2

and S2O2�
3 in the solution (Eqs. (14) and (15)) and the oxidised sul-

phur species will further get reduced when they are in contact with
the cathode (Eqs. (17)–(20)) and other constituents of the solution
(Eq. (22)). These oxidation and reduction processes consume en-
ergy to no purpose, and consequently decreases the current effi-
ciency of the electrolytic process. Oxidation and reduction of
antimony complex ions as shown in Eqs. (16) and (21) will also
contribute to the lowering of current efficiency.

At the anode:

2S2� ! S2�
2 þ 2e� ð14Þ

S2�
2 þ 1:5O2 ! S2O2�

3 ð15Þ

SbS3�
3 þ S2� ! SbS3�

4 þ 2e� ð16Þ
At the cathode:

S2O2�
3 þ 2e� ! S2� þ SO2�

3 ð17Þ

S2O2�
3 þ 3H2Oþ 8e� ! 2S2� þ 6OH� ð18Þ

3S2�
2 þ 2Sbo ! 2SbS3�

3 ð19Þ

S2�
n þ 2ðn� 1Þe� ! nS2�; n ¼ 2;3; . . . ð20Þ

SbS3�
4 þ 2e� ! SbS3�

3 þ S2� ð21Þ

Fig. 6. Effect of current density on cell voltage and specific energy. Conditions:
100 g/L Na2S, 350 g/L NaOH, 35 g/L Sb, and 75 �C electrolyte temperature and 9 h
deposition time.

Fig. 7. Photograph of the antimony cathode at (a) 50 A/m2 and (b) 250 A/m2 cathodic current density.

Fig. 8. Effect of Na2S concentration on the process current efficiency. Conditions:
200 A/m2 cathode current density, 350 g/L NaOH, 35 g/L Sb, and 75 �C electrolyte
temperature and 9 h deposition time.
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In the electrolyte:

S2�
n þ ðn� 1ÞSbS3�

3 ! S2� þ ðn� 1ÞSbS3�
4 ð22Þ

The effect of sodium sulphide concentration on the cell voltage
and specific energy is plotted in Fig. 9. The plot illustrates that the
average cell potential decreases linearly with increasing sodium
sulphide concentration while the specific energy was not much
influenced. The increase in sulphide concentration might have en-
hanced the mass transfer of antimony complexes or ions to the
cathode surface for deposition and thereby minimise the resistance
to ions mobility.

3.2.3. Effect of NaOH concentration
This test demonstrates that increase in NaOH concentration

influences antimony recovery significantly (Fig. 10). It also reveals
that the current efficiency (CE) of antimony deposition after 9 h in-
creases with increasing sodium hydroxide concentration. This
observation may be attributed to the preferential discharge of
hydroxide ions at the anode over sulphide due to the difference
in concentration (Eqs. (11) and (14)). As a result, the formation of
the major harmful sulphur species ðS2�

2 Þ which can hinder anti-
mony deposition at the cathode is limited. Thus, the oxygen
formed at the anode (Eq. (11)) will oxidise sulphide ions to thiosul-
phate, sulphite and sulphate, which are less harmful to the process
(Tian-cong, 1988). The formation of thiosulphate in the electrolyte
during the electrolysis adversely reduces the current efficiency
(Fig. 10) of the electrolytic process (Awe et al., 2013). About 71%
and 47% of the initial antimony content were deposited after 9 h
at 400 and 100 g/L of NaOH concentration, respectively. Fig. 11 de-

picts that the average cell voltage increases with an increase in so-
dium hydroxide concentration. This may be ascribed to the fact
that increase in sodium hydroxide concentration will increase
the electrolyte viscosity and resistance which will consequently in-
crease the average cell voltage. The specific energy was noticed to
decrease with increasing sodium hydroxide concentration. This
observation is due to the increase in sodium hydroxide concentra-
tion which enhances antimony deposition. Specific energy of an
electrolytic process is inversely proportional to the mass of the me-
tal deposited at the cathode. This suggests that an increase in the
amount of antimony deposited due to the increase in NaOH con-
centration will lead to a decrease in the specific energy. The effect
of sodium hydroxide concentration on the physical appearance of
antimony deposits is evidence in Fig. 12. As can be seen from the
figure, at 100 g/L NaOH, antimony deposit was smooth and adheres
to the cathode but when the concentration was increased to 400 g/
L, the deposit was rough and darkened. The chemical analysis of
the deposit shows that the purity of the antimony deposits de-
creased from 99.8% at 100 g/L NaOH to 99.2% at 350 g/L NaOH.

3.2.4. Effect of electrolyte temperature
Investigations were conducted under the following conditions

(35 g/L Sb, 100 g/L Na2S, 350 g/L NaOH and 200 A/m2 cathode cur-
rent density) in order to study the influence of the electrolyte tem-
perature on antimony electrowinning from alkaline sulphide
electrolyte. The results of the test are reported in Figs. 13 and 14,
which indicate that the temperature of the electrolyte has a signif-
icant influence on the current efficiency of the electrolytic process.
Fig. 13 displays that current efficiency at 45 �C decreases faster
than at 60 �C, 75 �C and 90 �C, respectively. The cause for this is
that, at 45 �C, the viscosity of the electrolyte was higher than at
the other temperatures due to the decreased solubility of the elec-
trolyte components, and consequently increases the solution resis-
tance and electrode polarisation (Tian-cong, 1988). It is noticed
from Fig. 14 that increase in electrolyte temperature decreases
the solution resistance, which also in turn favours reduced cell
voltage and specific energy consumption.

3.3. Preliminary flowsheet of antimony recovery process from copper
concentrate

The combined hydro- and electrometallurgical processes of
recovering antimony from a sulphide concentrate rich in antimony
is presented in Fig. 15. To have an effective and efficient leaching of
antimony from its minerals (e.g. tetrahedrite), it would be benefi-
cial to the leaching process if the mineral particles of the concen-
trate are finely ground prior to the leaching step (Filippou et al.,

Fig. 9. Effect of Na2S concentration on cell voltage and specific energy. Conditions:
200 A/m2 cathode current density, 350 g/L NaOH, 35 g/L Sb, and 75 �C electrolyte
temperature and 9 h deposition time.

Fig. 10. Effect of sodium hydroxide on antimony electrodeposition. Conditions:
200 A/m2 cathode current density, 100 g/L Na2S, 35 g/L Sb, and 75 �C electrolyte
temperature and 9 h deposition time.

Fig. 11. Effect of sodium hydroxide concentration on cell voltage and specific
energy. Conditions: 200 A/m2 cathode current density, 100 g/L Na2S, 35 g/L Sb, and
75 �C electrolyte temperature and 9 h deposition time.
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2007; Awe et al., 2010; Awe and Sandström, 2010b). Moreover,
high concentration of the alkaline sulphide lixiviant and high tem-
perature are necessary to maintain high extraction rates in the
leaching circuit. After leaching, the pulp is thickened and filtered.
The purified concentrate is washed thoroughly and dried before
it is fed as a feedstock in copper making process.

It is important to state that copper concentrates containing ar-
senic minerals as enargite (Cu3AsS4), tennantite (Cu12As4S13) and
others apart from arsenopyrite (FeAsS) which is inert to the leach-
ing solution can be treated in this process with a significant re-
moval of arsenic from the concentrate.

During leaching it is impossible to prevent a small degree of
oxidation of the lixiviant as a result of the effect of the oxygen in
the air in accordance with Eqs. (23) and (24). These oxidation prod-

ucts (S2�
2 and S2O2�

3 ) are reduced at the cathode during the electro-
lytic process and consequently decrease the current efficiency of
the electrolytic process.

4S2� þ O2 þ 2H2O ! 2S2�
2 þ 4OH� ð23Þ

S2�
2 þ 3=2O2 ! SO2�

3 ð24Þ

Feþ S2�
2 ! FeSþ S2� ð25Þ

Feþ S2O2�
3 ! FeSþ SO2�

3 ð26Þ

Feþ SbS3�
4 ! FeSþ SbS3�

3 ð27Þ

Cu2OþH2Oþ S2� ! Cu2Sþ 2OH� ð28Þ
However, the polysulphide and thiosulphate formed as a result

of the sulphide oxidation can be eliminated by adding iron chips
into the pregnant leach solution prior to the electrolysis (Eqs.
(25) and (26)) (Lindström, 1959, 1977). Addition of iron chips to
the solution will also reduce Sb5+ to Sb3+ (Eq. (27)) which is bene-
ficial to the electrowinning process since less electrical energy is
needed to reduce Sb3+ to metallic antimony in comparison to
Sb5+. In Eq. (25), it can be seen that more sulphide ions will be
formed during this process and therefore increase the sulphide
concentration. If the sulphide concentration is higher than what
is needed for the electrolytic process, the excess sulphide can be
precipitated in the form of copper sulphide by adding copper oxide
powder to the solution (Eq. (28)). The reason for this is that excess
free sulphide ions are harmful to the electrolytic process as ex-
plained in Section 3.2.2. The precipitation products are separated.
In addition, it is relevant to state here that during leaching, the
mercury content of the concentrate will also be dissolved by the
lixiviant which should be removed prior to the electrolysis. Mer-
cury removal can be performed by cementation with antimony
powder (Lindström, 1959). From Eq. (28), it is evident that hydrox-
ide ions are formed during the removal of excess sulphide ions, but
if the concentration of the hydroxide is not up to what is required
for the electrowinning process further addition needs to be made
before pumping the solution into a nondiaphragm electrolytic cell
for antimony deposition. Generally, during the alkaline sulphide
leaching of antimony mineral (e. g. tetrahedrite) and antimony
electrodeposition from the pregnant leach solution, the major
parameters consumed during these processes are sodium hydrox-
ide and electrical energy. The overall reaction of these processes
can be summarised as given in Eq. (29).

2Cu12Sb4S13ðsÞ þ 24NaOH ! 8Sb0 þ 9Na2Sþ 3Na2SO4

þ 12H2Oþ 10Cu2SðsÞ þ 4CuSðsÞ ð29Þ

Fig. 12. Photograph of antimony cathode 100 and 400 g/L NaOH.

Fig. 13. Effect of electrolyte temperature on antimony electrodeposition. Condi-
tions: 200 A/m2 cathode current density, 350 g/L NaOH, 100 g/L Na2S, 35 g/L Sb and
6 h deposition time.

Fig. 14. Effect of electrolyte temperature on cell voltage and specific energy.
Conditions: 200 A/m2 cathode current density, 350 g/L NaOH, 100 g/L Na2S, 35 g/L
Sb and 6 h deposition time.
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However, at high ionic strength of the electrolyte, high hydrox-
ide concentration and anodic current density greater than 1500 A/
m2, sulphate and sulphide ions will be released into the electrolyte
as antimony gets deposited at the cathode (Eq. (29)). Under this
condition of the electrolysis, sodium sulphate will be the main
dominating oxidised sulphur species in the electrolyte and is col-
lected as a solid anodic product. It is crucial to state that the anti-
mony content of the electrolyte should not get lowered beyond
15 g/L during the deposition process to avoid hydrogen evolution
at the cathode (Nordwick and Anderson, 1993; Tian-cong, 1988).
This would affect the electrolysis process adversely and also lead
to a dangerous working environment due to the possible evolution
of stibine (SbH3) or arsine (AsH3) gas. This implies that a proper
monitoring of antimony concentration in the electrolyte should
be taken into consideration during the electrolytic process. A strict
bleed management is required to prevent the accumulation of oxi-
dised sulphur species, sulphide ions, arsenic and other species. The
bleed can be treated by either crystallization by cooling or evapo-
ration, to recover antimony as solid Na3SbS4 (Nadkarni and Kusik,
1988; Anderson et al., 1991) or by acidifying the solution to re-
cover sulphide ions and antimony as Na2S and Sb2S3, respectively.

However, even though the technical practicability of the pro-
cess has been demonstrated, critical hydro- and electrometallurgi-
cal process parameters to be used for the development of the
process flowsheet and plant design should be investigated in a con-
tinuous testing process at both laboratory and pilot-plant scale
levels.

4. Conclusions

This investigation demonstrates the technical feasibility, on lab-
oratory scale, of the integrated sulphide leaching process to re-
cover antimony as a metal from a copper concentrate containing
antimony. The results from the leaching step showed that anti-
mony dissolution strongly depends on the concentration of the
leaching reagent as well as the leaching temperature. The anti-
mony content in the concentrate was reduced from 1.7% to less

than 0.1% Sb, which is desirable for copper metallurgy. Current effi-
ciency is one of the important parameters to evaluate the perfor-
mance of an electrolytic process. It is revealed in this study that
current efficiency of antimony deposition from sulphide electro-
lytes is highly dependent on the concentration of sodium hydrox-
ide and the current density used. The results illustrated that the
combined effect of increasing anode current density (which was
10 times higher than the cathode current density) and NaOH con-
centration enhanced the current efficiency of the electrolytic pro-
cess. It was demonstrated that excess free sulphide ions impacts
the current efficiency of the process detrimentally. A simplified hy-
dro/electrometallurgical process flowsheet for antimony removal
and recovery from a sulphide copper concentrate was developed.

Acknowledgements

The authors would like to appreciate the following organisa-
tions VINNOVA and Boliden Mineral AB for their financial supports.
The contribution from the Centre of Advanced Mining & Metallurgy
(CAMM) is gratefully acknowledged.

References

Anderson, C., 2001. Hydrometallurgically treating antimony-bearing industrial
wastes. JOM Journal of the Minerals, Metals and Materials Society 53, 18–20.

Anderson, C.G., Nordwick, S.M., Krys, L.E., 1991. Processing of antimony at the
Sunshine mine. In: Reddy, R.G., Imrie, W.P., Queneau, P.B. (Eds.), Proceedings of
Conference on Residues and Effluents: Processing and Environmental
Considerations. The Minerals, Metals and Materials Society, pp. 349–366.

Anderson, C.G., Nordwick, S.M., et al., 1994. Antimony Separation Process. US Patent
5,290,338.

Awe, S.A., Sandström, Å., 2010a. Leaching mechanism of tetrahedrite in alkaline
sulfide solution. In: Proceedings of Conference in, Minerals Engineering, pp. 13–
24.

Awe, S.A., Sandström, Å., 2010b. Selective leaching of arsenic and antimony from a
tetrahedrite rich complex sulphide concentrate using alkaline sulphide
solution. Minerals Engineering 23, 1227–1236.

Awe, S.A., Sandström, Å., 2011. Upgrading of an impure copper concentrate for
pyrometallurgical processing. In: Harre, J., Waschki, U. (Eds.), Proceedings of the
Sixth European Metallurgical Conference on Resource Efficiency in the
Nonferrous Metals Industry – Optimisation and Improvement, vol. 1,
Dussedorf, Germany, pp. 15–31.

Fig. 15. Flowsheet diagram for antimony recovery from copper concentrate.

52 S.A. Awe et al. / Minerals Engineering 49 (2013) 45–53



Awe, S.A., Samuelsson, C., Sandström, Å., 2010. Dissolution kinetics of tetrahedrite
mineral in alkaline sulphide media. Hydrometallurgy 103, 167–172.

Awe, S.A., Khoshkhoo, M., Kruger, P., Sandström, Å., 2012. Modelling and process
optimisation of antimony removal from a complex copper concentrate.
Transactions of Nonferrous Metals Society of China 22, 675–685.

Awe, S.A., Sundkvist, J.E., Sandström, Å., 2013. Formation of sulphur oxyanions and
their influence on antimony electrowinning from sulphide electrolytes.
Manuscript Under Review in Minerals Engineering.
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