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Abstract 

Evidence has been presented by Corrans et al. [1] that in 

the synthetic leaching of synthetic covellite, a direct mechanism 

operates by preventing the accumulation of a protective layer of 

sulphur and by the depolarisation of a cathodic reaction. The 

process of covellite passivation has been further studied, using 

sensitive methods for measurement of the consumption of oxygen and 

acid, and for the production of cupric and sulphate ions. The 

results indicate that passivation arises from the accumulation of 

approximately 30 micromole of elemental sulphur per square metre of 

covellite surface. The oxygen consumed during depassivation by 

various strains of Thiobacillus ferrooxidans supported this conclusion. 

Assuming an even distribution of sulphur over the surface, the 

passivation film has been calculated to be one or two atoms thick. 

Introduction 

Most naturally occurring mineral sulphides are kinetically stable 

in the presence of air and water at ambient temperature. The rate of 

oxidation of such sulphides is substantially increased in the presence 

of some microorganisms (for example, Thiobacillus species). 

Electrochemical [2,3] and other studies have shown that the 

oxidation of chalcocite (Cu,S) involves a number of steps. The first 

steps are the formation of digenite (%v CugS.) and the dissolution of 

copper ions 

Suse =" > CugS, + 667" #26 C1] 

   



  

192 R.M. Golding, B. Harris, B. J. Ralph, P. A. D. Rickard, and D. G. Vanselow 

while the last step involves the decomposition of covellite (CuS) 

to cupric ions and the formation of a reaction layer of elemental 

sulphur. 

Cig. eee ta [2] 

Thomas and Ingraham [4] concluded that the rate of leaching of 

covellite, in the temperature range 25 to 80 C, in acidic ferric 

solutions, was controlled by the rate of the chemical process, and 

Forward and Warren [5] reported that the sulphur reaction product 

layer was porous and did not affect the rate of chemical leaching. 

However, polarisation studies on chalcocite, digenite and covellite 

have been made by Wright [3] and Etienne [6] and both authors re- 

ported that during anodic polarisation of covellite, a protective, 

non-conducting sulphur or sulphur-rich layer was formed on the 

surface and that this led to "passivation" of the mineral. 

Corrans et al. [1] demonstrated that, in the presence of a number 

of strains of Thiobacillus ferrooxidans, sulphur does not accumulate   

on the surface of covellite when it is leached in solutions containing 

oxygen. In addition there was a marked difference between the 

measured "corrosion" potential of a covellite electrode in the 

presence and absence of these bacterial strains. These results 

support the proposition that a passivating sulphur layer is formed 

during the degradation of covellite by oxygen or ferric ions under 

abiotic conditions and that in the presence of some sulphur-oxidising 

organism strains this layer is oxidised to sulphate ions. 

Outline of Experimental Methods   

All methods, experimental procedures and results outlined below 

have been described and recorded in detail by Vanselow [7]. 

Synthetic covellite was prepared by reacting elemental copper and 

sulphur in an evacuated glass tube, using the method described by 

Corrans et al. [1]. The product was characterised by X-ray 

diffraction techniques and its stoichiometry confirmed by chemical 

analysis for copper. 

Measurements of oxygen consumption were made using a modified 

"oxygraph" technique. The total reaction vessel volume was approx- 

imately 1.7 ml. The dissolved oxygen tension in the reaction vessel 

was monitored by means of a membrane-covered polarographic oxygen 

probe inserted in the side of the reaction vessel. Reacting 

solutions could be re-oxygenated by removing a glass plug for a few
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seconds. The reaction vessel was magnetically stirred and maintained 

at 30 .-Ceinva water bath. 

Standard shake flask techniques (250 ml. conical flasks; shaker 

stroke, 5cm.; frequency, 1 sec !; temperature, 30 C) were used for 

larger scale and longer term experiments in which copper release, 

sulphate formation and acid consumption were measured. Dissolved 

cupric ions were determined by atomic absorption spectrometry on 

samples of supernatant solutions, clarified if necessary by centri- 

fugation. The sulphate ion content of similar samples was determined 

by reacting a suitable aliquot with excess barium chloride solution, 

separating the precipitated barium sulphate and determining the 

residual barium ions by atomic absorption spectrometry. pH measure- 

ments were made with standard glass electrodes. 

Four strains of Thiobacillus ferrooxidans from the School 
  

collection were employed in the experiments described (Code desig- 

nations BJR-V-1 to 5 respectively). Strain BJR-V-1l was originally 

isolated by Corrans from a marine mud from Groote Eyelandt in the 

Gulf of Carpentaria. For all culture growth and kinetic experiments, 

except where otherwise stated, a modification of the 9K medium of 

Silverman and Lundgren [8] was used. The major modification was 

replacement of all sulphate ion with chloride ion to enable the rate 

of formation of traces of sulphate ion to be more accurately measured. 

Trace elements were provided by the trace element mixture of Vishniac 

and Santer [9], again modified by replacement of sulphate with 

chloride ion. The medium was adjusted to pH 2.5 with hydrochloric 

acid. All cultures for inoculation were acclimatised by growth on 

synthetic covellite which had been sterilised by propylene oxide 

vapour. 

Uptake of Oxygen by Freshly Prepared Covellite 

In one experiment, covellite was removed from the evacuated 

glass tube in which it was synthesised in an atmosphere of dry 

nitrogen and ground to pass a 150 mesh sieve (105 micron aperture). 

The specific surface area of the material was measured by the B.E.T. 

method [10]. Suspensions of covellite in various aqueous solutions, 
a adjusted to pH 2.5 with sulphuric acid (water, 10 ~M potassium 

3 i 
citrate + 5 x 10. M sodium dihydrogen 

phosphate + 5 x 107>M copper sulphate), were removed from the inert 

M copper sulphate, and 10° 

atmosphere in a sealed syringe and mixed with aerated solution in 

the "oxygraph" vessel. The rate of oxygen consumption was measured 

| 
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by monitoring the dissolved oxygen tension. It was necessary to take 

into account the oxygen removal due to the oxygen electrode when the 

reaction rate was low. 

Figure 1 shows the results of a typical experiment on the uptake 

of oxygen by freshly prepared covellite under abiotic conditions. 

Each of the suspending solutions gave similar results, indicating 

that the marked decrease of reaction rate with time was not a result 

of pH changes or accumulation of cupric ions. 
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Figure 1. Initial oxygen uptake by fresh 
synthetic covellite in modified 

9K media. 

Oxidation of Covellite after Exposure to Atmosphere 

Samples of ground synthetic covellite (2.5 g.), which had been 

exposed to the atmosphere for several months, were placed in sterile 

250 ml. shake flasks, then sterilised with propylene oxide vapour, 

and the mineral suspended in sterile nutrient medium (50 ml.) which 

had been adjusted to pH 2.5. After suspension, the pH was readjusted 

to 2.5 and the quantity of acid required recorded. Two flasks were 

maintained as sterile controls and the remainder divided into four 

batches, each of which was inoculated with one of the four strains of 

T. ferrooxidans. The flasks were incubated at 30 C with shaking for 

up to 130 days. The average cupric and sulphate ion concentrations 

of the sterile controls at various times up to 11 days are shown 

in Table l.
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TABLE 1 

Cupric and Sulphate Ion Concentrations of Sterile Controls 

  

  

Time (days) Cupric ion Sulphate ion (cu2*) - (0,77) 

concentration concentration 

(micromol.) (micromol. ) (micromol .) 

1 88 27 61 

4 159 83 76 

6 168 92 76 

8 208 120 88 

iL 228 167 61 

  

Measurements of oxygen consumption were made at particular times 

by transferring suitable samples of the slurries of the "oxygraph" 

cell. Further data from the sterile controls for periods up to 130 

days is shown in Figure 2. 
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Figure 2. Oxidation of covellite in 
absence of bacteria. 

The leaching of covellite in the presence of three of the. f. 

ferrooxidans strains was not significantly different from that under 

sterile conditions, but one strain (BJR-V-1) produced very high 

leaching rates. 

The rate of leaching, calculated from the rate of oxygen uptake, 

and assuming the reaction product to be copper sulphate, is indicated 

on Figure 2 at day 131 and on Figure 3 at day 36 for the leaching in 

the presence of the active strain (BJR-V-l). 
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Figure 3. Oxidation of covellite in the 
presence of bacteria strain 

BJR-V-1. 

Initial Oxygen Uptake by Cell Concentrates in Presence of Covellite 

Oxygen uptake rates were measured in the "oxygraph" reaction 

vessels on slurries containing ground covellite (2.0% w/v; surface 

area 0.029 m@ per 1.7 ml. of slurry) which had been stored under air 

for 21 months. The organisms were grown up on ground covellite 

suspended in the nutrient medium in shake flasks at 30 C, recovered 

by centrifugation, washed and re-suspended in a small volume of 

medium. The cell density in the "oxygraph" reaction vessel (1.7 ml.) 

was 2.65 (+ 0.4) x 107 cells/ml. Other experiments indicated that 

at this cell density the bacteria were in excess. 

The oxygen consumption rates were measured for periods up to six 

hours. The rate curves were all of the form shown in Figure 4. 

While there were differences in lag time and in the peak uptake 

rate between the different strains, the steady state rates were 

approximately the same. The shaded area in Figure 4 is considered 

to represent the oxygen consumed in converting the elemental sulphur 

layer to sulphate ions, and is surprisingly uniform for the four 

strains examined. Four characteristics of the oxygen uptake curves 

are summarised in Table 2.  
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TABLE 2 

Characteristics of Oxygen Uptake Curves 

  

  

  

  

  
  

; Peak Rate Steady Shaded 
Strain ne hone (micromol. State Rate Area 

ik = =2 (micromol. (micromol. 
oo ln? “2 hy sm") ms) 

BJR-V-1 053 42 2 34 

BJR-V-2 0.2 36 10 30 

BUJR-V-3 0.3 30 10 27 

BUJR-V-4 0.4 Zo 10 25 
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Figure 4. Form of the rate of oxygen 
uptake curve in the presence 
of bacteria. 

Discussion 

The results of the first experiment (Figure 1) indicate that there 
is an initial rapid uptake of oxygen by anaerobically prepared 
covellite at pH 2.5 under sterile conditions, but that this rate 

decreases by an order of magnitude within a few hours. This decrease 
in reaction rate cannot be accounted for by changes in the mineral 
surface area, change in pH or accumulation of soluble reaction 

products, and can only be due to the formation of a solid sulphur or  
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sulphur-rich reaction layer which inhibits metal ion transfer or the 

oxygen reduction process. 

The initial reaction is considered to be represented by the 

equation : 

Cus +40, +207 ——» 2 cu** + HO f 8 tal 

Table 1 indicates that there is an approximately constant 

difference between the molar concentrations of cupric and sulphate 

ions released during the initial stages of the sterile acid leaching 

of covellite, previously exposed to the atmosphere. If this 

difference is explained by assuming that, during exposure to the 

atmosphere, the covellite was partially oxidised with the formation 

of a protective sulphur film according to a reaction having the 

stoichiometry : 

0 
cus + % 0, + H,O0 ——> Cu(OH), + 8 [4] 

and that the oxidised copper dissolves during the initial leaching 

reaction, it is possible to estimate the quantity of sulphur formed 

on the covellite surface. This calculation results in an estimate 

of 30 micromole of sulphur per square metre of mineral surface. The 

initial acid consumption during leaching can also be used to calculate 

the extent of reaction during atmospheric oxidation and using this 

information an estimate of 20-30 micromole per square metre of 

sulphur is obtained. 

Over longer periods of reaction under sterile conditions, it 

can be seen (Figure 2) that equimolar quantities of cupric and 

sulphate ions are produced in solution. This indicates that, under 

slow steady state leaching conditions, the reaction can be 

represented by : 

cus + 20, —> cu2t “ s0,°7 [5] 

In the presence of one strain of T. ferrooxidans (BJR-V-l), the 

leaching of covellite reaches a high rate (Figure 3). It is proposed 

that the mechanism involved is simply the removal of the protective 

sulphur reaction layer by bacterial oxidation, according to the 

overall reaction : 

Ss + 1% 05 + HO —— > H,S0, [6] 

In the complementary series of experiments in which oxygen 

consumption was closely monitored in the "oxygraph", the high initial 

oxygen consumption rate (Figure 4), which follows a lag period, is
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attributed to the availability of elemental sulphur formed during 

prior atmospheric exposure. Once this excess sulphur is removed, the 

rate of reaction becomes constant and is controlled by other factors. 

Again, an estimate of the available "free" sulphur can be obtained 

from the area between the oxygen uptake curve and the extrapolated 

steady state oxygen uptake value (shaded area, Figure 4). Assuming 

that equation [6] represents the reaction involved, the quantity of 

sulphur removed from the surface is estimated to be 20 micromole per 

square metre. 

The similarity in behaviour of the four strains of T. ferrooxidans 

in the last series of experiments is in contrast to the very low 

activity of three of the strains in the long term shake flask 

experiments. The reason for the discrepancy is not understood. 

Conclusions 

Three independent methods of estimating the quantity of elemental 

sulphur on covellite that has been exposed to the atmosphere give 

values in the range 20 to 30 micromole per square metre of mineral 

surface. On a simple model, assuming square or hexagonal surface 

packing of sulphur atoms having a sulphur-sulphur bond length of 

2.06 A, this suggests a surface sulphur layer of one or at most 

two atoms thick. 

In the absence of bacteria with sulphur-oxidising activity, this 

layer of sulphur effectively "passivates" the surface, reducing its 

leaching rate significantly. Further oxidation does, however, 

produce both copper and sulphate ions. In the presence of some 

strains of sulphur-oxidising bacteria, the "passivating" layer is 

removed and the rate of leaching becomes controlled by other factors, 

possibly by the rate of oxygen reduction on the covellite surface. 
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