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ABSTRACT. Chalcopyrite concentrate containing 31.1% copperq 29.0% iron and 31.8% sulphur as the main components was subjected to bioleaching by means of a mixed culture of extremely thermophilic archaea related to the genera Sulfolobus, Acidianus and Metallosphaera. The leaching was carried out under batch and continuous-flow conditions using buffled reactors with mechanical stirring and enhanced aeration with air enriched in carbon dioxide, at 80oC and pulp densities within the rangeof 5 – 20%. The most efficient copper extraction of 88.4% was achieved by continuous leaching at a residence time of 10 days and pulp density of 10%. The dissolved copper was recovered from the pregnant leach solution by means of solvent extraction plus electrowinning.
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РЕЗЮМЕ. Халкопиритен концентрат, съдържащ 31.1% мед, 29.3% желязо и 32.9% сяра като глевни компоненти, беше подложен на биологично излугване чрез смесена култура на екстремално термофилни археи, отнесени към родовете Sulfolobus, Acidianus и Metallosphaera . Излугването беше проведено при условия на периодичен и непрекъснат режим в реактори с прегради и с механично разбъкване и усилена аерация с възлух, обогатен с въглероден двуокис, при 80оС и плътност на пулпа в границите от 5 – 20%. Най-ефикасното извличане на мед от 88.4% беше постигнато при непрекъсното излугване с контактно време 10 денонощия и плътност на пулпа 10%. Разтворената мед беше извлечена от продукционния разтвор чрез течностна екстракция и електролиза.

Introduction
Different  types of sulphide concentrates are efficiently leached by means of acidophilic chemolithotrophic microorganisms, both bacteria and archaea. In some cases the leaching is connected with solubilization of one or more non-ferrous metals such as copper, zinc, nickel, cobalt, etc. from the concentrate being leached. In some other cases the microbial leaching is used as a pretreatment procedure prior to some conventional treatment, e.g. the prior oxidation of gold-bearing and silver-bearing sulphide minerals to liberate these precious metals finely disseminated in the sulphide matrix and to facilite its subsequent chemical extraction. 
The microbial leaching of sulphide concentrates is carried out with mechanical stirring and enhanced aeration by air enriched with CO2. The optimum leach conditions can be established and controlled in such systems. Mixed cultures of different species of both mesophilic and thermophilic chemolithotrophic microorganisms have been used in such operations (Watling, 2006).
These microorganisms oxidize the sulphide minerals by mens of different mechanisms but both iron – and sulphur-oxidizing activities are needed to be present by the relevant microbial communities for achieving high leaching rates (Norris, 2007, Rawlings and Johnson, 2007). It must be noted that the different microbial species and even the strains related to one and the same taxonomic species can differ considerably from each other with respect to the levels of their oxidative ability (Groudev, 1985, 1990). At the same time, the different sulphide minerals and even the natural specimens of one and the same sulphide mineral can differ considerably from each other with respect to their susceptibility towards chemical and microbial leaching. It is difficult to say what is the main reason for these differences but they are partially, at least, connected with the presence of several variants in the structure of the crystal lattice of the relevant sulphide minerals, including the presence of impurities and defects of different type, as well as with the character of their associations with other minerals. In any case, the chalcopyrite is the most refractory among the sulphide minerals towards both chemical and microbial leaching.
The leaching conditions, mainly the temperature and the composition of the leach solutions, also cause a considerable effect on the efficiency of the chalcopyrite leaching. At temperatures lower than 40oC the ferric ions are effective for leaching chalcopyrite and the mesophilic iron-oxidizing chemolithotrophic bacteria can maintain a high ferric to ferrous ratio and a high redox potential in the leaching system (Bevilaqua et al., 2002). In some cases similar processes take place in leaching systems with moderately thermophilic chemolithotrophic bactera at 45-50oC. On the other side, it was found that the ferrous ions promoted the chalcopyrite leaching in diluted sulphuric acid solutions containing dissolved oxygen, ferric ions and cupric ions (Hiroyoshi et. al., 1997, 2001). However, it must be noted that the bacterial leaching of chalcopyrite by means of mesophilic or moderately thermophilic bacteria rarely exceeded copper extractions higher than 50% (Sakoda et al., 2011). Higher extractions have been achieved by means of extremely thermophilic arhaea growing at higher temperatures (within the range of about 60 – 85oC). 
The present paper contains some data about the leaching of a chalcopyrite concentrate by means of a mixed culture of extremely thermophilic archaea able to grow and leach this mineral at 80oC.
Materials and Methods

Data about the chemical composition of the concentrate are shown in Table 1. This was a typical copper chalcopyrite concentrate. Bornite and the secondary copper sulphides covellite and chalcocite were also present but in much lower concentrations. Quartz was the main mineral of the host rock. 

The concentrate was subjected to bioleaching by means of a mixed culture of extremely thermophilic archaea related to the genera Sulfolobus, Acidianus and Metallosphaera.  The culture was adapted to the concentrate by consecutive transfers of late-log-phase subcultures to concentrate suspensions with increasing pulp densities in a nutrient medium with the following composition (in g/l): (NH4)2SO4 1.0, KH2PO4 0.5, KCl 0.5, MgSO4.7H2O 0.5, Ca(NO3)2 0.01, yeast extract 0.5, with an initial pH of 1.9. The adaptation procedure was carried out at 80oC which was the optimum temperature for the growth and oxidative activity of the culture.

Table 1.
Chemical composition of the concentrate

	Component
	Content, %
	Component
	Content, %

	Cu total
	31.1
	Cu oxidic
	0.5

	Cu sulphidic
	30.6
	Iron 
	29.0

	- primary
	28.5
	Sulphur
	31.8

	- secondary
	2.1
	
	


The microbial batch leaching of the concentrate was carried out in agitated 2 l buffled bioreactors containing 900 ml of the nutrient medium mentioned above, 50 – 200 g concentrate (with particle size minus 0.074 mm) and 100 ml of an active microbial inoculum consisting of a late log-phase culture preliminarily adapted to the concentrate and containing about 109 cells/ml. The leaching was carried out at stirring rate of 800 rpm for 10 days at 80oC. Apart from the mechanical stirring, air containing 0.2% CO2 was injected into the bioreactors at a rate of 0.3 l/l mineral suspension.
Comparative chemical batch leaching experiments were carried out by solutions of diluted sulphuric acid as well as by acidified solutions of ferric ions in different concentrations. The ferric ions were produced as a result of the chemical oxidation of hot solution of ferrous sulphate in diluted sulphuric acid in the presence of hydrogen peroxide. 

The continuous-flow leaching was carried out by means of a system consisting of a conditioning vessel and four agitated buffled bioreactors (with a 1 l working volume each) connected in a series. The leaching conditions were these used in the batch leaching.

The pH during most leaching experiments was maintained within the range of 1.9 – 1.7 by addition of sulphuric acid or freshly ground limestone.

The progress of leaching was followed by analysis of the leach solutions for pH, Eh, dissolved oxygen and metals, and number of archaea. Elemental analysis of the liquid samples was carried out by means of atomic absorption spectrometry and inductively coupled plasma spectrometry. Elemental analysis of the solid samples was carried out by digestion and measurements of the ion concentrations in solution by the above-mentioned methods.
The enumeration of microorganisms was carried out by the serial end-point dilution method using samples withdrawn from the bioreactors and inoculated in the above-mentioned nutrient medium but with Fe2+ or So as energy sources. The taxonomic identification was carried out by the PCR techniques (Sanz and Köchling, 2007).
Solvent extraction plus electrowinning were used to recover copper from the pregnant solutions after bioleaching. The solvent extraction was carried out by means of the reagent LIX 984N (10 volume percent in a kerosene diluent). The solvent extraction circuit consisted of two extraction stages and one stripping stage. The final pregnant electrolyte was treated in an electrowinning cell in which two anodes were made of lead (with 8% Sb) and a single cathode was made of stainless steel. Current density applied in the cell was between 200 – 300 amperes/m2.
Results and Discussion

The batch microbial leaching of the concentrate was characterized by lag-phases with duration of about 18 – 24 hours. However, the real logarithmitic growth phase started only after 30 – 36 hours. The final copper extraction decreased with the increasing of the pulp density but the real amount of copper recovery within the leaching period of 10 days at pulp densities from 10 to 20% was very similar (Table 2). The number of archaea in the leach solutions during this 10 days period was about 107 – 108 cells/ml. However, most archaea were attached on the solid particles in the mineral suspensions.
Table 2. 

Data about the microbial batch leaching of the concentrate at different pulp densities

	Pulp density, %
	Cu 
extraction, 
%
	Final Cu concentration, g/l
	Average Cu leaching rate, mg/l.h

	5
	84.2
	13.09
	54.54

	10
	77.9
	24.23
	100.96

	15
	50.9
	23.74
	98.92

	20
	38.7
	24.07
	100.29


The prolongation of the leaching period after the 10th day resulted in increasing of copper extraction at 5% pulp density to 90.1% within 12 days and to 93.8% within 15 days. The prolongation of the leaching period at other pulp densities also resulted in increasing of the copper extraction. However, the leaching rates at these higher pulp densities were much lower than those during the initial phase of leaching, regardless to the availability of large residual amounts of the substrate, i.e. of the concentrate.
The analysis of the kinetics of leaching revealed that the rate of leaching considerably decreased when the concentration of copper in solution exceeded about 21 – 22 g/l. It must be noted that iron present in chalcopyrite also solubilized during the leaching and at that moment was very close to about 20 g/l. The increased toxicity of solutions containing such high concentrations of heavy metals was the reason for the decreased leaching rates. It was found that the archaea culture used in this study was able to grow on the chalcopyrite concentrate even in the presence of 35 g/l copper and 32 g/l iron in the leach solution but at much lower growth and oxidation rates.
The chemical leaching of the concentrate by ferric ions was less efficient than the microbial leaching (Table 3). These data reflect the essential role played by archaea in the oxidation of chalcopyrite and of the other sulphides. This role was connected not only with their ability to recycle in situ the Fe3+ ions by the oxidation of the Fe2+ ions produced during the leaching of the chalcopyrite but also with their direct oxidation of this mineral. This direct oxidation, apart from the faster generation of Fe2+ ions in comparison with the chemical oxidation by the Fe3+  ions, generated also at higher rates the sulphur intermediates (mainly So but also Cu2S ad CuS)  that were formed during the oxidation of chalcopyrite to the final products CuSO4 and Fe2(SO4)3. This explains the relatively low redox potentials measured during the leaching of chalcopyrite by archaea (usually within 480 – 510 mV versus SHE).  At the same time, these microorganisms eliminated efficiently the passivation films of So formed on the mineral surface during the leaching.

Table 3.

Comparative data about the microbial and chemical batch leaching of the concentrate

	Pulp density,
%
	Type of leaching

	
	Microbial
	Chemical (by Fe3+)
	Chemical (by H2SO4)

	
	Copper extraction, %

	5
	84.2
	54.5
	14.5

	10
	77.9
	49.5
	14.0

	15
	50.9
	30.7
	8.4

	20
	38.7
	23.9
	7.1


Experimental conditions: Volume of leach suspensions 1000 ml; mechanical stirring 800 rpm plus enhanced aeration (by air with 0.2 % CO2); 80 oC for 10 days; chemical leaching ration g concentrate/g Fe3+ 1:0.62; g concentrate/g H2SO4 1:0.27.
The chemical leaching of the concentrate by sulphuric acid was not efficient and a considerable portion of the copper solubilized in this way was leached from the oxide minerals and the chalcocite present in the concentraye (Table 3).
The continuous microbial leaching of the concentrate was more efficient (Table 4 and Figure 1) than the batch microbial leaching mainly due to the elimination of the lag-phase. 
Table 4.

Data about the microbial continuous leaching of the concentrate of different pulp densities

	Pulp density, %
	Cu extraction, %
	Final Cu concentration, g/l
	Average Cu leaching rate, mg/l.h

	5
	95.4
	14.79
	61.61

	10
	88.4
	27.49
	114.55

	15
	56.1
	26.17
	109.04

	20
	42.8
	26.62
	110.92


The leaching at pulp density of 10% was the most attractive due to the highest average copper extraction rate and the relatively small amount of the residual non-extracted copper. The highest copper extraction of 95.4% was achieved at 5% pulp density but the average copper extraction rate and the final concentration of copper dissolved in the pregnant effluent from the leach system were relatively much lower due to the relative shortage of the substrate. The real amount of copper extracted at pulp densities 10, 15 and 20% was very similar as well as the relevant average copper extraction rates . However, the copper extractions at the pulp densities of 15 and 20% were considerably lower. This was mainly due to the essential toxic effect of the leach solutions containing about 21 – 22 g/l copper and about 20 g/l iron on the growth and activity of archaea.
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Fig. 1. Copper extraction at different pulp densities at 80oC

The analyses of the microbial populations during the leaching revealed that the representatives of the genus Sulfolobus were the prevalent microorganisms in the leach suspensions. However, the isolates related to this genus were not a homogenous group and some of them differed considerably from each other with respect to some properties, mainly to the level of their oxidative ability towards sulphide minerals, Fe2+ and/or So. Sulfolobus metallicus was the main species of this group. The representatives of the genera Metallosphaera and Acidianus were also present during the leaching at the different pulp densities but always in lower numbers that these of the genus Sulfolobus.
The processing of the copper-bearing solutions after leaching by means of solvent extraction and electrowinning was efficient and the produced cathodic copper was with a purity higher than 99.9%.

Conclussion

The continuous leaching of copper from the chalcopyrite concentrate by means of the mixed culture of extremely thermophilic archaea was very efficient at the pulp density of 10%. The ability of this culture to grow at much higher concentrations of copper and iron in the leach suspension is an indication that the further adaptation of the culture and the optimization of some factors of the leaching process (particle size distribution in the concentrate, stirring rate, character and level of the enhanced aeration, etc) can increase the copper leaching rate and in this way to make attractive the leaching to proceed at higher pupl density (up to 14 – 15%) and at shortened residence time.
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