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ABSTRACT. Sulphide ore containing 0.82 % copper present mainly in chalcopyrite and in the secondary sulphides covellite and chalcocite was subjected to bacterial leaching at different temperatures (from 7 to 28 oC) in buffled reactors with mechanical stirring and enhanced aeration. At 7 oC the highest copper extraction of 32.5 % within 30 days was achieved by means of a non-typical phychrotolerant mixed culture of Acidithiobacillus ferrooxidans and Acidithobacillus thiooxidans. The copper extraction by this culture at 14 oC reached 51.2 % but was almost the same at 21 oC and decreased to 44.2 % at 28 oC. At the same time, a very active typical mesophilic culture consisting of bacteria of the same taxonomic species leached 82.8 % from the copper at 28 oC but only 21.2 % at 7 oC. These data reveal that some natural psychrotolerant strains of the well-known mesophilic chemolithotrophic bacteria can be efficiently used in operations of dump, heap and in situ leaching at low temperatures. 
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Резюме. Сулфидна руда съдържаща 0.82 % мед, представена главно в халкопирит и във вторичните сулфиди ковелин и халкозин, беше подложена на бактериално излугване при различни температури (от 7 до 28 оС) в реактори с прегради и с механично разбъркване и усилена аерация. При 7 оС най-високото извличане на мед от 32.5 % за 30 дни бе постигнато черз нетипична психротолерантна смесена култура на Acidithiobacillus ferrooxidans и Acidithobacillus thiooxidans. Извличането на мед чрез тази култура при 14 оС достигна 51.2 %, но беше почти същото при 21 оС и беше понижено до 44.2 % при 28 оС. Същевременно една много активна типична мезофилна култура, състояща се от бактерии от същите таксономични видове, излужи 82.8 % от медта при 28 оС, но само 21.2 % при 7 оС. Тези данни показват, че някои природни психротолерантни щамове могат да бъдат ефикасно използвани в операции за излугване на насипища и in situ при ниски температури.

Introduction
The bioleaching operations for recovery valuable metals from different mineral raw materials are fast developing technologies based on the ability of different chemolthotrophic microorganisms to oxidize the relevant minerals, mainly sulphides, and to solubilize the metals present in them or to expose these metals and in this way to facilitate their subsequent solubilization or recovery by other methods. In principle the oxidative activity of these microorganisms depends on the ambient temperature (Tupikina et al., 2011; Zhou et al., 2011). At present, the bioleaching of concentrate containing non-ferrous and/or precious metals is carried out in agitated bioreactors mainly by means of moderately thermophilic bacteria at 45 – 55 oC or by extremely thermophilc archaea at 65 – 85 oC (Groudev et al., 2013). Such microorganisms are also used in some operations with specifically constructed ore heaps, and even in several dump leaching operations. At the same time, in several in situ, dump and heap operations the bioleaching is carried out permanently or during some periods of low temperatures, in some cases less than 10 oC (Elberling, 2005; Ahonen and Tuovinen, 1992).

It is well-known that most of the above-mentioned mesophilic chemolithotrophic bacteria are able to survive and even to be active at relatively low temperature (Dopson et al., 2007; Kupka et al., 2007). However, real psychrophilic strains of these bacteria have not been isolated as yet. The present paper contains some data from a study on the ability of some chemolithotophic bacteria to grow at different temperatures using Fe2+, S0 and sulphide minerals as energy sources.

Materials and Methods

   The copper are used in this study contained 0.82 % copper, 5.10 % iron and 5.65 % sulphur as the most essential elements. The phase analysis of copper revealed that 57.0 % of this metal were present in secondary sulphide minerals, mainly covellite and chalcocite. 24.5 % of the copper was present as the primary sulphide chalcopyrite, and the remaining 18.0 % were present in oxide minerals, mainly cuprite, tenorite and malachite. Quarts (78.4 %) and sericite (9.1 %) were the main minerals of the host rock, and pyrite (4.8 %) was the main sulphide mineral in the ore.

Two different microbial cultures were used in the leaching experiments. These cultures had a similar species composition consisting of three species of acidophilic chemolithotrophic bacteria – Acidithobacillus ferrooxidans, Acidithiobacillus thiooxidans and Leptospirillum ferrooxidans. However, the cultures differed considerably from each other by their different requirements for the optimum growth and oxidation activity. One of the cultures was a typical mesophilic culture with optimum growth and activity within the range of 32 – 35 oC. The culture had negligible growth and activity at 4 – 10 oC but, on the other side, was able to grow at a temperature as high as 42 oC, although with rate considerably lower than that at the optimum temperature range. This culture was isolated from a dump of low-grade copper ores and mining wastes with internal temperature varying within the range of about 12 – 17 oC during the different climatic seasons.

The other culture can be regarded as a psychrotolerant culture with an optimum at 20 – 22 oC and relatively good growth and activity at 4 – 10 oC. This culture was isolated from underground water recovered through a borehole from a horizon located 180 m below the ground surface, with an almost constant temperature of 7 – 9 oC. The culture was not able to grow at temperatures higher than 30 oC.

The two cultures mentioned before were adapted to the ore used in this study by consecutive transfers in ore suspensions with gradually increasing solids densities.

The leaching of the ore by the adapted cultures was carried out in buffled reactors containing 200 ml leach solution (180 ml of 9K iron-free nutrient medium inoculated by 20 ml of late-log-phase inoculum of the relevant bacterial culture) and 20 g of ore crushed to minus 100 microns. The leaching was carried out at different temperature (7, 14, 21, and 28 oC) for a period of 30 days with mechanical stirring (600 rpm) and enhanced aeration. The bacterial leaching systems contained sulphurc acid (3 g/l) to maintain the pH during the leaching within the range suitable for the growth and activity of the acidophilic chemolithotrophic bacteria. Chemical leaching was carried out by means of sulphuric acid (3 g/l) and by sulphuric acid (3 g/l) plus ferric ions (3 g/l added as ferric sulphate). The chemical leaching systems contained 20 ml of a methanol solution with 2 % of thymol instead of the bacterial inoculums. The progress of the leaching was followed by analysis of liquid samples for dissolved copper and iron, as well as for pH, Eh, and number of chemolithotrophic bacteria.

The isolation, identification and enumeration of microorganisms was carried out by methods described elsewhere (Karavaiko et al., 1988; Escobar et al., 2008).

Results and Discussion 

   The leaching of the copper by the bacterial cultures demonstrated the essential effect of the temperature on this process (Table 1).

The highest copper extraction by the psychrotolerant culture was achieved at 21 oC but the extraction at 14 oC was very similar. The extraction at 7 oC was the lowest obtained by this culture in comparison with the extractions at the other temperatures. At the same time, this extraction was considerably higher than that achieved by the mesophilic culture at the same temperature, as well as than the chemical extraction by sulphuric acid and by ferric ions. The number of psychrotolerant bacteria during the leaching at 14 and 21 oC was within the range of about 107 – 108 cells/ml but at 7 and 28 oC was about 105 – 107 cells/ml. However, it must be noted that considerable portion of bacteria was firmly attached to the solid particles in the leach suspensions.

Table 1.

Bacterial and chemical leaching of the copper ore at different temperatures

	Leaching agents
	Temperature, oC

	
	7
	14
	21
	28

	
	Copper extraction for 30 days, %

	Bacterial leaching
	
	
	
	

	- Psychrotolerant culture + H2SO4
	32.5
	51.2
	53.0
	44.2

	- Mesophilic culture + H2SO4
	21.2
	52.1
	64.4
	82.8

	Chemical leaching
	
	
	
	

	- H2SO4
	14.0
	17.0
	19.8
	23.0

	- Fe3+ + H2SO4
	23.5
	28.4
	32.5
	36.1


The copper extraction by the mesophilic culture increased with the increasing of the temperature. The highest extraction of 82.8 % achieved by this culture at 28 oC was almost two times higher than that achieved by the psychrotolerant culture at the same temperature. The number of mesophilic bacteria in the leach solution at 28 oC exceeded 108 cells/ml. At 7 oC these bacteria were alive but not active.

The analyses of the solid residues after leaching revealed that the copper solubilization by the mesophilic culture at 7 oC was connected with the chemical solubilization of the oxide copper minerals. However, the psychrotolerant culture oxidized at that temperature a portion of the secondary copper sulphides. These sulphides were the main energy sources for the psychrotolerant and mesophilic cultures at 14 and 21 oC. The mesophilic culture was able to oxidize a relatively essential portion of chalcopyrite (about 35 – 40 %) at 28 oC. The growth and the oxidation activity of the psychrotolerant bacteria at that temperature were relatively low.

The analyses of the species composition of the bacterial cultures during the leaching revealed that Acidithiobacillus ferrooxidans was the most numerous and active species in these cultures. Data about the growth rate, CO2 fixation efficiency and the maximum oxidation rates towards Fe2+ and S0 of pure cultures of the psychrotolerant and mesophilic At. ferrooxidans are shown in Tables 2 – 4.

Table 2.

Growth rates and efficiency of CO2 fixation of the psychrotolerant Acidithiobacillus ferrooxidans at different temperatures

	T, oC
	Maximum growth rate µ, h-1
	CO2 fixation, µmol CO2/100 µmol O2

	
	Fe2+
	S0
	Fe2+
	S0

	7
	0.041
	0.014
	1.2
	6.0

	14
	0.070
	0.019
	2.1
	10.2

	21
	0.071
	0.022
	2.3
	11.4

	28
	0.059
	0.018
	1.9
	9.9



Table 3. 

Growth rates and efficiency of CO2 fixation of the mesophilic Acidithiobacillus ferrooxidans at different temperatures

	T, oC
	Maximum growth rate µ, h-1
	CO2 fixation, µmol CO2/100 µmol O2

	
	Fe2+
	S0
	Fe2+
	S0

	7
	0.028
	0.010
	0.8
	4.8

	14
	0.073
	0.023
	2.3
	11.3

	21
	0.122
	0.044
	4.1
	16.1

	28
	0.182
	0.068
	6.0
	23.5


Table 4.

Maximum oxidation rates of Fe2+ and S0 at different temperatures by the psychrotolerant and the mesophilic strains of Acidithiobacillus ferrooxidans 

	T, oC
	Psychrotolerant 

At. ferrooxidans
	Mesophilic 

At. ferrooxidans

	
	Fe2+
	S0
	Fe2+
	S0

	
	Maximum oxidation rates, mg/l.h

	7
	32
	1.0
	23
	0.6

	14
	59
	1.6
	64
	1.7

	21
	62
	1.7
	99
	2.5

	28
	51
	1.5
	145
	3.7


   The data present in these tables clearly confirmed that the At. ferrooxidans strain isolated from the psychrotolerant culture was a typical psychrotolearnt strain with an optimum growth and activity at 21 oC but with values of these parameters at 14 oC very closed to these at 21 oC. The other At. ferrooxidans strain was a typical mesophile with growth rate and oxidation activity which increased with the increases of the temperature from 7 to about 32 – 35 oC.

Conclusion

   The data from this study clearly demonstrate that the species Acidithobacilus ferrooxidans includes strains which can differ considerably from each other with respect of their behavior at different temperature. Apart from the typical mesophilic strains, there are strains able to grow and oxidize Fe2+, S0 and sulphide minerals at low temperatures (within the range of about 4 – 14 oC) almost as efficiently as at their optimum temperature of about 20 – 22 oC. These strains are not psychrophilic in accordance with the relevant determination by the present-day terminology but can be regarded as psychrotolerant. The isolation of such strain as well as of a mixed culture containing also chemolithotrophic bacteria of other species (Acidithiobacillus thiooxidans and Leptospirillum ferrooxidans) from underground water sample from a deeply located copper deposit is an indication that such biotopes are inhabited by varied microorganisms that could be used in bioleaching operations at low temperatures.
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