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Abstract: This work presents an investigation of column leaching of a chalcopyrite 
ore using sulphuric acid where dissolved oxygen and iron(III) ions play the role of 
oxidants. The investigations were carried out in PVC columns, diameter 110 mm 
and height 1000 mm, by percolation of the leaching solution through the ore layer. 
The influence of ore grain size on the degree of leaching and acid consumption was 
examined. The formation of gypsum on limestone results in the comminution of the 
initial raw material during leaching. The grain size of chalcopyrite was found to 
have no important influence on the leaching rate of copper. A higher consumption 
of sulphuric acid was found for the fractions (–3+1) mm, (−5+0) mm and (−5+3) 
mm than for the fractions (−10+5) mm, (−20+10) mm and (−20+0) mm. 
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INTRODUCTION 

Classic methods of copper recovery from chalcopyrite ores are associated 
with the formation of large quantities of out-of-balance raw materials. Further 
treatment of such raw materials and copper recovery from them is possible by 
leaching these minerals and subsequent copper extraction from the leaching solu-
tions. Leaching of such out-of-balance raw materials is carried out on heaps, 
dumps and in situ. Both oxide and sulphide copper ores are leached, whereby 
acid leaching1,2 and bioleaching3–6 are the most often employed methods. How-
ever, if CuFeS2 is the most common copper mineral in the dumps and heaps, the 
leaching rate is lower than for other minerals because this mineral is not very re-
active. Due to this, stronger oxidants have to be used for the decomposition of 
chalcopyrite. On the laboratory scale, for this purpose, strong oxidants have to be 
employed, such as: chlorine,7 nitric acid,8 ozone,9 and chromium(VI)10,11 but, 
decomposition of chalcopyrite may also occur in the presence of some weak oxi-
dants, i.e., iron(III)12–15 and oxygen,16 which are more favourable for direct use. 
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Previous investigations have shown that the oxidation process of chalcopyrite is 
very complex, where dissolution is assumed to occur via the following Equations:17 

− oxidation to elementary sulphur 
 CuFeS2 → Cu2+ + Fe3+ + 2S0 + 5e– (1) 

− oxidation to sulphate 

 CuFeS2 + 8H2O → Cu2+ + Fe3+ + 2 −2
4SO + 16H+ + 17e– (2) 

For potential values > 700 mV, massive dissolution of the chalcopyrite occu-
rred according to Eq. (1) or (2).18 Oxygen and Fe3+ ion can oxidize the mineral 
because the redox pairs O2/H2O (O2(g) + 4H+ + 4e– → 2H2O) and Fe3+/Fe2+ 
(Fe3+ + e– → Fe2+) have a standard redox potential of 1.23 V and 0.77 V, 
respectively. 

Both, elementary sulphur and sulphates may be obtained as the final pro-
ducts of chalcopyrite oxidation. Sulphur formation retards the dissolution of this 
mineral due to passivation.19–22 Many factors influence the dissolution rate: the 
nature of the passive layer,14 galvanic interactions on the surface of the mine-
ral,23,24 activation of the mineral,25 particle size,26,27 etc. Using electrochemical 
methods, important data were obtained and employed to explain the behaviour of 
chalcopyrite in solution (the nature and existence of a passive layer, the influence 
of reactants on the dissolution rate, etc.), indicating the complexity of the chalco-
pyrite oxidation process.28–31 

In this work, the oxidation of chalcopyrite ore from the Bor River ore body 
was analysed using sulphuric acid solutions as the leaching solution and dis-
solved oxygen as the oxidant, as well as the iron(III) formed during the leaching. 
The influence of grain size on the dissolution rate of chalcopyrite was investi-
gated using sulphuric acid solutions (pH 1.0) at a solid/liquid ratio of 1:1. The 
experiments were performed in columns by percolation of the leaching solution 
through the ore. In addition to the content of copper, those of iron, silicon, alu-
minium, magnesium and calcium were determined in the leaching solutions. The 
untreated sample and the solid residues obtained after the leaching process were 
analysed by X-ray diffraction analysis. 

EXPERIMENTAL 
Material 

Samples for laboratory investigation were taken from the Bor River ore body, East Serbia. 
The sample was crushed to (–20+0) mm and samples for study were prepared by additional 
crushing and sieving. The following fractions were used in this study: (−3+1) mm, (−5+3) mm, 
(−5+0) mm, (−10+5) mm, (−20+10) mm and (−20+0) mm. The results of the chemical analyses of 
the ore samples of various size ranges are presented in Table I. 

The grain size distributions of an untreated and treated sample within the size range of (–20+0) mm 
are presented in Fig. 1. 

It was estimated using mineralogical and X-ray analysis of the samples that the most common 
copper mineral was chalcopyrite and pyrite, whereby the ratio of chalcopyrite/pyrite 1:3. Based on 
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qualitative mineralogical analyses, the amounts of magnetite, hematite, rutile, leucoxene and limo-
nite, as well as of trace amounts of chalcocite, covellite and bornite were estimated. The back-
ground minerals in the analysed sample were based on quartz–carbonate–silicate. 

TABLE I. Chemical analysis of the ore samples 

Content / % 
Size range / mm Constituents 

–3+1 –5+0 –5+3 –10+5 –20+10 –20+0 
Cuuk 0.51 0.58 0.53 0.57 0.48 0.64 
Cuox 0.007 0.01 0.013 0.009 0.019 0.027 
Fe 4.00 3.92 4.60 3.67 3.84 3.93 
S 5.18 5.57 5.09 5.76 4.80 3.74 

CaO 4.31 6.3 4.59 5.25 5.52 5.94 
MgO 1.56 1.69 1.70 1.67 1.48 1.76 
SiO2 57.64 53.10 55.90 54.4 53.48 54.06 

Al2O3 12.48 12.97 13.19 12.71 12.05 12.89 
 

Fig. 1. Grain size distribution for the size 
range (–20+0) mm, a) untreated sample, b) 
treated sample. 

Column leaching experiments 
Dissolution of all the samples was carried out in PVC columns of, diameter 110 mm and 

height 1000 mm, using sulphuric acid solutions as the leaching solution. Eight kilograms of ore of a 
definite size range, (−3+1) mm, (−5+3) mm, (−5+0) mm, (−10+5) mm, (−20+10) mm or (−20+0) mm, 
was loaded into a column. A bed of silicon dioxide of about 1 cm thickness was layered over the 
ore in order to assure uniform distribution of the solution. Sulphuric acid solution of pH 1.0, at ratio 
of solid/liquid of 1:1, was used as the leaching solution. The pH values were adjusted by addition 
of sodium hydroxide, and the output solutions were re-circulated upon adjustment of the pH. The 
sulphuric acid consumption was calculated based on the sodium hydroxide consumption. At defi-
nite time intervals, 5 ml of leaching solution was taken and transferred into a 100 ml volumetric 
flask. The solutions were made up to a volume of 100 ml with distilled water and the amounts of 
copper and iron were measured using atomic absorption spectrophotometry (AAS). Aluminium and 
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silicon were measured by inductively coupled plasma–atomic emission spectroscopy (ICP–AES). 
Upon 90 days of leaching of following fractions: -20+10 mm, -20+0 mm and -5+3 mm, the con-
tents of Ca and Mg were determined in the output leaching solutions by atomic absorption spectro-
photometry (AAS). 

The liquid flow rate through column was 3.3 cm3 min-1. The all leaching experiments lasted 
three months under atmospheric conditions. 

RESULTS AND DISCUSSION 

Influence of grain size on the dissolution rate of chalcopyrite was analysed 
for six size fractions, i.e., (−3+1) mm, (−5+3) mm, (−5+0) mm, (−10+5) mm, 
(−20+10) mm and (−20+0) mm). The results of the leaching experiments are 
presented in Figs. 2 – 7. 

 
Fig. 2. Dependence of the concentrations of cop-
per, iron, aluminium and silicon in the leaching 
solution on time after copper ore treatment with 

sulphuric acid (pH 1.0, S:L = 1:1) for 
the size range: (-3+1) mm. 

 
Fig. 3. Dependence of the concentrations of cop-
per, iron, aluminium and silicon in the leaching 
solution on time after copper ore treatment with 

sulphuric acid (pH 1.0, S:L = 1:1) for 
the size range: (–5+0) mm. 

From the dissolution curves (Figs. 2 – 7), it can be seen that concentration of 
the selected elements increased with time. The copper(II) concentration in these 
solutions after leaching for three months was in the range of 0.011 – 0.024 g dm–3; 
iron, aluminium and silicon in the range 0.22 – 0.68  g dm–3, 0.14 – 0.45  g dm–3 
and 0.039 – 0.13  g dm–3, respectively. The calcium(II) concentration was in the 
range of 0.030 – 0.062  g dm–3, and of magnesium 0.134 – 0.460  g dm–3. 

Low calcium concentration can be explained by the formation of sparingly 
soluble calcium sulphate.15 The experimental results show that the grain size of 
the ore, for these size ranges, had a minor influence on the dissolution rate. Also, 
the oxidation rate of chalcopyrite under these conditions was low, as shown by 
the low copper(II) ions concentration in the output solutions (Fig. 8). 
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Fig. 4. Dependence of the concentrations of cop-
per, iron, aluminium, silicon, calcium and mag-

nesium on time after copper ore treatment 
with sulphuric acid (pH 1.0, S:L = 1:1) 

for the size range: (–5+3) mm. 

 
Time / d 

Fig. 5. Dependence of the concentrations of cop-
per, iron, aluminium and silicon in the leaching 
solution on time after copper ore treatment with 

sulphuric acid (pH 1.0, S:L = 1:1) for 
the size range: (–10+5) mm. 

 
Time / d 

Fig. 6. Dependence of the concentrations of cop-
per, iron, aluminium, silicon, calcium and mag-

nesium on time after copper ore treatment 
with sulphuric acid (pH 1.0, S:L = 1:1) 

for the size range: (–20+0) mm. 

 
Time / d 

Fig. 7. Dependence of the concentrations of cop-
per, iron, aluminium, silicon, calcium and mag-

nesium on time after copper ore treatment 
with sulphuric acid (pH 1.0, S:L = 1:1) 

for the size range: (–20+10) mm. 

Insignificant influence of grain size on the dissolution rate of chalcopyrite 
may be explained as follows: in the initial period of leaching, oxidation of chal-
copyrite occurs on the surface of the ore grains. Due to the reaction between sul-
phuric acid and the matrix minerals, calcium ions are released, which react with 
the sulphate anions forming calcium sulphate (gypsum) as a precipitate. The 
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formation of this compound during leaching was confirmed by X-ray diffraction 
analysis of the solid residue (Fig. 9). Precipitate formation may occur when the 
formation front moves to the interior of the ore grains. Due to the large volume of 
the precipitate, small cracks form in the grain exposing new chalcopyrite surfa-
ces. This phenomenon results in a comminution of the initial raw material during 
leaching, which may be seen from the curve of the grain size distribution of the 
solid residue (Fig. 1, curve b). Ritsema and Groenenberg32 in 1993 proposed that 
the following reaction occurs on limestone in acidic medium in the presence of 
iron(III) (during pyrite oxidation): 

Fe3+ + 2 −2
4SO + H+ + 2CaCO3 + 5H2O → Fe(OH)3 + 2CaSO4⋅2H2O + 2CO2 (3) 

Fig. 8. Dependence of copper concentration on the 
average diameter of ore grains after leaching (pH 1.0, 
S:L = 1:1, leaching time: 90 days). 

They found that carbonate particles become coated with gypsum and amorphous 
ferric oxyhydroxides are formed in reaction (3). Simon et al.33 showed tabular 
crystals composed of S and Ca (gypsum), based on SEM–EDS analysis of the co-
atings. These facts are in accordance with the present results. 

Mineralogical analysis showed that carbonate minerals existed in the initial 
raw material. These minerals react with sulphuric acid forming a porous layer, 
which enables contact of leaching solution with minerals in the grain interior. 
Auck and Wadswort1 found that, during acid leaching of copper ore, the copper 
leaching rate increases with decreasing ore grain size, but the leaching rate was 
not proportional to the reciprocal value of diameter. Lu et al.22 found that for chal-
copyrite leaching particles of a various diameters in solutions of 0.8 M H2SO4 con-
taining 1 M NaCl, identical copper concentrations were obtained in the solution after 
9 h of leaching. A lack of dependence of the concentrations of leached ions on the 
size of the ore was also registered for other raw materials. For example, during 
the oxidation of As-bearing gold ore, it was found out that the grain size had no 
influence on the arsenic and iron concentrations in the leaching solutions.33 The 
differences in behaviour are probably due to the variable composition of the ores. 
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Fig. 9. X-Ray diffraction pattern of the residue after 90 days of leaching: gypsum (G), quartz (Q), an-
hydrite (A) and muscovite (M). Conditions: H2SO4 (pH 1.0), S:L = 1:1; for size range (–3+1) mm. 

The ore grain size had a small influence on the consumption of acid. As seen 
in Table II, the acid consumption was in the range of 56 – 73 g kg–1 ore, for vari-
ous grain sizes. Ahonen and Tuovinen4 performed experiments of bacterial lea-
ching of a complex sulphide ore containing chalcopyrite and obtained an average 
acid consumption of 43 g kg–1 ore. 
TABLE II. Influence of grain size on the consumption of sulphuric acid (pH 1.0) after 90 days of 
leaching 

Fraction / mm –3+1 –5+0 –5+3 –10+5 –20+10 –20+0 
Consumption / g kg-1 ore 73 65 67 56 57 61 

Siliceous and alumosiliceous minerals may be altered into other mineral 
forms during leaching.35 Some siliceous minerals may be partly dissolved during 
long-term acid leaching experiments. Siliceous (Me2SiO4) leaching rates are 
much slower than those for carbonates, but their contribution to acid consump-
tion may be important such as shown by the following reaction: 
 Me2SiO4 + 4H+ → 2Me2+ + SiO2 + 2H2O (4) 

The experimentally determined acid consumption (Fig. 10 and Table II) 
show an increased acid consumption with time. This suggests that reactions bet-
ween basic components and sulphuric acid are continuously contributing to the 
formation of leaching channels. This result leads to approximately equal leaching 
rates regardless of the ore grain size. Consumption of sulphuric acid is higher for 
the fractions (−3+1) mm, (−5+0) mm and (−5+3) mm than for the coarser frac-
tions (−10+5) mm, (−20+10) mm and (−20+0) mm, Fig. 10. 



918 ANTONIJEVIĆ at al. 

 

Time / d 
Fig. 10. Dependence of acid consumption on leach-
ing time for various size ranges (pH 1.0, S:L = 1:1). 

CONCLUSIONS 

Based on experimental data, the following could be concluded:  
1. Grain size of chalcopyrite ore has a minor influence on the leaching rate 

of this mineral in sulphuric acid solution. 
2. The copper(II) concentration in the leaching solutions after leaching for 

three months is in the range of 0.011 – 0.024 g dm–3. The concentrations of iron, 
aluminium and silicon are in the range of 0.22 – 0.68  g dm–3, 0.14 – 0.45  g dm–3 
and 0.039 – 0.13  g dm–3, respectively. 

3. The formation of gypsum on limestone results in the comminution of the 
initial raw material during leaching. 

4. A higher consumption of sulphuric acid was found for the fractions of (–3+1), 
(−5+0) and (−5+3) mm than for the fractions (−10+5), (−20+10) and (−20+0) mm, 
due to the presence of finer ore particles. 
Acknowledgements: The authors are grateful to the Ministry of Science of Serbia for financial 
support (Project No: 142012). 

И З В О Д  

УТИЦАЈ ВЕЛИЧИНЕ ЗРНА НА РАСТВАРАЊЕ ХАЛКОПИРИТНЕ РУДЕ 
У КИСЕЛОЈ СРЕДИНИ 

М. М. АНТОНИЈЕВИЋ, Г. Д. БОГДАНОВИЋ, С. М. ШЕРБУЛА и С. М. МИЛИЋ 

Univerzitet u Beogradu, Tehni~ki fakultet u Boru, p. pr. 50, 19210 Bor 

У раду су приказани резултати лужења халкопиритне руде сумпорном киселином где 
су улогу оксиданаса имали растворени кисеоник и јони гвожђа(III). Испитивања су вршена у 
колонама од ПВЦ материјала пречника 110 mm и висине 1000 mm, перколацијом раствора 
кроз слој руде. Испитиван је утицај величине зрна руде на степен излужења и потрошњу ки-
селине. У току лужења халкопиритне руде дешава се уситњавање полазне сировине услед 
грађења минерала гипса. Величина зрна руде халкопирита, у испитиваном опсегу крупноће, 
нема велики утицај на брзину лужења тог минерала у раствору сумпорне киселине. Нађено 
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је да је већа потрошња сумпорне киселине за класе крупноће (–3+1), (–5+0) и (–5+3) mm него 
што је код класа крупноће (–10+5), (–20+10) и (–20+0) mm. 

(Примљено 3. октобра 2006, ревидирано 14. марта 2007) 

REFERENCES 

1. Y. T. Auck, M. E. Wadsworth, International Symposium on Hydrometallurgy Chicago, Illi-
nois, February 25–March 1, The American Institute on Mining and Metallurgical and Petro-
leum Engineers, AIME, New York (1973) p.645 

2. J. Frenay, P. Dufresne, Acta Technica Belgica 26 (1986)147 
3. T. Brewis, Mining Magazine 173 (1995) 5 
4. L. Ahonen, O. H. Tuovinen, Hydrometallurgy 37 (1995) 1 
5. J. M. Casas, J. Martinez, L. Moreno, T. Vargas, Metallurg. and Mater. Trans. B 29 (1998) 899 
6. H. Yuehua, Q. Guanzhou, W. Jun, W. Dianzuo, Hydrometallurgy 64 (2002) 81 
7. S. Colak, M. Alkan, M. M. Kocakerim, Hydrometallurgy 18 (1987) 183 
8. F. Habashi, Chalcopyrite, Its Chemistry and Metallurgy, McGraw Hill, London, 1978 
9. T. Havlik, M. Skrobian, Canadian Metallurgical Quarterly 29 (1990) 133 

10. M. M. Antonijević, Z. Janković, M. Dimitrijević, Hydrometallurgy 35 (1994) 187 
11. M. M. Antonijević, J. Serb. Chem. Soc. 60 (1995) 233 
12. J. E. Dutrizac, R. J. C. MacDonald, Canadian Metallurgical Quarterly 12 (1973) 409 
13. F. B.Mateos, I. P. Perez, F. C. Mora, Hydrometalllurgy 19 (1987) 159 
14. C. Klauber, A. Parker, W. Bronswijk, H. Watling, Internat. J. Mineral Process. 62 (2001) 65 
15. M. M. Antonijević, G. D. Bogdanović, Hydrometallurgy 73 (2004) 245. 
16. P. H. Yu, C. K. Hansen, M. E. Wadsworth, International Symposium on Hydrometallurgy, 

Chicago, Illinois, February 25–March 1. The American Institute on Mining and Metallurgical 
and Petroleum Engineers, AIME, New York (1973) p. 375 

17. T. Biegler, D. A. Swift, J. Appl. Electrochem. 9 (1979) 545 
18. A. Lopez–Juarez, N. Gutierrez–Arenas, R. E. Rivera–Santillan, Hydrometallurgy 83 (2006) 63 
19. P. B.Munoz, J. D.Miller, M. E.Wadsworth, Metallurg. Trans. B 10 (1979) 149 
20. J. E. Dutrizac, Metallurg. Trans. B 12 (1981) 371 
21. R. P. Hackl, D. B. Dreisinger, E. Peters, J. A. King, Hydrometallurgy 39(1995) 25  
22. Z. Y. Lu, M. I. Jeffrey, F. Lawson, Hydrometallurgy 56 (2000) 189 
23. B. P.Gantayat, P. C. Rath, R. K. Paramguru, S. B. Rao, Metallurg. Mater. Trans. B 31 (2000) 55 
24. N. B. Devi, M. Madhuchhanda, K. Rao Srinivasa, P. C. Rath, R. K. Paramguru, 

Hydrometallurgy 57 (2000) 57 
25. E. Godocikova, P. Balaz, Z. Bastl, L. Brabec, Appl. Surf. Sci. 200 (2002) 36 
26. A. Bruynesteyn, D. W. Duncan, Medical Progress Through Technology, Solution Min. Symp. 

Proc. 103rd AIME Annu. Meet, Feb. 25–27, Dallas, TX, USA (1974) p. 324 
27. M. M.Antonijević, Z. D. Jankovic, M. D. Dimitrijevic, Hydrometallurgy 71 (2004) 329 
28. C. Gomez, M. Figueroa, J. Munoz, M. L. Blazquez, A. Ballester, Hydrometallurgy 43 (1996) 331 
29. N. Hiroyoshi, S. Kuroiwa, H. Miki, M.Tsunekawa, T. Hirajima, Hydrometallurgy 74 (2004) 103 
30. Y. L. Mikhlin,Y. V. Tomashevich, I. P. Asanov, A. V. Okotrub, V. A. Varnek, D. V. Vyalikh, 

Appl. Surf. Sci. 225 (2004) 395 
31. M. Farquhar, P. L. Wincott, R. A. Wogelius, D. J. Vaughan, Appl. Surf. Sci. 218 (2003) 34 
32. C. J. Ritsema, J. E. Groenenberg, Soil Sci. Soc. Am. J. 57 (1993) 968  
33. M. Simon, F. Martin, I. Garcia, P. Bouza, C. Dorronsoro, J. Aguilar, Environ. Pollut. 135 

(2005) 65 
34. M. Mihaljevic, L. Sisr,V. Ettler, O. Sebek, J. Prusa, J. Geochemic. Explor. 81 (2004) 59 
35. P. Oliva, B. Dupre, F. Martin, J. Viers, Geochim. Cosmochim. Acta 68 (2004) 2223. 




