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BACTERIAL LEACHING OF A LOW-GRADE CHALCOPYRITE ORE 

WITH DIFFERENT LIXIVIANTS 

Henry L. Ehrlich 

Department of Biology, Rensselaer Polytechnic Institute 

Troy, Nay. 1218)   
ABSTRACT 

A chalcopyrite-containing ore was shown to be able to retain 

measurable amounts of Cu2* ions from a 9 mM copper sulfate solution at 

pH values of 1.5 or above, which was percolated through it. The ore 

also exhibited significant buffering capacity when titrated with 

0.01 N H,S0, or 0.01 N NaOH. Thiobacillus ferrooxidans strain Cu,S-2 

accelerated leaching of the ore when using iron-free 1lixiviant at pH 
  

1.5 or ferrous iron-containing lixiviant at pH 1.5. The total copper 

recovered in 20 weeks from inoculated percolation columns fed with 

ferrous lixiviant was the same as that recovered from inoculated 

columns fed with iron-free lixiviant, namely about 20% of the total 

copper in the ore, but the amount of copper recovered from uninocula- 

ted, sterile columns when using ferrous lixiviant was only about a 

third (3.2%) of that obtained with iron-free lixiviant fed to uninocu- 

lated, sterile columns in the same length of time (10.2%). When the 

ore was fed ferric lixiviant at pH 1.5, the bacteria exerted a strong 

retarding effect on the leaching process. In their absence, about 2.5 

times as much copper (about 52% of the total copper in the ore) was 

recovered in 20 weeks than in their presence. The amount of copper 

recovered with bacteria in this case equalled approximately the 

amount recovered with bacteria using iron-free or ferrous iron- 

containing lixiviants. 

INTRODUCTION 

Chalcopyrite, the dominant copper mineral in many copper sulfide 

ores, has been reported to be relatively refractory to chemical 

leaching with acid ferric sulfate solution (Razzell and Trussell, 

1963). In the following experiment, we examined the effects which 

Thiobaccillus ferrooxidans strain CujS-2 and leach solutions of 

different composition had on leaching of a low-grade chalcopyrite- 

containing ore.



  

  

146 H. L. Ehrlich 

MATERIALS AND METHODS 

Nature of ore. The ore employed in these studies consisted of 

two fractions, both ground to a mesh size range of 425 to 850 um 

and having the following chemical composition. All but one 

experiment were performed with fraction 1, which contained in percent 

by, weight: “Cu, 0.160; Fe, 3.7;.$;-0,945 Mo, 0.011: 84.4% of the 

copper was in chalcopyrite. Fraction 2 contained in percent by 

weight: Cu, 0.1193 Fe, 1.8; S$, 0,553 Mo, 0.018; 90.8% of the copper 

was in chalcopyrite. 

Copper retention by ore in percolation columns. Six glass 
  

columns (10 x 360 mm) inserted into test tubes (15 x 150 mm) through 

a cotton plug were each charged with 5 ml (6.9 g) of washed ore- 

fraction 1. Each column was fed at 15-min intervals with 1-ml volumes 

of a 9 mM CuSO, solution. Each column was fed at a different 

influent pH. The influent pH values were 0.5, 1.5, 2.0, 2.5, 3.0 and 

3.5. Before initiating feedings, the pore space of the ore in each 

column was saturated with the solution with which it was to be fed 

so that each subsequent feeding would displace an approximately equal 

volume of liquid. from the column... It took from.J1.7 to .1.8 ml. to 

reach the saturation level in each column. The effluents generated 

after each feeding were collected separately and analyzed for pH 

and copper concentration. 

Electrometric titration of ore. For these experiments, 5 g of   

washed ore-fraction 1 were mixed with 20 ml of distilled water and 

titrated electrometrically by successive additions with stirring of 

l-ml amounts of 0.01 N H5SO, at 5-min intervals. Similar titrations 

were performed with separate 5-g samples of the ore using 0.1 N H5S0,, 

0.01 N NaOH and 0.1 N NaOH, 

Leaching experiments. These experiments were performed in perco- 

lation columns set up as for the Cu-adsorption experiments, except 

that each ore-containing column and its collection tube was sterilized 

by autoclaving. Each sterilized column was either inoculated with 2 ml 

of washed cell suspension of Thiobaccillus ferrooxidans strain Cu,S-2 
  

containing in the order of 107 cells per ml, accurately determined, or 

it received a volume of Fe3+-containing 9K mineral salts solution to 

correspond to the residual ferric iron in the cell inoculum, plus a 

volume of sterile distilled water at pH 2.5 to give a total volume of 

2.0 ml in place of the bacterial inoculum. One hour later, 0.5 ml of 

each feed solution to be tested (iron-free, 9K mineral salts solution; 

ferrous sulfate-containing 9K mineral salts solution; ferric ammonium 

sulfate-containing 9K mineral salts solution) was added to respective 

columns. The 9K mineral salts solution contained in grams per liter:
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(NH, )oS045 3.03; KCl, 0.13 KoHPO,, 0.53 MgSO,.7H20, 0.53; and Ca(N03). 

0.01 (Silverman and Lundgren, 1959). The iron concentrations in the 

feed solutions are given in the results section for each experiment. 

Further 0.5-ml feedings were then made at daily intervals while the 

columns were incubating at 30°C. The collection tube attached to 

each column was replaced with a fresh, sterile tube at weekly 

intervals. Any weekly effluent collections which showed precipitate 

were acidified with 1 or 2 drops of concentrated HCl. All weekly 

effluent collections were then analyzed for total volume collected, 

for the presence of bacteria, for pH, and for the total copper and 

jron they contained. At the end of an experiment, each column was 

washed 6 times at 5-min intervals with 2.0-ml aliquots of distilled 

water followed by seven 2.0-ml aliquots of 1 N H,S0, fed at 15 min 

intervals, and the quantities of copper and iron in the effluents 

were then determined. Each experimental condition was run in 

triplicate. 

Inoculum. Thiobacillus ferrooxidans strain Cu,S-2 was grown in 3 
  

separate 500-ml Erlenmeyer flasks, each containing 100 ml of 9K 

medium (Silverman and Lundgren, 1959). Incubation was at 302C. for       
5 days. The cells were then harvested by centrifugation and 

resuspended in about 8 ml of sterile distilled water adjusted to pH 

2.6 with H»S0, (Silverman and Lundgren, 1959). The suspension was 

stored overnight in a refrigerator. During this time, significant 

amounts of basic iron sulfate settled out. The supernate was then 

decanted and used as inoculum. Its iron content and cell concentra- 

tion were determined. 

Analytical methods. The effluent volume was measured by 

volumetric pipet. Examination of the effluent for the presence of 

bacteria was by phase-contrast microscopy of wet mounts. The pH was 

determined with Short-Range Alkacid Paper (Fisher Scientific Col). 

Copper was determined colorimetrically with 2,2' biquinoline reagent 

and 10% hydroxylamine hydrochloride as reducing reagent, while iron 

was determined with o-phenanthroline reagent and 10% hydroxylamine 

hydrochloride as reducing agent, using the methods described by 

Ehrlich and Fox (1967). 

RESULTS 

Copper retention by ore in percolation columns. As. Fig. |. shows, 

samples of ore-fraction 1, when fed with 9 mM CuSO, solution at 

different pH values, retained significant amounts of copper when the 

influent pH was above 1.5. The pH values of the effluents were 

generally 4.0 to 4.5 with influents at pH 1.5 and above. When the pH 

of the influent was 0.5, the pH of the effluent was generally 0.5 to
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1.0. By assuming a linear rate of change in effluent copper concen- 

tration with successive feedings after the initial feeding, it was 

estimated that at an influent pH of 1.5, the ore could retain about 

65 g of copper per metric ton while at influent pH of 2.5, it could 

retain about 315 g of the copper per metric ton. Ore samples from 

different parts of the same ore body varied somewhat in their ability 

to retain copper. 
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Fig. 1. Cu2* removal from a 9 mM CuSO, solution percolated through 
ore fraction 1. Influent pH values: « 3.53; =» 3.03 

me 2.53 6 2.03 ¢ 1,53 @ 0.5. 

When 2.2 mM iron was present as FeNH,(S0,)> in copper sulfate 

solution containing 9 mM Cu2t, the resultant solution, when fed to 

ore-fraction 2, did not markedly change the copper retention of the 

ore at influent pH values of 1.5 or 1.8 (Fig. 2A and 2B). The 

effluent pH values ranged from 2.5 to 5 for the pH 1.5-influent and 

from 4.5 to 5 for the pH 1.8-influent. The molar ratios of retained 

copper to retained iron are given in Table 1. They are seen to be 

larger at influent pH 1.5. The fact that the ratios increased again 

in later feedings probably reflects the fact that the ore approached 

saturation with iron sooner than with copper.
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Table 1. Molar ratios of Cu/Fe adsorbed by ore 
sample 2 in successive feedings at 
influent pH values of 1.8 and 1.5. 
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Fig. 2. Cu2+ and Fe3* removal by ore-fraction 2 in percolation 

columns from a solution containing 9 mM CuSO, and 2.2 mM 
FeNH,(SO,)o. (A) at influent pH 1.8. (B) at influent pH 
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Electrometric titration of ore. The results of electometric 

titration of ore-fraction 1 with 0.01 N HoSO, are shown in Fig. 3A. 

No marked change in pH with successive additions of acid was noted 

with this ore, indicating a significant buffering capacity toward 

0.01 N acid. This buffering capacity disappeared when the titration 

was performed with 0.1 N HoSO, (Fig. 3B). When this particular  
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ore-fraction was titrated with base, it revealed buffering capacity 

around pH 9 when using 0.01 N NaOH as titrant, and around pH 11.5 

when using 0.1 N NaOH as titrant (Figs. 3C and 3D). 
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Fig. 3. Electrometric titration of ore-fraction 1. CA) with 0.0] 
N HoSO,. (B) with 0.1 N HoSO,. (C) with 0.01 N NaOH. 
(D) with 0.1 N NaOH. 

Leaching studies. When inoculated and uninoculated percolation 

columns containing ore-fraction 1 were fed with iron-free 9K mineral 

salts solution at pH 1.5, the results in Fig. 4 were obtained. They 

show that the bacteria accelerated copper leaching during the first 

23 weeks. A possible reason for the cessation of bacterial 

acceleration of leaching after that time may have been the 

exhaustion of readily accessible chalcopyrite, the remaining mineral 

being enclosed in the host rock and requiring the degradation of the 

latter. The average percent cumulative recovery of copper with the 

30th effluent was 25.1% with bacteria and 14.2% without bacteria. In 

considering iron recovery, it is noteworthy that it was greater 

without bacteria than with them (Fig. 4). This can be explained on 

the basis that in the absence of bacteria, little of the ferrous iron 

which ‘was generated in the columns was oxidized, and, therefore, it
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was extensively washed out, while in the inoculated columns 

significant portions of the ferrous iron generated was oxidized and 

thus retained in the columns, 
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Fig. 4. Cumulative recoveries of Cu and Fe during leaching of ore- 
fraction 1 with iron-free 9K mineral salts solution at pH 1.5. 
(A) pH of weekly effluent collections. Symbols: e inoculated; 

o uninoculated. (B) Cumulative Cu and Fe recoveries. 
Symbols: e Cu, inoculated; oCu, uninoculated; * Fe inoculated; 
%*Fe uninoculated 

When inoculated and uninoculated percolation columns containing 

ore-fraction 1 were fed with ferrous sulfate 9K mineral salts 

solution at pH 1.5 containing 1.01 mg of total iron per ml, of which 

0.92 mg per ml was ferrous iron, the results in Fig. 5 were obtained. 

Bacteria were again found to accelerate leaching, but the total copper 

recovery from inoculated columns in this case was the same as from 

inoculated columns fed with iron-free 9K mineral salts solution at 

pH 1.5 for 20 weeks (Fig. 4). At the same time, only 0.3 times as 

much copper (3.2 versus 10.2%), was recovered from uninoculated 

columns in this experiment (Fig. 5) as from uninoculated columns fed 

with iron-free lixiviant (Fig. 4). The bacterial effect on the 

cumulative copper-recovery diminished after the 9th week (Fig. 5). 

Cumulative iron-recovery from inoculated columns had caught up to 

that of uninoculated columns by the 16th week (Fig. 5) and exceeded 
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Fig. 5. Cumulative recoveries of Cu and Fe during leaching of ore- 
fraction 1 with ferrous sulfate 9K mineral salts solution. 
Upper figure: pH of weekly effluent collections. Lower 
figures: Cumulative Cu and Fe recoveries. Symbols:e * in- 
oculated;o * uninoculated. 

it thereafter. This can probably be related to the pH conditions 

prevailing in the columns by then. The average percent cumulative 

recovery of copper with the 20th effluent was 20.2% with bacteria and 

3.2% without bacteria. 

When other samples of ore-fraction 1 were leached with ferrous 

sulfate 9K mineral salts solution at poH.1.5. for 9 weeks.and at pH 2.5 

for 11 additional weeks, 29.5% copper were recovered from inoculated 

columns and 1.5% from uninoculated columns. These findings suggest 

that the pH became somewhat unfavorable in the column after the 9th 

week in the experiment where leaching occurred exclusively with the 

ferrous lixiviant at pH 1.5. The bacteria in this experiment also did 

not suppress iron recovery greatly. 

When ore-fraction 1 was leached with ferric ammonium sulfate 9K 

mineral salts solution at pH 1.5 containing 0.90 mg total iron per ml, 

of which 0.84 mg per ml was ferric iron, the results in Fig. 6 were 

obtained. Here, over 20 weeks, the bacteria had a distinctly adverse 

effect on copper recovery. While 51.7% total copper was recovered
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from uninoculated columns, only 20.8% total copper was recovered from 

uninoculated columns. Cumulative copper recovery slowed markedly after 

the 12th week in the absence of bacteria and after the 9th week in the 

presence of bacteria (Fig. 6). Bacteria had at most a slight effect 

in suppressing iron recovery (Fig. 6). Some difficulty was encountered 

in the color development in the copper assay starting with the 13th 

effluent from inoculated columns and with the 20th effluent from 

uninoculated columns. Additional solid hydroxylamine hydrochloride 
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Fig. 6. Cumulative recoveries of Cu and Fe during leaching of ore- 

fraction 1 with ferric ammonium sulfate 9K mineral salts 
solution. Upper figure: pH of weekly effluent collections. 

Lower figures: Cumulative Cu and Fe recoveries. 
Symbols:e «inoculated; o * uninoculated. 

had to be added to the reaction mixture. The lack of color develop- 

ment without this addition was not due to complete consumption of 

hydroxylamine hydrochloride because when copper sulfate solution was 

added to the reaction mixture, immediate color development occurred. 

Ferric iron was also experimentally ruled out as the cause of the 

interference in color development. The true cause of the interference 

remains obscure.  
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DISCUSSION 

The results from this study show that copper recovery in the 

leaching of chalcopyrite-containing ore is affected by a number of 

factors such as the Cu2t-retaining capacity of the ore, the buffering 

capacity of the ore, and the influence of Fe2+ and Fe3* iron in the 

presence and absence of bacteria. 

The copper retaining capacity of the ore used in these experiments 

is great enough to hold back about 4% of the copper at influent pH 1.5 

and about 20% at influent pH 2.5. This copper is readily removed from 

the ore by washing it with 1 N HoS0,. We have found that this copper- 

retaining capacity was not limited to chalcopyrite-containing ore, but 

it was also exhibited by chalcocite-containing ore. 

The buffering capacity of the ore must surely affect the pH of the 

interstitial solution and, therefore, the rate of chemical and 

bacterial action on the ore. Since the host rock as well as the metal 

sulfides undergo chemical change during leaching, the buffering capac- 

ity of the ore may never be exhausted during leaching. 

The leaching studies with this chalcopyrite-containing ore yielded 

surprising results in that bacteria seemed to aid the process only 

when the lixiviant was iron-free 9K mineral salts solution or ferrous 

sulfate 9K mineral salts solution. In the case of ferric ammonium 

sulfate 9K mineral salts solution, the bacteria decidedly slowed the 

process of copper leaching. This may be explained on the basis that 

the bacteria (T. ferrooxidans) will keep the iron in the lixiviant 

mainly in the ferric state, which causes it to precipitate as hydrous 

ferric oxide or jarosite (Duncan and Walden, 1972) on chalcopyrite and 

making it inaccessible to further bacterial or chemical oxidation. In 

the absence of bacteria, a significant portion of the iron will be in 

the ferrous state as a result of reaction with chalcopyrite, and in 

this more mobile form will pass from the ore in the effluent leaving 

the remaining chalcopyrite accessible to further chemical oxidation. 

This is one case, therefore, where chemical oxidation is more effec- 

tive in leaching than bacterial oxidation. The iron content of the 

lixiviant is critical in this chemical process, however. It should 

probably be kept under 1,000 ppm, since other investigators have not 

obtained significant chemical leaching with Fe%* concentrations 

ranging from 9,000 to 45,000 ppm at pH 2. 

Duncan and Walden (1972) observed some acceleration by T. ferro- 

oxidans in the leaching of a chalcopyrite concentrate with a ferric 9K 

mineral salts solution in shake-flasks. However, they also noted 

greater acceleration by the bacteria when leaching with ferrous 9K 

mineral salts solution or iron-free 9K mineral salts solution.
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