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CHALCOCITE OXIDATION BY CONCENTRATED CELL 

SUSPENSIONS OF THIOBACILLUS FERROOXIDANS 

Jay V. Beck 

Department of Microbiology, Brigham Young University 

Provo, Utah, USA 

Abstract: Suspensions of intact cells of Thiobacillus ferrooxidans catalyze a rapid 

oxidation of finely ground chalcocite to covellite and soluble copper as shown in the 

following equation: 

2Cu2S + 0» + 2HyS0, ————> 2CuS + 2CuS0, + 2Hy0 

This reaction occurs spontaneously, but bacterial action increases the oxidation rate 

about 40 times. The oxidation reaction consumes protons thus causing an increased pH. 

Both spontaneous and biologically catalyzed oxidations cease when the pH reaches 

4.6 - 4.7. In the presence of bacteria and under experimental conditions as described, 

a period of only about five hours is required to completely convert 0.3 gm of chalco- 

cite to covellite with a 50% solubilization of the chalcocite copper. 

Introduction 

Chalcocite is a commonly occurring copper sulfide mineral whose ores are processed 

following typical mineral enrichment by either pyro- or hydrometallurgical methods. 

It is readily amenable to oxidation and leaching by treatment with acidic ferric salt 

solutions [1]. The initial chemical reaction involved produces covellite (CuS) and 

soluble copper sulfate as shown in reaction (1). 

CugS + Fe2 (S04) 3 ——— 2FeS0,4 + CuS + CuSO, Gp) 

The covellite thus formed is further oxidized at a much slower rate to yield addi- 

tional soluble copper sulfate and free sulfur. Chalcocite ores with insufficient 

copper content to justify mineral enrichment treatment have been successfully pro- 

cessed by "in situ" or dump leaching with acidified ferric salt solutions. 

Solubilization of chalcocite in the presence of growing cultures of Thiobacillus 

ferrooxidans was reported in 1954 [2]. Duncan and Trussel [3] stated that bacterial  
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leaching of chalcocite showed a 90% recovery of total copper in 30 days. An increased 

pH, noted by Fox [4] to accompany the growth of T. ferrooxidans on chalcocite, indi- 

cated that the sulfur portion of the mineral was not being oxidized although soluble 

copper was formed. Manometric studies with cell suspensions of T. ferrooxidans [5,6] 

showed that chalcocite was oxidized in the presence of the bacteria and that indeed 

there was an increase in pH of the reaction mixture as the oxidation proceeded. The 

molar ratio of soluble copper formed to oxygen consumed was found to be about 2.0. 

Results of further studies of chalcocite oxidation by cell suspensions of T. 

ferrooxidans are presented in this paper. The interesting effect of hydrogen ion 

concentration on the oxidation process is examined and the quantitative conversion of 

chalcocite to covellite is established. 

Materials and Methods 

Suspensions of cells of T. ferrooxidans were obtained by harvesting cells by cen- 

trifugal sedimentation from an 8 ~- 10 day culture containing 4% FeS04*7H70, 0.05% 

(NHg) 950, 5 0.05% KHyPO, and 0.02% MgSO, which was brought to pH = 2.5 prior to inoc- 

ulation. The inoculum was about 10 ml of a1 to 4 week old culture of the bacterium 

in a tube of the same culture medium. Cells were grown in the dark in 4 liter conical 

flasks containing 3 liters of culture medium. Aerobic conditions were obtained by 

forced air aeration. The pellet of cells from 3 liters of culture was resuspended 

and washed twice in 0.01 N H9S04 and finally placed in 10 ml HO for storage and use. 

Such cell suspensions contain about 10 mg cells (dry weight) ml7l, Although they 

slowly lose oxidative activity, they are useful for several weeks. 

Portions of museum grade chalcocite or covellite were ground in an unglazed mortar 

until the entire sample passed through a 325 mesh screen. The finely ground material 

was then stored in a moisture-free desiccator at 4° C. Chemical and/or mineralogical 

analyses of each mineral were obtained. The chalcocite used contained 76.5% total 

copper, 19.1% sulfur, 0.16% total iron, and only very rare impurities of pyrite, 

bornite, and chalcopyrite. The covellite specimen contained subordinate amounts of 

chalcopyrite, chalcocite, digenite and rare amounts of pyrite and bornite. 

Chalcocite oxidation was studied by placing a weighed amount of the mineral and 

20 mL H,0 in a 30 ml beaker (diameter about 30 mm). The mixture was stirred with a 

magnetic bar 20 - 25 mm in length rotating at about 200 - 300 RPM. The pH was
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continuously monitored with an inserted combination glass electrode and a digital 

meter which read to 0.1 pH unit. Additional aeration was achieved by forcing air 

into the reaction mixture from the tip of a glass tube having an inside diameter of 

about 1 mm and which formed about 150 air bubbles min? near the rotating magnetic 

bar. The mineral suspension was brought to pH = 2.0 by addition of 1.00 N HyS0, be- 

fore addition of the bacterial cell suspension. Reaction mixtures were unbuffered 

except for the approximately 0.01 M sulfuric acid (250 umoles) which did provide sub- 

stantial buffering capacity. 

Increased pH accompanying chalcocite oxidation may be considered to result from 

the neutralization of acid in the reaction mixture by the Cu (OH) formed in the oxi- 

dation as indicated in the following equations: 

  

2CuyS + O07 ————a 2CuS + 2Cu0 (2) 

2Cu0 + 2H90 —————> 2Cu(OH) 9 (3) 

2Cu (OH) + 2Hy80, ———» 2CuS0, + 41,0 (4) 

Sum: 2CuyS + Oo + 2HyS0, ——> 2Cus + 2CuSO, + 2H,0 (5) 

The rate and extent of chalcocite oxidation was determined by noting either the 

change in pH of the reaction mixture or by measuring the total acid necessary to 

maintain the pH at its original value, i.e. 2.0. In most experiments the pH was 

allowed to increase to 2.3 or 2.4 before addition of acid to return it to pH = 2.0. 

Maintenance of constant volume of reaction mixture usually required the addition of 

small amounts of water which together with the added 1.0 N H9S04 compensated for 

evaporation from the open reaction vessel. However in some experiments of short dur- 

ation there did occur a slight increase in total volume. 

Soluble copper concentration was measured using a colorimetric procedure with 2,2' 

biquinoline in a strong ammonium acetate buffer as described by Cheng and Bray [7]. 

Optical density readings were made at 540 nm with a Beckman model DU2 spectrophotometer. 

Increased pH values caused by the oxidation of chalcocite are shown in Figure 1 

where pH values are plotted against time in minutes on a logarithmic scale. The data 

presented are for an aerated control with no added cell suspension (X), a cell-mineral 

system with stirring only (©) and a cell-mineral system with stirring plus aeration (@).  
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Figure 1. Change of pH during chalcocite oxidation in an unbuffered reaction mixture. 
Symbols: @ active cells, stirred, aerated; © active cells, stirred; and( control, 

no cells, stirred, aerated. Chalcocite 0.500 g, T = 28-29°C, total volume = 25 ml, 

cell suspension (8 mg cells dry weight ml~1) I. ferrooxidans,’ 1.0 ml. 

The rate of oxidation is quite different for each system. Only 16 minutes was required 

for the pH change from 2.2 to 3.2 in the aerated cell system as compared to 63 minutes 

for the non-aerated cell system and 595 minutes for the aerated non-cell control. It 

is evident that the oxidative reaction in all three instances ceased when the pH 

reached about 4.6. This has been observed consistently in all of a large number of 

experiments. Oxidation begins again after reduction of the pH as is noted also in 

Figure 1, where, upon addition of 0.26 ml 1.0 N H)S0, to the aerated cell mixture at 

23 minutes, the pH was reduced from 4.5 to 2.0 and the oxidative process was resumed 

but at a somewhat lower rate than the first cycle, i.e. 23 minutes for the change from 

pH =.2.2 to pH = 3.2, 

Adjustment of the pH from 2.3 to 2.0 by repeated additions of acid during the 

course of an experiment yields data showing the total amount of acid required to main- 

tain a constant pH value. Figure 2 shows the results of such an experiment. Curves
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A & B are for mineral, cell, aerated mixtures and curve C is for the mineral-only, 

aerated system. A cell suspension 20 days old was used for curve A and the same 

suspension, 30 days old, for curve B. The straight line relationship between acid 

consumed and time as shown in curve B is observed more frequently than is that shown 

in curve A. Note the change in time scale at 8 hours. 
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Figure 2. Acid consumed during chalcocite oxidation is an unbuffered reaction mixture. 

A, 2 ml 20 day old cell suspension T. ferrooxidans; B, 2 ml 30 day old cell 
suspension; C, control, no cells added. Chalcocite 0.300 g, T = 29°C, total volume, 

25 ml. 1.0 .N H)S0, added to maintain pH = 2.0. 

The decreased rate of acid consumption at 4 ~- 5 hours probably is due to depletion 

of the substrate, chalcocite. The 0.3 gm portion taken for these experiments contained 

0.228 gm total Cu of which 0.007 gm was acid soluble. As indicated in equation @.) 

only 50% of chalcocite copper is released in the rapid oxidation phase of the reaction. 

Results of soluble copper determinations made at various times for the experiments 

shown in Figure 2 are found in Table 1. At 4.8 hr. in Experiment A, the soluble 

copper concentration corrected for the initial value of 7.3 mg and for the control 

value of 4.5 mg was 94.2 mg. This represents 42% of the total chalcocite copper. For 

experiment B the corresponding value at 5.3 hr is 39% of the total chalcocite copper 

solubilized. Continual low rate of oxidation of the residual mineral has been  
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consistently observed in long time experiments. This is shown by the continual demand 

for acid to maintain a constant pH and by the increased formation of soluble copper 

shown in Table 1 at the 12 hours time period. At 24 hrs in Experiment A 70% of the 

chalcocite copper had been solubilized, thus indicating a significant oxidation of the 

covellite formedin the rapid portion of the oxidation reaction. Presented in Table l 

TABLE 1. Chalcocite Oxidation by T. ferrooxidans 

  

  

  

  

Soluble Copper Formed H»S0, Consumed 
Time (mmoles) (mmoles) 

1 
Hours Control Expt A* Expt B* Control Expt A* Expt B* 

0 0.12 0 0 0 0 0 

4.8 -- 1.48 0.05 1.33 

5.3 0.15 1.35 0.05 1.30 

12.0 0.28 1.76 1.51 0.11 1.40 1.44 

24.0 0.35 2.09 0.28 1.42             

* Corrected for control values 

Chalcocite, 0.300 gm; total volume = 27 ml; T = 29°C; 2 ml cell suspension 
(20 mg dry weight cells); stirring + aeration. 

also are the amounts of acid consumed at the time the above copper determinations 

were made. The molar ratios of acid consumed to soluble copper formed using the data 

from curve B, agree very well with the 1.0 value as calculated from equation (5), but 

for curve A where the ratios are less than 1.0 and significantly so at the 24 hr. 

period, considerable oxidation of covellite is suggested. 

The mineral residue at the end of experiment B was washed on a membrane filter 

(0.47 mm pore size) with dilute sulfuric acid, dried and used for X-ray diffraction 

analysis. Diffraction patterns of the residual mineral, the original chalcocite and 

a museum grade specimen of covellite shown in Figure 3 indicate that chalcocite indeed 

has been changed to covellite during the oxidation reaction. Thus, the slow oxidation 

rates noted in experiments 1 and 2 following the initial rapid oxidation are probably 

a result of microbial oxidation of covellite. This observation agrees with unpublished 

data from manometric experiments which showed that although covellite is oxidized by
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Figure 3. X-ray diffraction patterns of chalcocite (A), covellite (C), and the resid- 

ual mineral (B) from chalcocite oxidation by T. ferrooxidans. Conditions as for 

Figure 2. 

cell suspensions of lk ferrooxidans, the rate of oxidation is much lower than that for 

chalcocite oxidation, i.e. 0.6 u mole 0» hrot per 5 mg cells (dry weight) for covellite 

and 18.0 » mole nr! for chalcocite. 

That there is a marked difference in the mechanism of bacterial action on these two 

minerals is also indicated by the effect of ferric (or ferrous) ions on the reactions. 

Studies by the method described in this paper and by manometric methods have shown that 

the rate of chalcocite oxidation is increased in the presence of soluble iron at low 

pH values, whereas ferric ions have no effect on the rate of covellite oxidation. 

The rate of an enzymatically catalyzed reaction is affected by the concentration of 

the catalyst which, in the reaction studied here, is the amount of cell suspension 

used. Figure 4 shows the effect of adding increasing amounts of cell suspension to a 

mineral suspension maintained at pH = 2.0 by the addition of 1.0 N HySO, as described 

above. The experiment was started as an aerated-stirred control with no added cells. 

After 520 minutes, 0.2 ml cell suspension was added with additional quantities of cells  
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Figure 4. Effect of cell concentration on the rate of chalcocite oxidation by T. 
ferrooxidans. Chalcocite, 0.500 g; T = 26°C, total volume = 25 ml, cell suspension 
(10 day old) containing 8 mg cells ml-1 added as follows: 0.2 ml at 520 min 50.3 mL 
at 560 min ,» 0.5 ml at 600 min , 0 ml at 620 min » 1.0 ml at 650: min 

TABLE 2. Effect of Cell Concentration on the Rate of Chalcocite 

Oxidation by T. ferrooxidans 

  

  

Cell Suspension Added* Acid Consumed 

ml mmole hr 

0.0 0.02 

0.2 0.09 

0.5 0.26 

1.0 0.48 

2.0 0.80 

3.0 0.98 

  

Conditions as for Figure 4 

at times indicated in Figure 4 and in Table 2. There was a marked increase in oxida- 

tive rate until the cell concentration reached 2 to 3 ml per 25 ml total volume. At 

that point, the rate became almost constant. The rate limiting factor could have been 

mineral concentration, rate of aeration, or other conditions. No attempt has been
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made to study in depth the effect of environmental conditions on the rate of chalco- 

cite oxidation. 

Two types of experimental controls have been used. In the first instance, and the 

kind shown in Figures 1 and 2, the control was a mineral suspension with no cells 

added. In the second type, a boiled cell suspension was used. The rate of chalcocite 

oxidationin either type was low, but controls with dead cells consistently showed 

significantly lower oxidation rates. Also, when boiled cells were added to reaction 

mixtures containing active cells, there resulted a marked decrease in activity. 

Discussion 

The copper atoms of chalcocite may be thought to be at the cuprous level of oxida- 

tion as suggested by the empirical formula Cu)S. Thus the mechanism of bacterial 

conversion to covellite and CuSO, seems to be an oxidation of cuprous ions to the 

cupric state. This could occur by the indirect method, in which the bacteria function 

only in the oxidation of ferrous to the ferric ion level with the latter actually ox- 

idizing chalcocite and being reduced in that process as shown in (1). In the so-called 

direct mechanism of oxidation, the bacteria attack the minerals without interaction 

with free ferrous ions. The only definitive evidence in favor of the direct method 

is the extremely low iron concentration in the chalcocite used in these experiments 

and actually no detectable iron, using a colorimetric method, in a synthetic chalcocite 

used in some manometric experiments in which chalcocite was rapidly oxidized [5]. 

Further, although the addition of substantial quantities of ferric salts (1-5 umole 

mi +) to oxidation reaction mixtures caused increased rates of oxidation, such in- 

creases were only of a magnitude of 20 - 25%. 

It seems most likely that the enzymes active in chalcocite oxidation are, at least 

in part, iron containing proteins and thus some iron is essential for the biological 

process. But with sufficient iron to satisfy the enzymatic requirements, the process 

may be indeed a biological conversion of chalcocite to covellite at the cell membrane 

in the presence of oxygen. Such a conversion may not involve soluble copper ions per 

se but is merely the change of chalcocite, a specific atomic crystal structure, to 

covellite, another altered crystal structure, with the release of electrons and cupric 

ions. This conversion is one that occurs at slow rates, spontaneously in acidic solu- 

tions below pH = 4.6 but in the presence of suitable electron transfer systems may 
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proceed at greatly accelerated rates. Cells of T. ferrooxidans not only possess an 

enzymatic electron transport system suitable for this conversion, but also are capable 

of utilizing the electron transport energy for productive biological processes such 

as carbon dioxide fixation [5]. 

The decrease in the rate of chalcocite oxidation either in control or active cell 

oxidation systems upon addition of boiled cells suggests that cells of T. ferrooxidans 

whether dead or alive are firmly bound to mineral particles. Le Roux came to a similar 

conclusion as a result of studies on the bacterial oxidation of pyrite [8]. 

Finally, although the chemical oxidation of covellite does not begin until chalco- 

cite conversion to covellite is largely complete [1], this may not be the case for the 

biological system. The oxidation rates of the two minerals are so different and in 

the initial stages of the process the covellite concentration is so low that detection 

of sulfate formation from covellite by the radio isotopic dilution method [5] would be 

rather difficult. Thus, earlier studies in which sulfate production could not be dem- 

onstrated during the early stages of chalcocite oxidation should not be interpretted 

as conclusive evidence that covellite was not being slowly oxidized. Further studies 

to define the sequence of biological oxidation of chalcocite would be most interesting. 
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