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Figure S1 XRD analysis of the original chalcopyrite 

 

The XRD patterns were collected on a Bruker D8 (BrukerAXS, Germany) using Cu Kα radiation  

(λ=1.5406 Å) at 40 kV and 40 mA in the 2θ range of 10°−90°. The results of the XRD analysis show that the 

phase of the original mineral is mainly composed of chalcopyrite, with some galena.  

 

 

Figure S2 SEM micrograph of the original chalcopyrite 

 

The result in Figure S2 shows the surface morphology of the original chalcopyrite. 

 



 

Figure S3 Taxonomy of the top 20 species at the species level 

  



 

 

Figure S4 Leaching of chalcopyrite by mixed microorganisms with leaching parameters characterized by [Cu2+]aq (a), pH 

curves (b), microbial growth curves (c), [ST] aq curves (d), [FeT]aq and [Fe2+]aq curves (e) and ORP curves (f)(The Bio1 and 

bio1_adjust groups refer to the microbial community from a different site (the mining area of Xikuangshan (XKS), Hunan 

Province, China) compared with that from the Dabaoshan (DBS) mine site in the main text) 

 



 

Figure S5 Selected SEM images of chalcopyrite residues on day 12 (a) and day 24 (b) from the Bio_adjust group or on 

day 12 (c) and day 24 (e) from the Bio group 

 



 

Figure S6 XRD patterns (a) and Raman (b) and FTIR (c) spectra of chalcopyrite residues leached by mixed microorganisms 

with or without acidification 

 

 



 

Figure S7 The microbial community characterized by a Venn diagram of the OTU distribution (a), taxonomy of the top 10 

species at the phylum level (b), and taxonomy of the top 10 species at the genus level (c) 

 

 

 

 

 



Table S1 XPS data and chemical states of the leaching residues 

Spectral peak 
Binding energy/eV 

FWHM Chemical state 
This study Reference 

Fe(2p3/2) 708.5 708.55 (TABELIN et al [1], 2020) 2.5 Fe(III)—S 

Fe(2p3/2) 709.25 709.3 (BRION [2], 1980) 2.5 Fe(II)—O 

Fe(2p3/2) 709.88 709.7 (WANG et al [3], 2022) 3 Fe(II)—O 

Fe(2p3/2) 710.67 710.69 (SILVA et al [4], 2018) 2.11 Fe(III)—O 

Fe(2p3/2) 711.3 711.3 (NEAL et al [5], 2001) 2.77 Fe(III)—O 

Fe(2p3/2) 711.6±0.1 711.6 (WANG et al [3], 2022) 2.5 Fe(III)—O 

Fe(2p3/2) 712.11 712.1 (BINDER [6], 1973) 3 Fe(II)—S 

Fe(2p3/2) 712.30±0.1 712.35 (TABELIN et al [1], 2020) 2.5 Fe(III)—O 

Fe(2p3/2) 713.6±0.1 713.6 (WANG et al [3], 2022) 2.5 Fe(III)—S—O 

Fe(2p3/2) 714.4±0.1 714.5 (TABELIN et al [1], 2020) 2.5 Fe(III)—S—O 

Fe(2p3/2) 715.2±0.1 715.5 (OUYANG et al [7], 2014) 2.9 Fe(III)—S—O 

Fe(2p3/2) 715.64 715.64 (TABELIN et al [1], 2020) 3 Fe(III)—S—O 

S(2p3/2) 160.7±0.1 160.7 (KARTIO et al [8], 1997) 1.32 PbS 

S(2p3/2) 161.2 161.2 (MANOCHA and PARK [9], 1977) 1.32 PbS 

S(2p3/2) 161.28 161.28 (ZHANG et al [10], 2021) 1.7 S2− 

S(2p3/2) 161.5 161.5 (WANG et al [3], 2022) 1.7 S2− 

S(2p3/2) 162.3 162.3 (NIE et al [11], 2019) 1.7 S2
2− 

S(2p3/2) 162.7 162.7 (PERRY and TAYLOR [12], 1986) 1.7 S2− 

S(2p3/2) 163.15±0.1 163.1 (YU et al [13], 1990) 1.7 S0 

S(2p3/2) 163.37±0.1 163.3 (ZHANG et al [10], 2021) 1.7 Sn
2− 

S(2p3/2) 163.8 163.8 (Hyland and Bancroft [14], 1989) 1.7 Sn
2− 

S(2p3/2) 163.9 164 (SHUL’GA et al [15], 1995) 1.7 S0 

S(2p3/2) 164.3 164.3 (ZHANG et al [10], 2021) 1.7 S0 

S(2p3/2) 165.7±0.1 165.9 (LIU et al [16], 2018) 1.7 SO3
2− 

S(2p3/2) 167.31 167.2 (TURNER et al [17], 1980) 1.7 SO3
2− 

S(2p3/2) 168.4 168.3(PRATT et al [18], 1994) 1.65 SO4
2− 

S(2p3/2) 168.6±0.1 168.7(LINDBERG et al [19], 1970) 1.7 SO4
2− 

Cu(2p3/2) 932±0.1 931.96(JIA et al [20], 2020) 1.42 CuFeS2 

Cu (2p3/2) 932.8±0.1 932.7(PERRY and TAYLOR [12], 1986) 2.29 Cu2S 

Cu(2p3/2) 933.06 933.2(SCHÖN [21], 1973) 1.88 Cu(Ⅱ)-O 

Cu(2p3/2) 933.3 933.3(JOLLEY et al [22], 1989) 1.87 Cu(Ⅱ)-O 

Cu(2p3/2) 934.6 934.6(PARMIGIANI et al [23], 1992) 3 Cu(Ⅱ)-O 

Cu(2p3/2) 935±0.1 935(NEFEDOV et al[24], 1980) 2.5 Cu(Ⅱ)-S 

Cu(2p3/2) 935.5±0.2 935.5(NEFEDOV et al [25], 1977) 2.21 Cu(Ⅱ) 

 

 

 

 

 

 

 

 



Table S2 Fitted results of S 2p XPS spectra 

Sample 
Percentage of S 2p combination/at.% 

S2− S2
2− S0 SO3

2− SO4
2− 

Bio_adjust 

Day 6 22.7 25.2 12.2 5.1 34.8 

Day 12 17.9 — 31.6 4.6 45.9 

Day 18 4.9 — 25.6 2.0 67.5 

Day 24 2.7 — 13.0 2.0 82.3 

Bio 

Day 6 37.3 — 15.0 9.1 38.6 

Day 12 43.7 — 26.3 5.8 24.2 

Day 18 24.5 — 31.3 9.2 35.0 

Day 24 18.8 — 29.9 11.1 40.2 

Abio_adjust Day 24 21.7 — 28.9 5.6 43.8 

Abio Day 24 24.4 — 29.9 8.2 37.5 

 

Table S3 Fitted results of Cu 2p XPS spectra 

Sample 
Percentage of Cu 2p combination/at.% 

CuFeS2 (Cu—S) Cu2S Cu—O Cu—S 

Bio_adjust 

Day 6 42.1 35.1 — 22.9 

Day 12 35.5 43.7 — 20.7 

Day 18 — 61.8 — 38.2 

Day 24 — 73.2 — 26.8 

Bio 

Day 6 57.6 — 22.34 20.1 

Day 12 47.8 — 31.17 21.0 

Day 18 35.5 — 28.01 36.5 

Day 24 21.0 — 52.90 26.1 

Abio_adjust Day 24 — 64.3 — 35.7 

Abio Day 24 — 49.7 — 50.3 

 

Table S4 Fitted results of Fe 2p XPS spectra 

Sample 
Percentage of Fe 2p combination/at.% 

Fe(III)—S Fe(II)—O Fe(III)—O Fe(II)—S Fe(III)—S—O 

Bio_adjust 

Day 6 — — 68.1 — 31.9 

Day 12 — 15.6 56.8 — 27.6 

Day 18 — — 69.3 — 30.7 

Day 24 — — 66.8 — 33.2 

Bio 

Day 6 18.5 — 51.4 — 30.1 

Day 12 — — 58.3 25.8 15.9 

Day 18 — — 38.5 — 61.5 

Day 24 — — 67.8 — 32.2 

Abio_adjust Day 24 10.5 — 52.8 — 36.7 

Abio Day 24 16.6 — — 51.2 32.2 
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