)
Iy

1N

=

UNIVERSITAT ve
BARCELONA

Pretreatment to the leaching
of copper sulphides minerals in oxidizing media

Victor Alejandro Quezada Reyes

ADVERTIMENT. La consulta d’aquesta tesi queda condicionada a I'acceptacié de les seglients condicions d'Us: La difusié
d’aquesta tesi per mitja del servei TDX (www.tdx.cat) i a través del Diposit Digital de la UB (diposit.ub.edu) ha estat
autoritzada pels titulars dels drets de propietat intel-lectual Unicament per a usos privats emmarcats en activitats
d’investigacié i docéncia. No s’autoritza la seva reproduccié amb finalitats de lucre ni la seva difusié i posada a disposicio
des d’un lloc alié al servei TDX ni al Diposit Digital de la UB. No s’autoritza la presentacié del seu contingut en una finestra
o marc alie a TDX o al Diposit Digital de la UB (framing). Aquesta reserva de drets afecta tant al resum de presentacié de
la tesi com als seus continguts. En la utilitzacié o cita de parts de la tesi és obligat indicar el nom de la persona autora.

ADVERTENCIA. La consulta de esta tesis queda condicionada a la aceptacién de las siguientes condiciones de uso: La
difusion de esta tesis por medio del servicio TDR (www.tdx.cat) y a través del Repositorio Digital de la UB
(diposit.ub.edu) ha sido autorizada por los titulares de los derechos de propiedad intelectual Unicamente para usos
privados enmarcados en actividades de investigacion y docencia. No se autoriza su reproduccion con finalidades de lucro
ni su difusion y puesta a disposicion desde un sitio ajeno al servicio TDR o al Repositorio Digital de la UB. No se autoriza
la presentacion de su contenido en una ventana o marco ajeno a TDR o al Repositorio Digital de la UB (framing). Esta
reserva de derechos afecta tanto al resumen de presentacion de la tesis como a sus contenidos. En la utilizacion o cita de
partes de la tesis es obligado indicar el nombre de la persona autora.

WARNING. On having consulted this thesis you're accepting the following use conditions: Spreading this thesis by the
TDX (www.tdx.cat) service and by the UB Digital Repository (diposit.ub.edu) has been authorized by the titular of the
intellectual property rights only for private uses placed in investigation and teaching activities. Reproduction with lucrative
aims is not authorized nor its spreading and availability from a site foreign to the TDX service or to the UB Digital
Repository. Introducing its content in a window or frame foreign to the TDX service or to the UB Digital Repository is not
authorized (framing). Those rights affect to the presentation summary of the thesis as well as to its contents. In the using or
citation of parts of the thesis it's obliged to indicate the name of the author.




UNIVERSITAT v

+ BARCELONA

Pretreatment to the leaching of copper sulphides minerals in
oxidizing media

BEC 20kV WD15mm x500 50pm

Author:

Victor Quezada Reyes



Document signat digitalment per: VICTOR A QUEZADA REYES

Program name: Doctorado en Ingenieria y Ciencias aplicadas

Thesis title: Pretreatment to the leaching of copper sulphides minerals in oxidizing media

Doctoral student

Victor Alejandro Quezada Reyes

Thesis supervisors

Dr. Antoni Roca Vallmajor, Departamento de Ciencia de los Materiales y Quimica Fisica,
Universitat de Barcelona, Barcelona, Spain.

Dr. Oscar Benavente Poblete, Departamento de Ingenieria Metallrgica y Minas,
Universidad Catdlica del Norte, Antofagasta, Chile.

Thesis tutor

Dr. Antoni Roca Vallmajor, Departamento de Ciencia de los Materiales y Quimica Fisica,
Universitat de Barcelona, Barcelona, Spain.



ACKNOWLEDGEMENTS

| sincerely thank God for the health, opportunities, abilities, family and friends that

throughout my life have allowed me to preserve and enjoy.

| would also like to thank my tutors Dr. Oscar Benavente and Dr. Antoni Roca. Also,
thanks to my dear Dra. Montserrat Cruells. Many thanks for believing in this idea, for the
guidance and for teaching me about theory and life, especially from life. Thank you for those

extensive days between reactors, SEM and knowledge. More than a thesis, a life experience.

| extend my thanks to the Department de Ciéncia de Materials i Quimica Fisica of the
Universitat de Barcelona for assisting me and receiving so well since the first day , |
especially thank to Esther Vilalta for her enormous patience and willingness every time |
needed her help. | also thank the Departamento de Ingenieria Metalurgica y Minas of the

Universidad Catdlica del Norte for trusting and allowing me to perform this doctorate.

| cannot leave out of this page the Department of Chemical Engineering of the
University of Cape Town, especially Dr. Jochen Petersen for welcoming me into his research

team and giving me the opportunity to perform an internship in South Africa.

Finally, thank those people who have always been with me and believed when it was
perhaps more difficult to do so. Especially to my mother, my sister, my unconditional and

beautiful Evelyn Melo; Luis Beiza and Manuel Canovas.

Moltes gracies a tots



Dedicated to my mother, Yoice Reyes Diaz



TABLE OF CONTENTS

1 INTRODUCTION AND OBJECTIVES 1
1.1 STATE OF THE ART 1
1.2 OBIECTIVES 5
2 METHODOLOGIES AND CHARACTERIZATION TECHNIQUES 6
2.1 REAGENTS AND MINERAL SAMPLES 6
2.1.1 REAGENTS 6
2.1.2 MINERAL SAMPLES 7
2.2 EXPERIMENTAL METHODOLOGY ]
2.2.1 MECHANICAL SAMPLE PREPARATION 8
2.2.2 AGLOMERATION AND CURING 8
2.2.3  WASHING OF CURED SAMPLES 9
2.2.4 ANOVA ANALYSIS 10
2.2.5 LEACHING 11
2.3 CHARACTERIZATION TECHNIQUES 14
2.3.1 CHEMICAL CHARACTERIZATION 14
2.3.1.1 Inductively Coupled Plasma—Optical Emission Spectrometry 14
2.3.1.2 Atomic Absorption Spectrometry 15
2.3.1.3 Elemental analysis 15
2.3.2 MINERALOGICAL CHARACTERIZATION 15
2.3.2.1 X-ray diffraction 15
2.3.2.2 Stereo Microscope 15
2.3.2.3 Reflection Optical Microscope 16
2.3.2.4 Scanning Electron Microscopy 16
2.3.2.5 Qemscan 16
3 PRETREATMENT AND LEACHING OF A CHALCOPYRITE MINERAL 17
3.1 LITERATURE REVIEW 17
3.1.1 PRETREATMENT OF CHALCOPYRITE PRIOR LEACHING 18
3.1.2 CHALCOPYRITE LEACHING: MAIN PARAMETERS IN CHALCOPYRITE LEACHING 20
3.2 RESULTS OF PRETREATMENT AND LEACHING EFFICIENCY OF CHALCOPYRITE 31
3.2.1 CHARACTERIZATION OF THE CHALCOPYRITE MINERAL 31
3.2.2 PRETREATMENT OF THE CHALCOPYRITE MINERAL 34
3.2.3 CHARACTERIZATION OF PRETREATMENTS PRODUCTS 42
3.2.4 LEACHING WITH AND WITHOUT PRETREATMENT 50
3.2.5 CHARACTERIZATION OF LEACHING RESIDUES 55
3.3 RESULTS OF PRETREATMENT AND LEACHING EFFICIENCY OF THE MINE ORE 60
3.3.1 CHARACTERIZATION OF THE MINE ORE 60
3.3.2 PRETREATMENT OF THE MINE ORE 63



3.3.3 CHARACTERIZATION OF PRETREATMENTS PRODUCTS 65
3.3.4 LEACHING WITH AND WITHOUT PRETREATMENT 70
3.3.5 CHARACTERIZATION OF LEACHING RESIDUES 75
4 PRETREATMENT AND LEACHING OF A CHALCOCITE MINERAL 79
4.1 LITERATURE REVIEW 79
4.1.1 PRETREATMENT OF CHALCOCITE PRIOR LEACHING 80
4.1.2 CHALCOCITE LEACHING: MAIN PARAMETERS 81
4.2 RESULTS OF THE PRETREATMENT AND LEACHING EFFICIENCY OF CHALCOCITE 20
4.2.1 CHARACTERIZATION OF CHALCOCITE MINERAL 90
4.2.2 PRETREATMENT OF CHALCOCITE MINERAL 92
4.2.3 CHARACTERIZATION OF PRETREATMENTS PRODUCTS 94
4.2.4 LEACHING WITH AND WITHOUT PRETREATMENT 104
4.2.5 CHARACTERIZATION OF LEACHING RESIDUES 109
5 CONCLUSIONS 115
6 REFERENCES 120
7 APPENDIX 131
8 SCIENTIFIC DIFFUSION AND AWARDS 137




LIST OF FIGURES

Figure 1. Diagram of conventional copper pyrometallurgical process .......ccccceccuveeeeicieeeeccieeeeinneenn. 1
Figure 2. Diagram of conventional copper hydrometallurgical process.........cccccccvveeviciveeeeicieeeencnnnenn. 2
Figure 3. Scheme of magnetic stirrer leaching SyStem ..........coovciiiieciiiie e e e 12
Figure 4. Scheme of mechanical Stirrer SYStEM ......cccciiiee i e 13
Figure 5. Unit cell of the chalCoPYIite .....ouu i e e e e 18

Figure 6. Effect of NaCl concentration on the leaching of the chalcopyrite concentrate. Initial
conditions: 32 g solid with dso= 15.1 um, 800 mL of 0.8 M H,SO4 and 95 °C (Z. Y. Lu et al., 2000) .. 21

Figure 7. Voltammograms representing the NaCl effect on the oxidation/reduction of chalcopyrite.
Experimental conditions: 1 M H,SO4, 20 mV/s and 20 °C (Z.Y. Lu et al., 2000) ......cccevvevreerrrernnenne. 22

Figure 8. Effect of pH (m) 0.34, (¢) 0.7, (A) 1.3 and (e) 2.1 on copper dissolution from chalcopyrite
concentrate in 1 M chloride containing 0.2 M HCI. The solution potentials (open symbols) for the
experiments at pH 0.34 and pH 2.1, are also shown (Velasquez-Yévenes et al., 2010a) ................. 25

Figure 9. Copper dissolution from chalcopyrite concentrate in a solution of 0.2 M HCl and 0.5 g/L of
Cu®* at 35 °C and (A) 580 mV and (m) 450 mV with potential increased to 550 mV after 936 h
(Veldsquez-Yévenes et al., 2010b). Passive and transpassive anodic behavior of chalcopyrite in acid
LYo [ 1 oY o U PPROt 27

Figure 10. Leaching curves for the dissolution of (#) +25-38 um and (A ) —-25 um size fractions of
chalcopyrite concentrate under standard conditions (Veldsquez-Yévenes et al., 2010a)................ 28

Figure 11. Influence of temperature on the chalcopyrite leaching, fraction of reacted chalcopyrite
vs. Time (COrdoba et al., 2008D) ....ccuviiieeiiiie et e e et e e e e sara e e e eenbae e e searaee e e nnaeeaas 29

Figure 12. X-ray diffractogram of the initial SAMPle ........ccccviiieeiiiecee e 32
Figure 13. Reflected optical microscope image of the initial sample. 1: chalcopyrite, 2: covellite.. 33

Figure 14. SEM image of the initial sample. 1: chalcopyrite, 2: quartz, 3: copper sulphate
(CNAICANTRITE) veeeeireee ettt et et e e et e e ee b e e e eeabbeeeeenareeeeensraeesensreeesensreeesensnees 33

Figure 15. Effect of the parameters curing days (A), concentration of sulphuric acid (B) and
concentration of KNO; (C) on the SN_L optimization criterion for Cu extraction prior to leaching. 37

Figure 16. Effects of the parameters curing days (A), concentration of H,SO,4 (B) and concentration

of NaCl (C) on the SN_L optimization criterion for the Cu extraction prior to leaching................... 40
Figure 17. Images of agglomerates obtained observed in a stereographic microscope................... 42
Figure 18. Reflected optical microscope images of the pretreatment products........ccccceeeuvveeennen. 43

Figure 19. Species identified using X-ray diffraction analysis, products of the pretreatment of a
chalcopyrite mineral with 15 kg/t H>SO4, 25 kg/t NaCl and 15 days of curing time at room
L0 0] o1=T =) A | = PP PP PPPPIt 44

Figure 20. Identification of CuSO4, using X-ray diffraction analysis, in the products of the
pretreatment of a chalcopyrite with 15 kg/t H,SO,, 25 kg/t NaCl and 15 days of curing at room
L0 0] o1=T = A | = PP PPPP PP PPPPRIt 45

\



Figure 21. NaFes3(S04)2(OH)e identified, using X-ray diffraction, product of the pretreatment of a
chalcopyrite mineral with 15 kg/t H2SO4, 25 kg/t NaCl and 15 days of curing at room temperature

Figure 22. Elemental sulphur identified, using X-ray diffraction, product of the pretreatment of a
chalcopyrite mineral with 15 kg/t H,SO4, 25 kg/t NaCl and 15 days of curing at room temperature

Figure 23. Cu,Cl(OH) identified, using X-ray diffraction, product of the pretreatment of a chalcopyrite
mineral with 15 kg/t H,SO4, 25 kg/t NaCl and 15 days of curing at room temperature................... 47

Figure 24. SEM images and EDS analysis of chalcopyrite in (1) after curing treatment with 15 kg/t
H2S0., 25 kg/t NaCl and 15 days of curing time at room temperature ........cccoceevveeveeveeveesee s 48

Figure 25. SEM images and EDS analysis of chalcopyrite (1), and reaction products such as: CuSO4
(2) (EDS in c) and NaFe3(SO4)2(OH) (3) (EDS in d) product of the pretreatment of a chalcopyrite
mineral with 15 kg/t H,SO,, 25 kg/t NaCl and 15 days of curing time at room temperature .......... 49

Figure 26. SEM images and EDS analysis of zone 1. The EDS confirms the formation of Cu,CI(OH) (1)
in the products of the pretreatment of a chalcopyrite mineral with 15 kg/t H,SO,, 25 kg/t NaCl and
15 days of cUring at rO0M tEMPEIATUIE .......vvieeeciieee et e ettt e et e e e e e e e e e aree e e eabe e e s enbeeeeennees 50

Figure 27. Dissolution of copper from chalcopyrite in 0.2 M H,SO4, 50 g/L of CI" ion from NaCl in
deionized water at 25 °C (#25); 50 °C ( A50); 70 °C (m70) and 90 °C (490) without pretreatment. 51

Figure 28. Dissolution of copper from chalcopyrite in 0.2 M H,504, 50 g/L of CI ion from NaCl in
deionized water at 25 °C (025); 50 °C (A50); 70 °C (070) and 90 °C (090) with pretreatment........ 52

Figure 29. Dissolution of copper from chalcopyrite in 0.2 M H,S04, 50 g/L of Cl from NaCl in deionized
water. Without pretreatment at 25 °C (e25); 50 °C (A50); 70 °C (m70) and 90 °C (#) with
pretreatment and 25 °C (025); 50 °C (A50); 70 °C (o70) and 90 °C (090) with pretreatment......... 53

Figure 30. Species identified in the chalcopyrite leaching residue, using X-ray diffraction analysis at
25 °C and Without PretreatMeENnt.... ... eree e e e e e e e eaaees 56

Figure 31. Species identified in chalcopyrite leaching residue, using X-ray diffraction analysis at 90
°C and with pretreatment of 15 kg/t H.SO4, 25 kg/t NaCl and 15 days of curing.........cccceeeveeveennenns 57

Figure 32. SEM image of leaching residue from test at 70 °C with pretreatment. CuFeS; identify with

Figure 33. SEM mapping analysis generated in leaching residue performed at 70 °C with
pretreatment. In (a) chalcopyrite particles (1). Different elements are showed in red colour by the
superposition of (a) over (b) copper, (c) iron and (d) SUIPhUr .......coeriiiiiiiee e 59

Figure 34 . X-ray diffraction pattern of the initial sample of the mine ore.......ccccccceeeeviveeecrieecnnee. 61
Figure 35. Reflected optical microscope image of the initial sample. 1: chalcopyrite, 2: pyrite....... 62
Figure 36. SEM image of the initial sample. 1: chalcopyrite, 2: pyrite, 3: muscovite........................ 62

Figure 37. EDS analysis associated with Figure 36. In (a) chalcopyrite spectrum is represented, (b)
YTV =Y Yo Vo l (o) I o1V £ £ <D U URUP 63

Figure 38. Effect of curing time on copper extraction from the mine ore using 15 kg/t H,SO, and 25
KE/EINGCc..viiteictee ettt et ettt et e st e eta e e b e e be e beesteesabesabeeabeenbe e beesteeeabeesbeenbeebeentaesaeesanesnns 64

Figure 39. Effect of NaCl concentration on copper extraction from the mine ore using 15 kg/t H,SO4
oo I RS Re =1V o ol U [V~ USSP 64

\l



Figure 40. Reflected optical microscope image of the pretreatment product using 15 kg/t H,SO4, 25
kg/t NaCl and 15 days of curing time for the mine ore, 1: chalcopyrite particle.........ccccevveeveennnee. 65

Figure 41. Species identified, using X-ray diffraction analysis, product of the pretreatment of the
mine ore with 15 kg/t H,SO4, 25 kg/t NaCl and 15 days of curing at room temperature................. 66

Figure 42. NaCl identification, using X-ray diffraction analysis, product of the pretreatment of the
mine ore with 15 kg/t H,SO., 25 kg/t NaCl and 15 days of curing time at room temperature ........ 67

Figure 43. NaFe3(S04),(OH)s identification, using X-ray diffraction analysis, product of the
pretreatment of the mine ore with 15 kg/t H,SO., 25 kg/t NaCl and 15 days of curing time at room
L0 0 0] oT=T =Y A | = PO 67

Figure 44. CuSO, identified, using X-ray diffraction analysis, product of the pretreatment of a mine
ore with 15 kg/t H,SO4, 25 kg/t NaCl and 15 days of curing time at room temperature ................. 68

Figure 45. Elemental sulphur identified, using X-ray diffraction analysis, product of the pretreatment
of the mine ore with 15 kg/t H,SO,, 25 kg/t NaCl and 15 days of curing at room temperature....... 68

Figure 46. Chalcopyrite particle in products of the pretreatment of the mine ore with 15 kg/t H,SO,,
25 kg/t NaCl and 15 days of curing time at room temperature.......cccccccveeeeeeeecreeccee e 69

Figure 47. NaCl product of the pretreatment of a chalcopyrite mineral with 15 kg/t H,SO,, 25 kg/t
NaCl and 15 days of curing time at room tEMPErature .........ceeecuveeeeecieee e e e 70

Figure 48. Elemental sulphur in product of the pretreatment of a chalcopyrite mineral with 15 kg/t
H>S04, 25 kg/t NaCl and 15 days of curing time at room temperature ........ccocceeeeeveeecreeccrveeccree e, 70

Figure 49. Copper dissolution from the mine ore in 0.2 M H,SO,4, 50 g/L of CI ion from NaCl in
deionized water at 25 °C (#25); 50 °C ( A50); 70 °C (m70) and 90 °C (490) without pretreatment. 71

Figure 50. Copper extraction from the mine ore in 0.2 M H,S0,, 50 g/L of CI ion from NaCl in
deionized water at 25 °C (#25); 50 °C ( A50); 70 °C (m70) and 90 °C (490) with pretreatment...... 73

Figure 51. Copper extraction from the mine ore in 0.2 M H,SO4, 50 g/L of Cl from NaCl. Without
pretreatment at 25 °C (#25); 50 °C ( A50); 70 °C (m70) and 90 °C (490) with pretreatment at 25°C
(025C); 50°C (A50C); 70°C (70C) aNd 90 °C (O90C).. .. evevreerreereeeereeeseeseeeeseeseeeseeeseessesssessesseeens 73

Figure 52. Species identified in the mine ore leaching residue, using X-ray diffraction analysis at 25
°C and WIthOUT PretreatmMeENnt..........oc e e et e e et e e e be e e e e eabe e e e e nbaee e enreas 75

Figure 53. Species identified in the mine ore leaching residue, using X-ray diffraction analysis at 90
°C and with pretreatment of 15 kg/t H,SO,, 25 kg/t NaCl and 15 days of curing time..................... 76

Figure 54. SEM image shows leaching residue obtained at 25 °C without pretreatment. Particle 1
identified as unreacted ChalCoOPYIITE......coouiiii i e e e e e e 78

Figure 55. SEM image shows the leaching residue obtained at 90 °C with pretreatment. Particle 1
identified as quartz (a) and particle 2 as PYrite (D) ....coeecieeeiiiecieeee e 78

Figure 56. The effect of chloride ion concentration on copper extraction during chalcocite leaching
(Cheng and LaWson, 1991@) ....cccuiiiiieeiieeeieeeiee et ete e eette e s re e e teeesre e eeteeesabeeebeeesaseesaseeensaeesareeenseeas 82

Figure 57. Copper extraction vs time as a function of particle size (20 °C, 400 rpm, 10% solids, 3 g/L
Cl, 8 g/L H,S04) (Herreros and Vifials, 2007) .....ccvecveeireeieeeeeeieenteesteesteeeveeereenreesseesseesssessneenseenseens 84

Figure 58. Copper extraction from chalcocite versus leaching time at varied initial particle sizes
under the following conditions: Cu?*: 0.016 M, CI” 1.56 M, 25 °C, pH 1.5. A: the first stage; B: the
second stage (Hashemzadeh et al., 2019).......cccciieiiiiiiie ettt et eetee e re e s re e eerae e s beeeeareeens 84

VIl



Figure 59. The effect of sulphuric acid concentration on copper extraction during chalcocite leaching
(Cheng and Lawson, 1991@). ..cccccuiiieiiiieeeeciiee ettt e e ertee e et e e eate e e e saabe e e e s nbeeeeesbaeeeennbaeesennsaeesennsens 85

Figure 60. The effect of hydrochloric acid concentration on the dissolution of copper from synthetic
covellite in dilute HCl solutions with 0.2 g/L Cu?* and 2 g/L of iron at 35 °C and 600 mV. (m) 0.1 M
HCI, (#) 0.2 M HCl, and (A ) 0.5 M HCl (Miki €t al., 2011)..cccccccuieiieiieieeieeriee e e e esee e e see e 86

Figure 61. Copper dissolution from synthetic Cu,S in 0.2 M HCl with 0.2 g/L Cu?* and 2 g/L of iron at
35°C.(A)550 mV, (m) 600 mV, and (@) 500 mV with potential increased to 550 mV after 400 h (Miki
BT 1., 2000) 1ottt ettt ettt ettt et et et et e et e et et et e ee et et et ee et et ee et eaeeereeeeeeae 87

Figure 62. Effect of Eh on chalcocite dissolution. Conditions: size fraction: -54 + 30 um; temperature,
30 °C; Fe3* concentration, 10 g/L; pH, 1.05 + 0.05 (Niu et al., 2015) ....cccovevveeeeeeeeereeeceeeeeeeevee 87

Figure 63. The effect of temperature on the dissolution of copper from synthetic covellite in 0.2 M
HCl with 0.2 g/L Cu®* and 2 g/L iron at 600 mV (m) 25 °C, (®) 35 °C, and (A ) 45 °C (Miki et al., 2011)

........................................................................................................................................................... 89
Figure 64. X-ray diffraction pattern of the initial sample of chalcocite .......ccccceeevieiivicieiincien e, 91
Figure 65. SEM image of initial sample. 1: chalcocite; 2: pyrite; 3: qUArtz........cccceeeeceeeeecreeeeenee, 91
Figure 66. SEM image of initial sample. 1: chalcocite; 2: pyrite; 3: qUArtzZ ......cccoeveeeeeeeeeciiee e, 92

Figure 67. Copper extraction from chalcocite at different curing time using 15 kg/t H.SO4 and 25 kg/t
T I | o ToTa oIl 0] 01T = L UL < J SRR 93

Figure 68. Copper extraction from chalcocite at different concentrations of sulphuric acid using 25
kg/t NaCl and 7 days @S CUMNG TIM@ .....c.eiciuieiiiie ettt ettt e e e et eeetee e e eteeeeabeeebeeeteeesabeseneeas 94

Figure 69. Species identified, using X-ray diffraction analysis, product of the pretreatment of a
chalcocite mineral with 30 kg/t H,SO4, 40 kg/t NaCl and 7 days of curing time at room temperature

Figure 70. Cuy 7S identified, using X-ray diffraction analysis, products from the pretreatment of the
chalcocite mineral with 30 kg/t H,SO., 40 kg/t NaCl and 7 days of curing time at room temperature

Figure 71. Absence of covellite in the main peak between 31.8° and 31.9° position, determined by
X-ray diffraction @NalySiS......coiiiiiiiiiiiee ettt s aae e sbeeenaree e 97

Figure 72. Na,SO4 identified, using X-ray diffraction analysis, products from the pretreatment of the
chalcocite mineral with 30 kg/t H,SO4, 40 kg/t NaCl and 7 days of curing time at room temperature

Figure 73. CuSOQ, identified, using X-ray diffraction analysis, products from the pretreatment of the
chalcocite mineral with 30 kg/t H,SO4, 40 kg/t NaCl and 7 days of curing time at room temperature

Figure 74. Cu(OH)CI identified, using X-ray diffraction analysis, products from the pretreatment of
the chalcocite mineral with 30 kg/t H,SO,, 40 kg/t NaCl and 7 days of curing time at room
EMIPEIATUNE 99

Figure 75. Cu,S sample with pretreatment using 30 kg/t H,SO4, 40 kg/t NaCl and 7 days of curing

Figure 76. Cu,4S (1) and Cu(OH)CI (2) generated as a product of the pretreatment of chalcocite using
30 kg/t H,S04, 40 kg/t NaCl and 7 days of CUFING tIME ....cveeeeeieeieiceieeeereecte et 100

IX



Figure 77. EDS analysis associated with Cu,.xs (a) and Cu(OH)CI (b) detected in Figure 76............ 101

Figure 78. Cuz.S (1) and CuSO, (2) generated as a product of the pretreatment of chalcocite using
30 kg/t H,S04, 40 kg/t NaCl and 7 days of CUFING TIME ....cveiecueieeieicieeecee e e 101

Figure 79. EDS analysis associated with Cu,4S (a) and CuSO, (b) detected in Figure 78................. 102

Figure 80. SEM analysis of sample with pretreatment (a), and mapping analysis associated with the
presence of various elements (D) .......oociiiir e e 102

Figure 81. Presence of elements associated with Figure 80: Copper (a), sulphur (b), oxygen (c) and
(ol o1 oY 8T [N (e ) ISP 103

Figure 82. Copper dissolution from chalcocite in 0.2 M H,SO4, 50 g/L of Cl ion from NaCl in deionized
water at 25 °C (e25); 50 °C ( A50) without pretreatment; oxygen injection (#0) and nitrogen
injection (WN) at 25 °C WithoUt PretreatMent .......vecceeeicee e e 105

Figure 83. Behavior of solution potential on the chalcocite dissolution in 0.2 M H,S04, 50 g/L of CI
ion from NaCl in deionized water at 25 °C (#25); 50 °C ( A 50) without pretreatment; oxygen injection

(#0) and nitrogen injection (mN) at 25 °C without pretreatment..........ccccoceieeeiee e 106

Figure 84. Copper dissolution from chalcocite in 0.2 M H,SO4, 50 g/L of Cl ion from NaCl in deionized
water at 25 °C (25); 50 °C ( A50) without pretreatment and 25 °C (025) and 50 °C (A50) with
[T =0 == 42 01T o L PPN 107

Figure 85. Copper dissolution from chalcocite in 0.2 M H,SO4, 50 g/L of CI"ion from NaCl in deionized
water at 25 °C (e25); 50 °C ( A50) without pretreatment; oxygen injection (#0) and nitrogen
injection (mN) at 25 °C without pretreatment and 25 °C (025) and 50 °C (A50) with pretreatment

Figure 86. Species identified in chalcocite leaching residue, using X-ray diffraction analysis at 25 °C
and with pretreatment of 30 kg/t H,S04, 40 kg/t NaCl and 7 days of curing time.........c..ccceeeveenee. 110

Figure 87. Species identified in chalcocite leaching residue, using X-ray diffraction analysis at 50 °C
and with pretreatment of 30 kg/t H,SO4, 40 kg/t NaCl and 7 days of curing time ...........ccceceuven. 110

Figure 88. Species identified in chalcocite leaching residue at 25 °C with oxygen injection and without
pretreatment, using X-ray diffraction analysis..........ccceiiieiiii e 111

Figure 89. Species identified in chalcocite leaching residue at 25 °C with nitrogen injection and
without pretreatment, using X-ray diffraction analysis.........ccccceeeciiiiieciiii e 111

Figure 90. SEM image shows leaching chalcocite residue obtained at 50 °C with pretreatment.
Particle 1 identified as unreacted covellite and particle 2 as pyrite. In (b) and (c) the EDS analysis
associated to covellite and pyrite, reSPECLIVEIY .......ooocviiie i 112

Figure 91. SEM image of leaching chalcocite residue obtained at 20 °C with oxygen injection. Particle
1 identified as unreacted covellite and (a’) EDS analysis associated with covellite (1).................. 113

Figure 92. SEM image shows leaching chalcocite residue obtained at 20 °C with nitrogen injection.
Particle 1 identified as unreacted covellite and (c) EDS analysis associated with covellite (1) ...... 114



LIST OF TABLES

Table 1. Chemical reagents used during the present investigation.........ccccceeecvveeieciiee e 6
Table 2.Proposed equations for pretreatment step (adapted from (Cerda et al., 2017))................ 19
Table 3. Formation data for cupric chloride complexes (adapted from (Torres et al., 2019)) ......... 21

Table 4. Calculated Gibbs free energies for the proposed oxidation reactions (adapted from (Torres

L= A=Y 0 1 USSR 22
Table 5. Surface parameters of chalcopyrite concentrate and residues of ferric sulphate leaching
with and without NaCl (adapted from (Carneiro and Ledo, 2007) .....ccccoveeeeecieeeeecieeeeecireeeeeiveee e 23
Table 6.Chemical analysis of the chalCopYrite Ore........ooucivie i 31

Table 7.Main mineralogical composition of the initial sample (mass in %) according to Qemscan

LT 1 1] PRSP 32
Table 8.Parameters and levels studied in the experiments with NaCl in acid media..........cccecuuee... 34
Table 9. Parameters and levels studied in the experiments with KNOs in acid media..................... 34

Table 10.Copper extraction (average) in the pretreatment of a chalcopyrite mineral using H,SO,,
(@ B Ta o ol U T (o= 2k 1o o[RS SPR 35

Table 11.Results of the ANOVA analysis of the parameters for the Cu extraction, with varying
concentrations of H,SO4 and KNOs and curing time (df = degrees of freedom, SSE = sum of squared
errors, MSE = Mean SQUATEM EITOIS) ....uueiiiicieeeeeeiteeeeeeiteeeeeereeeeeereeeeeeeteeeeeeteeeeesseeeeeenreeeeeenseeeeennnees 35

Table 12. Experimental results and the values predicted by the linear model given by Equation 2,
with varying curing time, concentrations of H,SO2 and KNO3 .....cccuviiiiiciiiiiiciiee et 38

Table 13. Copper extraction (average) in the pretreatment of a chalcopyrite mineral varying curing
time, concentration of HaSO4 and NaCl........oooviiiiiiiiiiii 39

Table 14.Results of the ANOVA analysis of the parameters for the Cu extraction with varying
concentrations of H,SO4, NaCl and curing times (df = degrees of freedom, SSE = sum of squared
errors, MSE = Mean SQUATEM EITOIS) ......uiiiiiciieeeeeitieeeeectteeeeetteeeeeteeeeesbeeeeeeabeeeeesasaeeeeeabeseeessreneeensens 39

Table 15. Experimental results and the values predicted by the linear model in Equation 2, with

varying concentrations of HS04, NaCl and curing times.......ccccuveieeciieieeciiee e e 41
Table 16.Summary of leaching test results at 24 hour ..........cccoviiieiiii e 54
Table 17.Summary of leaching test results at 48 hOUr .........ccccuviiiiciiiieccee e 54
Table 18.Summary of species identified using X-ray diffraction analysis. Tests developed with
pretreatment are identified WIth @ (C).....ccceiiiie it be e eaee s 56
Table 19. Chemical analysis of the MiNE Ore........cooociiiiiiiiiic e 60

Table 20. Main mineralogical composition of the initial sample (mass in %) of the mine ore according

10 the QEMSCAN ANAIYSIS ..uvviieiiiiiie ittt e e e et e e e satr e e e esabaeeeerataeeesassaeeesnsaeeaansaneean 61
Table 21.Summary of leaching test results at 24 hour .........coccoviiiiiiiii e 74
Table 22. Summary of leaching test results at 48 hOUI.........coccvviiiiciiiiicce e 75

Table 23. Summary of species identified using X-ray diffraction analysis. Tests developed with
pretreatment are identified WIth (C) ...c.eccciiiiie ettt eaee s 77

Xl



Table 24.Chemical analysis of the chalCoCite Ore ........ccoccivieiiciiiiicce e 90

Table 25. Main mineralogical composition of the initial sample (mass in %) according to Qemscan

LT 1 A ] USSP 91
Table 26. Summary of leaching test results at 5 hoUr........c..ooevciiiiecieecccee e 108
Table 27. Summary of leaching test results at 12 hOUr.........ooociiiieiiieieeccee e 108

Xil



ABBREVIATIONS

Cochilco: Chilean Copper Commission

PLS: Pregnant leaching solution

ICP-OES: Inductively Coupled Plasma—Optical Emission Spectrometer
SHE: Standard hydrogen electrode

AAS: Atomic Absorption Spectrometry

SEM: Scanning Electron Microscopy

XRD: X-ray diffraction

ROM: Reflection Optical Microscopy

ANOVA: Analysis of Variance

EDS: Energy-Dispersive X-ray spectroscopy

Xil



ABSTRACT

Copper production in Chile is developed by hydrometallurgical and concentration; copper
concentrates are traditionally treated by the pyrometallurgical route. According to Cochilco,
copper produced in 2019 by hydrometallurgical process represent a 27.3% of Chilean total
copper production. However, this contribution is estimated to decrease to 11.6% by 2029,
due to the depletion of copper oxides and the appearance of copper sulphides, mainly

chalcopyrite, being this mineral refractory to conventional leaching conditions.

An alternative to improve leaching efficiency is pretreatment prior to leaching, especially
the effect of curing time. This variable can increases the kinetics of copper extraction,
especially in sulphides ores, however, there is limited research about it. Studies on
pretreatment evaluate the effect on leaching efficiency but not previous leaching.
Furthermore, the reactions that govern this phenomenon have not been clearly identified.
Therefore, the objective of this thesis is the evaluation of the effect of acid curing on the

copper extraction from sulphides minerals in oxidizing media and in presence of chloride.

A pure sample of chalcopyrite, chalcocite and a mine ore were used. Tests evaluating the
effect of curing time, KNOs, NaCl and H;SO4 concentration have been carried out. The
chalcopyrite sample effect was evaluated by ANOVA. The product generated in the
pretreatment (agglomerates) has been characterized using different characterization
techniques, such as: X-Ray diffraction, Scanning Electron Microscopy and Reflection Optical
Microscopy. Furthermore, the effect of pretreatment has been evaluated on the leaching

efficiency at different temperatures, leaching residues have also been characterized.

In the pretreatment of the chalcopyrite sample and mine ore, under the conditions of 15
kg/t of H2S04, 25 kg/t of NaCl and 15 days of curing time, the following products were
identified: CuSOs, NaFe3(SOa4)2(0OH)s, Cu2CI(OH) and S°. Regarding the chalcocite sample,
under the conditions of with 30 kg/t of H2SO4, 40 kg/t of NaCl and 7 days of curing time, the
following products were identified: Cu1.75S, Cu(OH)Cl, Na SO4 and CuSOa. Finally, copper
sulphides ore pretreatment improved leaching efficiency, between 4 and 6%, reaching a
copper dissolution of 94% from chalcopyrite at 90 °C, strengthening the hydrometallurgy as

an alternative treatment for copper sulphides ores.
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RESUMEN

La produccidon chilena de cobre procede de la hidrometalurgia y la concentracién; el
concentrado de cobre es tratado tradicionalmente mediante pirometalurgia. De acuerdo a
Cochilco, el cobre producido en el afio 2019, via hidrometalurgia, fue un 27.3% del cobre
chileno producido. Sin embargo, se prevé que esta aporte baje a un 11.6% para el afio 2029,
debido al agotamiento de los dxidos de cobre y la aparicidn de los sulfuros, principalmente

calcopirita, siendo este mineral refractario a condiciones convencionales de lixiviacion.

Una opcidn para mejorar la eficiencia de lixiviacidn es el pretratamiento, especialmente el
efecto del tiempo de curado. Esta variable mejora la cinética de disolucidn, principalmente
en minerales sulfurados de cobre, sin embargo, existe escasa investigacién al respecto.
Estudios sobre el pretratamiento evaltuan el efecto en la eficiencia de lixiviacion pero no
antes. Ademas, las reacciones que gobiernan estos fendmenos no han sido identificadas.
Asi, el objetivo de esta tesis es la evaluacion del efecto del curado 4cido en la extraccién de

cobre desde minerales sulfurados en condiciones oxidantes y en la presencia de cloruro.

Muestras puras de calcopirita, calcosina y un mineral industrial de mina han sido utilizadas.
Se desarrollaron pruebas evaluando el efecto del tiempo de curado y la concentracion de
KNOs, NaCl y H,SO4 y analizadas por ANOVA (calcopirita). Los productos formados en el
pretratamiento (aglomerados) se caracterizaron utilizando diversas técnicas, tales como:
Difraccién de rayos X, Microscopio electrénico de barrido y Microscopia de luz reflejada.
Ademas, el efecto del pretratamiento ha sido evaluado en la eficiencia de lixiviacion a varias

temperaturas, los residuos de lixiviacion también han sido caracterizados.

En el pretratamiento, el mineral de calcopirita y de mina, bajo las condiciones utilizadas en
este estudio (15 kg/t of H,S04, 25 kg/t of NaCl y 15 dias de tiempo de curado), los siguientes
productos fueron identificados: CuSO4, NaFe3(SO4)2(0OH)s, Cu2CI(OH) y S. Sobre la calcosina,
bajo las condiciones utilizadas en este estudio, con 30 kg/t of H,S04, 40 kg/t of NaCl y 7 dias
de tiempo de curado, los productos identificados fueron: Cui.75S, Cu(OH)Cl, Na;SO4 and
CuSOas. Finalmente, el pretratamiento mejora la eficiencia de lixiviacion, entre 4 y 6%,
alcanzando una extraccién de cobre de 94% desde la calcopirita a 90 °C, fortaleciendo la

hidrometalurgia como alternativa de tratamiento para minerales sulfurados de cobre.
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1 Introduction and objectives
1.1 State of the art

As Chile transitions from a developing economy to a developed one, mining plays a
vital role in sustaining the economy while minimizing the ecological impact on the
environment, as well as promoting social growth (Ghorbani and Kuan, 2017). Therefore,
copper production becomes fundamental as Chilean main export product. Copper
production in Chile is developed by hydrometallurgical and concentration by flotation
processes; copper concentrates obtained by flotation are traditionally treated by the
pyrometallurgical route. The objective of the pyrometallurgical process is to separate the
impurities contained in the copper concentrate by fusion at a temperature around 1,200 °C,
to obtain high purity copper anodes. The stages involved in the pyrometallurgical process
are matte smelting, batch converting to blister, fire refining and anode casting. The
intermediate products obtained in each stage are matte (65% Cu), blister copper (98-99%
Cu) and anodic copper (98.5-99% Cu). Finally, in the electrorefining process the anodes are
dissolved and high purity copper cathodes (> 99.99% Cu) are obtained (Pradenas et al.,

2015). Figure 1 shows a diagram of the conventional copper pyrometallurgical process.

Blister: 98-99 % Cu

Cathode: 99,99 % Cu

Matte ; 65 % Cu Anode: 98.5 -99.0 % Cu

Figure 1. Diagram of conventional copper pyrometallurgical process
Conventional hydrometallurgy treatment consists of 3 main stages. The first is
leaching, where mineral dissolution occurs through the action of an acidic solution. The

product that is obtained in the leaching stage is known as Pregnant Leaching Solution (PLS).



Then, the solvent extraction stage generate an electrolyte solution with high acid and
copper concentration and low presence of impurities. This electrolyte enters to the last
stage, electrowinning, where high purity copper cathodes, (>99.99% Cu) are obtained.

Figure 2 shows the conventional copper hydrometallurgical process.

Electrolyte: 40 -50 g/L of Cu

Solvent
extraction
—v i

Cathode: 99.99 % Cu

Electrowinning

=

PLS: 2 -5 g/L of Cu

Figure 2. Diagram of conventional copper hydrometallurgical process

According to the Chilean Copper Commission (Cochilco), copper produced by
hydrometallurgical process plants represent a 27.3% of Chilean total copper production
(Cochilco, 2019). However, a decrease in copper production due to hydrometallurgical
processes is estimated to drop to 11.6% by 2029, due to the depletion of copper oxides
from the deposits. That is why mining operations are changing to flotation concentration
processes due to the appearance of primary copper sulphides, mainly chalcopyrite.
Chalcopyrite (CuFeS;) is the most abundant copper-bearing resource, accounting for more
than 70% of global copper reserves (Zhao et al., 2019). Therefore, the abundance of
chalcopyrite in the deposits is a natural condition. It is estimated that of the current 31
hydrometallurgical operations in Chile, by 2030 only 19 could remain in operation. The
decreasement of Chilean hydrometallurgical copper production, will generate an unused

plants with a capacity close to 1.3 million (Cochilco, 2019).



One of the challenges for hydrometallurgical processes is the treatment of refractory
copper minerals under conventional leaching conditions, such as black copper oxides
(Benavente et al., 2019; Quezada et al., 2020) and primary sulphides minerals, mainly
chalcopyrite (CuFeS;) (Beiza et al., 2019; Wang, 2005). The slow dissolution kinetics of
chalcopyrite is due to the formation of a product layer that inhibits the contact of the
solution with the mineral (Nicol, 2017). This layer has been studied by multiple authors

(Dutrizac, 1990; Lv et al., 2019; Nicol and Zhang, 2017).

To improve copper extraction and dissolution kinetics, various leaching media have
been proposed, such as: chloride media (Dutrizac, 1992; Lundstrom et al., 2005; Vifials et
al., 2003), nitrate media (Gok and Anderson, 2013; Hernandez et al., 2019), bioleaching
(Petersen and Dixon, 2007, 2002; Tanne and Schippers, 2019), ammonia solution (Adebayo
and Sarangi, 2011; Baba et al., 2014; Moyo et al., 2019, 2018); the chloride media being one
of the most studied and effective due to the reactivity of the chloride ion with sulphide ores

(Velasquez Yévenes, 2009).

The presence of the chloride ion benefits the dissolution of copper sulphides minerals
because can form chloro-complexes with copper. The greater anodic activity in chloride
media can change the morphology of surface and the reaction products (Carneiro and Ledo,
2007). However, the dissolution kinetics of chalcopyrite continues to be a challenge because
in most cases, a passivation layer is formed on the surface of the chalcopyrite particles. This
results in slow kinetics and poor copper recoveries due to the formation of a "diffusion
barrier" between the solution and chalcopyrite grains (Wang et al., 2016). Although there
is still some controversy about the exact composition of this passivation layer, elemental
sulphur or polysulphides are observed consistently in the dissolution of chalcopyrite

(Cérdoba et al., 2008a; Hackl et al., 1995; Nicol and Zhang, 2017).

Today, research focuses more on how to improve the dissolution kinetics of primary
copper sulphides, mainly chalcopyrite (CuFeS;). Regarding secondary sulphides, chalcocite
(CuzS) and covellite (CuS), are two of the most common copper minerals. Chalcocite is the
most abundant copper sulphide mineral after chalcopyrite, and the easiest to dissolve in

chloride media (Miki et al., 2011). This property makes it very attractive mainly for those



deposits with a low copper grade. The hydrometallurgical process is considered as a viable
alternative, which has led to its implementation at an industrial level, such as the
Cuprochlor Process (Herreros and Vinals, 2007) and bioleaching media (Niu et al., 2015;
Rodriguez et al., 2003). Chalcocite and covellite are also formed as intermediates products
during chalcopyrite leaching (Senanayake, 2009). Therefore, understand the behavior of

chalcocite is also understand the dissolution of chalcopyrite.

The effect of leaching pretreatments, especially the effect of the curing time, was
identified as beneficial in the dissolution of copper sulphide minerals (Cerda et al., 2017;
Herndndez et al., 2019; Veldasquez-Yévenes and Quezada-Reyes, 2018). According to
(Dhawan et al., 2013), curing time generates a homogeneous distribution of the acid in the
mineral bed, increases the kinetics of copper dissolution, benefiting the inhibition of
aluminume-silicate minerals. However, (Lu et al., 2017) points out that there is limited

research regarding the effect of curing time on the dissolution of copper ores.

In recent years, the effect of acid curing has been studied mainly for chalcopyrite in
chloride media, however for copper sulphides minerals there is no extensive research.
Results obtained by Quezada (Quezada et al., 2018), indicate the benefit of the curing time
for a chalcocite/covellite mineral in columns leaching. It has been demonstrated that ore
agglomerated with sulphuric acid, chloride ions and extensive curing time enhances the
dissolution rate of a secondary copper sulphide ore. The authors point out that it is possible
to obtain a 72% of Cu extraction when the ore is agglomerated and curing for 50 days using
chloride media. According to the Analysis of Variance, curing time is the variable that has
the greatest contribution in copper extraction (92.37%) versus chloride concentration
(7.05%), under the conditions studied. A similar trend in results have been obtained in
column leaching of chalcopyrite ore with a Pso of 5 mm achieved a maximum dissolution of
43% of copper using chloride media at room temperature after 100 days of curing time

(Veldsquez-Yévenes and Quezada-Reyes, 2018).

Thus, this research focuses on the effect of acid curing on copper sulphide minerals
in oxidizing media. The characterization of products after leaching has been developed in

order to propose mechanisms that explain the benefit of acid curing. High purity minerals



have been used in order to avoid characterization noise, however, the application of the
obtained results has also been applied to a mine ore. The objectives proposed in this thesis

are:
1.2 Objectives

General objective

Evaluation of the effect of acid curing on the copper extraction from sulphides minerals in

oxidizing media and in presence of chloride.

Specific objectives

Characterization of feed minerals, pretreatment products and leaching residues using
chemical analysis, X-ray Diffraction (XRD), Reflection Optical Microscopy (ROM) and
Scanning Electron Microscopy (SEM).

Quantification of the effect of variables such as curing time, sulphuric acid concentration,
concentration of oxidizing agents and concentration of chloride ions in the pretreatment of

a copper sulphide mineral using Analysis Of Variance (ANOVA)

Propose product formation mechanisms in the pretreatment of copper sulphide minerals

through the action of oxidizing agents and/or chloride agents before leaching



2 Methodologies and characterization techniques

2.1 Reagents and mineral samples

The chemical reagents used in this study are shown in Table 1. All the reagents have

an analytical grade (AG) and all the solutions used were prepared with distilled water.

2.1.1 Reagents

Table 1. Chemical reagents used during the present investigation

Reagents Formula Purity Use
Sulphuric acid H,S04 96 % Agglomeration and leaching solution
Sodium chloride NaCl AG Agglomeration and leaching solution
Potassium nitrate KNO3 AG Agglomeration solution
Oxygen gas 02 99.99 % Oxidation
Nitrogen gas N> 99.99 % Removal of oxygen
Sulphuric acid

A sulphuric acid (H,SO4), analytical grade with a purity of 96 %, a molecular weight

of 98.08 g/mol and a density of 1.84 g/mL was used.

Sodium chloride

The sodium chloride (NaCl) used in the agglomeration and leaching tests was

analytical grade with a molecular weight of 58.44 g/mol.

Potassium nitrate

The potassium nitrate (KNOs) used in the agglomeration tests was analytical grade

with a molecular weight of 101.10 g/mol.

Oxygen gas
Oxygen gas (02) was oxygen ultrapure (5.2) with a purity of 99.999%, it had less than

5 ppm of nitrogen and less than 3 ppm of water. The oxygen gas used had a molecular

weight of 32.00 g/mol.



Nitrogen gas
Nitrogen gas (N2) was nitrogen technical (5.0) with a purity of 99.999%, it was less
than 5 ppm of oxygen and less than 3 ppm of water. The nitrogen gas used had a molecular

weight of 28.01 g/mol.

2.1.2  Mineral samples

The minerals samples used in this study are of natural origin and collected in the

Antofagasta Region, Chile. The samples have been collected from to mine sites.
Chalcopyrite

The sample was collected from "La Atdmica" deposit located near the town of
Mejillones, (Antofagasta Region) with a rock size between 4 and 2 centimeters and a total
mass of approximately 500 grams. The collected sample has a high purity of the main
species (chalcopyrite), according to visual analysis. The purity of this sample reduces noise

when analyzing results. An image of the initial sample is shown in Appendix 1.
Mine ore

The mineral sample was collected from a mining company located in the Antofagasta
Region, Chile. It was collected as a mineral resource from the primary area of the deposit.
The sample had a size between 5 and 3 centimeters and a total mass of 35 kilograms. An

image of the initial sample is shown in Appendix 2.
Chalcocite

The sample was collected from the "La Atdmica" deposit located in the town of
Mejillones, (Antofagasta Region) was a single piece whose dimensions were 15 x 13
centimeters with a mass of 800 grams. The collected sample has a high purity of the main
species (chalcocite), according to visual analysis. The purity of this sample reduces noise

when analyzing results. An images of the initial sample is shown in Appendix 3.



2.2 Experimental methodology

2.2.1 Mechanical sample preparation

All samples used in the curing and leaching tests have been primarily crushed by a
jaw crusher, followed by a secondary and tertiary cone crusher, then dry milled in a ball mill
and finally screened in a size fraction of -38 + 25 um. The size reduction has been carried

out in a closed crushing and grinding circuit.

2.2.2 Aglomeration and curing

Chalcopyrite sample

For the curing tests, 2 g of chalcopyrite sample were used in each test. The sample
was agglomerated with the solution (H2SO4, NaCl or KNOs), and covered to avoid
evaporation. Different concentrations of sulphuric acid, NaCl concentration, KNO3 and
curing times have been evaluated in the chalcopyrite sample. A solid/liquid ratio of (mass
sample/volume) 10/1 was used for wetting the sample, i.e, per one gram of mineral; 0.1 mL
of solution was added. The agglomerated sample was allowed to cure at room temperature
for 0, 5, 10 and 15 days, depending on the curing time to evaluate. All samples have been
agglomerated in contamination-free environments and placed in watch glasses covered
with a protective film. Once the sample was agglomerated, it was placed in a light-free space

at room temperature.

Mine ore

For the curing tests using a mine ore, 2 g were used in each agglomerated sample.
The sample was agglomerated with the solution (H2SO4 and NaCl dissolved) and covered to
avoid evaporation. Different concentrations of NaCl and curing times were evaluated in the
mine ore sample. The concentration of sulphuric acid (15 kg/t) was kept constant according
to results obtained in tests performed on chalcopyrite sample. A solid/liquid ratio of 10/2.2
was used for wetting of the sample, i.e, per one gram of mineral; 0.22 mL of solution was
added. The agglomerated sample was allowed to cure at room temperature for 0, 5, 10 and
15 days, depending on the curing time to evaluate. All samples were agglomerated in

contamination-free environments and placed in watch glasses covered with a protective



film. Once the sample was agglomerated, it was placed in a light-free space at room

temperature.

Chalcocite sample

Chalcocite was evaluated in tests using 2 g of sample, studying the curing time and
using a base-case of sulphuric acid and NaCl, 15 kg/t and 25 kg/t, respectively. A solid/liquid
ratio of 10/1.7 was used for the wetting the sample, i.e, per one gram of mineral, 0.17 mL
of solution was added. The sample was agglomerated with the solution (H.SO4 and NacCl)

and exposed to 3 different conditions:

a) Exposed to the air, the agglomerated samples were not covered and exposed to a

temperature between 20 and 23 °C.

b) In a sealed container of known volume, the agglomerates samples were placed in a sealed

container with a capacity of 250 mL which was sealed to prevent evaporation.

c) Without the presence of oxygen (under nitrogen atmosphere). The agglomeration and
washing solution used were previously injected with nitrogen gas to remove dissolved
oxygen according to conditions proposed by (Butler et al., 1994).In addition, the
agglomeration of the sample under nitrogen conditions has been performed in an anaerobic
glove box to remove the O, presence. The nitrogen used was ultra-pure 5.0 (99.99%). the
agglomerates samples were placed in a sealed container with a capacity of 250 mL without

the presence of oxygen.

The agglomerated sample was allowed to cure at room temperature for 1, 3, 5, 7
and 10 and days. Once the sample was agglomerated, it was placed in a light-free space at
room temperature. Once the curing time that most benefits copper extraction was
determined, the effect of 30 and 40 kg/t of H.SO4 and 40 kg/t of NaCl (saturation point of

the solution) was evaluated.

2.2.3 Washing of cured samples

Once the curing time was completed, samples of chalcopyrite, chalcocite and mine

ore, were washed using a dilute solution of sulphuric acid (0.5 g/L), by mechanical agitation



using an overhead stirrer at 300 min! mechanical stirrer at a solid/liquid ratio of 1/100,
room temperature for 5 minutes. In those curing tests, using an O-free solution, the
washing solution was previously injected with nitrogen to remove oxygen from the aqueous
system. All liquid samples were filtered (0.2 um) and the metal concentrations in the filtrate

were determined by Inductively Coupled Plasma—Optical Emission Spectrometer (ICP-OES).

2.2.4 Anova analysis

The Taguchi method is a statistical technique initially designed for quality
improvement in manufacturing processes. This method has been widely used in engineering
design (Phadke, 1989; Ross, 1996). The Taguchi method consists of procedures for system
design, parameter design and tolerance design to obtain a robust process that results in the
best product quality (Taguchi, 1993, 1987). Taguchi's method uses an orthogonal
arrangement as its core element. In this investigation, the Taguchi method was used only
for tests performed with the chalcopyrite sample. The effect of NaCl and KNOs on curing
tests were evaluated using tests designed with the Taguchi method. In both cases, a Lis (43)

design was considered with three parameters and four levels for each one.

The R language (R Core Team, 2019) and the DoE.base experiment design library
(Gromping, 2018) were used to analyze the results, by using an analysis of variance
(ANOVA) and finding the optimal parameterization. In order to observe the different effects
of uncontrollable factors (noise sources) on this process, each experiment was performed
in duplicate under the same operating conditions. Performance characteristics were

implemented by maximizing Equation 1 (Copur et al., 2015; Copur et al., 2007), given by:

1 1
SN, = —10 Log [;Zi“:@] (Eq.1)

The SN, response is the performance characteristic that we are trying to maximize,
n is the number of repetitions performed for an experimental configuration and Y; is the
performance value for the it experiment. It is possible that the experiments that
correspond to the optimal operating conditions are not in the design given by the
orthogonal arrangement. In those cases, the performance value for the optimal conditions

can be predicted using the balanced characteristics of the orthogonal arrangement (Copur

10



et al., 2007). For these purposes, an additive linear model is considered, shown in Equation

2 given by:

Yi =pn+ Xi + € (EqZ)
Where u is the general average of the performance value, X; is the fixed effect of
the combination of parameter levels used in the ith experiment and e; is the random error

of the ith experiment.

The order of the experiments was obtained by transferring the parameters to the
columns of the orthogonal arrangement L;4(43). The order of the experiments is random
in order to avoid additional sources of noise that were not initially considered and that could

occur during the experiments and affect negatively (Copur et al., 2015).

The F test evaluated the process parameters and determined if they had significant
effects on the performance value. The F value of the process parameters is the ratio
between the average of the squared deviations from the mean of the quadratic error. In
general, the higher the F value, the more significant the effect on the performance value

due to change in the parameter.

Basic diagnostics were applied to assess the reliability of our linear models and
evaluate whether they were appropriate. The graphical analysis of the residuals shows that
the shape of the data is acceptable. Therefore, the data can be considered to follow the
normality assumption required for linear models. Moreover, in both cases, the data does
not break the heteroscedasticity assumption of the linear model (i.e., constant variance of

the residuals).

2.2.5 Leaching

Magnetic stirring leaching

The chalcopyrite mineral was leached using a magnetic stirrer, at the programmed
curing time. Leaching experiments were carried out in a 200 mL leaching vessel with a four
neck lid (Figure 3). The sample was immersed in a 100 mL of the leaching solution containing
0.2 M H3S04 (19.6 g/L) and 50 g/L of Cl ion. The agitation was applied using an IKA C-MAG

HS 7 magnetic stirrer at 200 min* and heated to the required leaching temperature: 25,

11



50, 70 and 90 °C (x1 °C). When solution reached the desired temperature, 2 g of sample
(cured or not) was added to the leaching solution and the process was carried out with a
duration of 48 hours. Samples (3 mL aliquots) were periodically withdrawn for chemical
analysis at the predetermined time. The extracted samples were filtered (0.2 um) and the
metal concentrations in the filtrate were determined by Inductively Coupled Plasma-—
Optical Emission Spectrometer (ICP-OES). The pH and redox potential solution (vs Ag/AgCl),
were regularly measured using a Crison pH meter Basic 20. All potentials were converted to
values against the standard hydrogen electrode (SHE). Solid residues after each leaching
experiment were analyzed by X-ray diffraction to explain the behavior of solids during

leaching at different experimental conditions. SEM analysis were also performed.

Temperature |
Control

Leaching

.2 © < “|Reactor

il |
- .
AL
P 4
- * &
s

pH-meter Hotplate magnetic stirrer Potential meter

Figure 3. Scheme of magnetic stirrer leaching system

Mechanical stirring leaching

In the case of chalcocite mineral, 6 leaching tests were performed. Once the curing
time was completed, leaching test were carried out at 25 and 50 °C, with and without
pretreatment. Furthermore 2 leaching tests were performed (without pretreatment) with
oxygen injection (1.0 L/min) and the other with nitrogen injection (1.5 L/ min). The leaching
experiments were carried out in a 300 mL leaching vessel with a four neck lid. The sample
was immersed in a 200 mL of the leaching solution containing 0.2 M H;SO4 (19.6 g/L) and
50 g/L of CI- ion. The agitation was applied using a RZR 1 overhead stirrer at 300 min

(Heidolph, Schwabach, Germany) and heated to the required leaching temperature: 25 and
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50 (1 °C) by a in a thermostatically controlled water bath (See Figure 4). When the solution
reached the desired temperature, 2 g of sample (cured or not) was added to the leaching

solution which were leached for a maximum of 12 h.

In the case of the mine ore, 8 leaching tests were performed. Once the curing time
was completed, leaching test were carried out at 25, 50, 70 and 90 °C, with and without
pretreatment. The leaching conditions for mine ore were the same as those used for
chalcocite. For mine ore, leaching tests evaluating the effect of O, and nitrogen have not

been performed.

For both chalcocite and mine ore leaching tests, samples (3 mL aliquots) were
periodically withdrawn for chemical analysis at the predetermined time. The samples were
filtered (0.2 um) and the metal concentrations in the filtrate were determined by
Inductively Coupled Plasma—Optical Emission Spectrometer (ICP-OES). The pH and redox
potential solution (vs SHE, here and in all the work), were measured regularly using a pH
meter device (Model 3510-JENWAY, Essex, UK) and (Basic 20-Crison Instruments S.A,
Barcelona, Spain). The solid residues after the leaching experiment were analyzed by X-ray
diffraction to explain the behavior of solids during leaching at different experimental

conditions. SEM analysis were also performed.

Agitator

pH electrode Potential electrode

Leaching
Water Bath pH-meter Reactor Potential meter

Figure 4. Scheme of mechanical stirrer system
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2.3 Characterization techniques

The characterization of the samples was developed in 3 different Universities. At
Universidad Catdlica del Norte (Chile) solid chemical characterization was performed using
the Atomic Absorption Spectrometry (AAS) technique and Qemscan analysis for
mineralogical characterization. At Universitat de Barcelona (Spain), mineralogical
characterization was performed using X-ray diffraction, MOR and SEM. In the case of liquid
samples, these were characterized at the Universitat de Barcelona and Cape Town

University (South Africa) using the ICP-OES technique.

2.3.1 Chemical characterization

2.3.1.1 Inductively Coupled Plasma—Optical Emission Spectrometry

The chemical composition of the liquids samples (for samples obtained in all
chalcopyrite and mine ore tests) was determined by an inductively coupled plasma—optical
emission spectroscopy (ICP-OES) Perkin Elmer brand and Optima 3200 RL model
(equipment used at the Universitat de Barcelona). The samples were filtered using 0.2 um
filter. For the analysis, 1 mL of the sample was pipetted into a 100 mL volumetric flask and
made up with 1 % wt HNOs. For the analysis of copper, four multi-element standards were
used depending on the maximum and minimum range of the copper concentration to be

analyzed.

The chemical composition of the liquids (for samples obtained in chalcocite tests)
was determined by an inductively coupled plasma—optical emission spectroscopy (ICP-OES)
Varian brand and 730 ES model (equipment used at the Cape Town University). The samples
were filtered using 0.2 um filter. For the analysis, 1 mL of the sample was pipetted into a
100 mL volumetric flask and made up with 2 % wt HNOs. For the analysis of copper, six

multi-element standards were used: 0.5, 1, 2, 6, 10 and 20 mg/L to perform the calibration.
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2.3.1.2 Atomic Absorption Spectrometry

This technique was used to measure total copper and iron concentrations in solution
after dissolution under different conditions. Furthermore, the chemical characterization of
the solid samples was obtained using this technique, measuring the grade of total copper,
soluble copper and total iron. The chemical characterization of solids was carried out at the
Universidad Catdlica del Norte, using an Atomic Absorption Spectrometer, Varian brand
(SpectrAA-50/55). The detection limit of the method is 0.004 % for solids analysis and 0.011

% for analysis of elements in solution (copper and iron).

2.3.1.3 Elemental analysis

The sulphur in the samples was analyzed at Scientific and Technological Center of
the University of Barcelona using an elemental analyzer Thermo EA Flash 2000 (Thermo
Scientific, Milan, Italy) working in standard conditions recommended by the supplier of the
instrument (helium flow 140 mL/min, combustion furnace at 950 °C, chromatographic

column oven at 65 °C).

2.3.2 Mineralogical characterization

2.3.2.1 X-ray diffraction

Mineralogical data were obtained by X-ray diffraction (XRD) analysis using a
diffractometer (PANalytical X’Pert PRO MPD Alphal), operating at 4° to 100° 26, 45 kV, 40
mA, Ko 1.54 A, step size 0.017°, and a time per step of 150 s. X-ray diffraction analysis and
crystalline phase identification were interpreted using the software X’pert HighScore Plus

v.3.0e.

2.3.2.2 Stereo Microscope

Stereo microscope analysis was also used in some cases. A Reflection Stereo Zoom
Microscope (Motic, SMZ-168) was used for a superficial visual analysis. The microscope had
a halogen fiber optic illuminator light box (Motic, MLC-150C). All the samples were mounted

in an epoxy resin and the images recorded photographically.

15



2.3.2.3 Reflection Optical Microscope

Optical microscope analysis was also used in some cases. A Reflection Optical
Microscope (Zeiss, Axiovert 100, Milan, Italy) was used for a superficial visual analysis. All

the samples were mounted in an epoxy resin and the images recorded photographically.

2.3.2.4 Scanning Electron Microscopy

Morphological characterization was performed using field emission scanning
electron microscopy (SEM-JEOL J-7100F, Tokyo, Japan), operated at 20 kV under high
vacuum conditions (Emitech K-950X) with an energy-dispersive X-ray spectroscopy (EDS)
microanalysis system (Oxford Instruments INCA). Mineral samples were metallized with a

thin layer of carbon to improve their conductivity.

2.3.2.5 Qemscan

Quantitative Evaluation of Minerals using scanning electron microscopy is used to
perform the automated identification and quantification of ranges of elemental definitions
that can be associated with inorganic solid phases, such as minerals, alloys, slags, etc. The
analyses were made using a QEMSCAN® model E430, which is based on a ZEISS EVO 50
Scanning Electron Microscope (SEM) combined with Bruker Series 4 energy dispersive

spectrometer (EDS) detectors.
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3 Pretreatment and leaching of a chalcopyrite mineral

3.1 Literature Review

General properties of chalcopyrite

Chalcopyrite is the most abundant copper sulphide in the Earth's crust (70% of
copper reserves in the world) (Wang, 2005). The composition of chalcopyrite is
approximately: 34.6 % Cu, 30.5 % Fe and 34.9 % S. The chemical formula of the chalcopyrite
can be written as Cul*Fe3*(S%), (Mikhlin et al., 2004). It is a brassy yellow color with a
metallic luster and a greenish black stripe. The hardness varies between 3.5 and 4.0 on the
Mobhs scale. The specific gravity ranges between 4.1 and 4.3 (Haldar, 2017). Chalcopyrite is
derived from the Greek words “chalkos”, copper and “pyrites” strike fire and it is also known
as copper pyrite (A. Baba et al., 2012). According to (Boekema et al., 2004) chalcopyrite

(CuFeS,) is a semiconductor with unusual magnetic and electrical properties.

The crystal structure of chalcopyrite is tetragonal. Each sulphur atom is surrounded
by four atoms of iron and copper (two Fe and two Cu atoms) and each Fe or Cu atom forms
a tetrahedral coordination with four S atoms (Cérdoba et al., 2008a; Mikhlin et al., 2016).
The crystal structure of chalcopyrite is represented in Figure 5 (De Oliveira and Duarte,
2010). Due to its crystalline structure, chalcopyrite is the most stable mineral among copper

sulphides (Chatterjee et al., 2015).

Chalcopyrite, as a copper source, is found mainly in porphyry deposits and
hydrothermal vein deposits (Zhao et al., 2014). In these deposits it is normally associated
with pyrite (FeS;), calcite (CaCOs), bornite (CusFeSa), sphalerite (ZnS), chalcocite (CuzS),
covellite (CuS), enargite (CusAsSa) or molybdenite (MoS;) (Chaidez et al., 2019; Dong et al.,
2013; Veldsquez Yévenes, 2009). The main route of treatment of chalcopyrite ores has been
the concentration by flotation and subsequent pyrometallurgical processes. Although 80—
85% of the world Cu production is through pyrometallurgy (Zhong and Li, 2019). However,
the hydrometallurgical treatment of chalcopyrite is very difficult. The slow kinetics of
copper dissolution caused by a passivity of the mineral surface hampers commercial
applications of the hydrometallurgical technologies (Martins et al., 2019; Mikhlin et al.,
2004).
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693 A

Figure 5. Unit cell of the chalcopyrite

3.1.1 Pretreatment of chalcopyrite prior leaching

A pretreatment prior to leaching consists of agglomeration and curing. These
methods are crucial for the success of the leaching. The addition of a raffinate solution in
the agglomeration can facilitate the adhesion of fine to coarse particles to increase the
permeability of the heap. Curing leads to a homogeneous distribution of the acid in the ore
bed along with a greater porosity (Jansen and Taylor, 2003). This is the best opportunity to
improve the application of the leaching solution before building the heap, improving the

leaching rate from low grade ores (Kodali, 2010).

According to (Dhawan et al.,, 2013), curing time generates a homogeneous
distribution of the acid in the mineral bed, increases the kinetics of copper dissolution as
well as benefiting the inhibition of aluminum-silicate minerals. However, (Lu et al., 2017)
points out that there is limited research regarding the effect of curing time on the

dissolution of copper ores. Most studies on pretreatment (especially curing time) have been
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conducted on chalcopyrite (Cerda et al., 2017; Hernandez et al., 2019; Velasquez-Yévenes

and Quezada-Reyes, 2018).

The benefit of curing time has been studied by (Veldsquez-Yévenes and Quezada-
Reyes, 2018) evaluating the behavior of chalcopyrite from a mine ore using columns
leaching. The authors evaluated 4 curing times: 30, 50, 80 and 100 days for a mineral
agglomerated with 5 kg/t H2SOs4 and using discard brine (32 g/L CI') evaluating the
pretreatment effect on leaching efficiency. The maximum copper dissolution (43%) was
reached for a pretreatment with 100 days of curing and subsequent column leaching at
room temperature with intermittent irrigation. The evaluation of temperature, as part of
the pretreatment, has been investigated by (Cerda et al., 2017). The authors demonstrate
that a maximum of 93 % copper extraction was obtained when the ore (mainly chalcopyrite)
was treated with 90 kg Cl7/t ore, 40 days of curing time and 50 °C in flask leaching. The
reactions proposed by (Cerda et al., 2017) for the pretreatment, consider the effect of Cu?*
and CI" on chalcopyrite, generating covellite and CuCl as a products (Eg.3). Covellite will
react in the presence of H* and O,. The effect of pretreatment in covellite would not
generate the Cu?* necessary for the reaction on chalcopyrite (Eq.4). Therefore, Eq.4 would
not generate Cu?* in the system, limiting Eq.3. However, chalcocite could be a source of Cu?*
given the proposed reaction generated in the pretreatment (Eq.5). The presence of Cu?*
could also be added to the solution previously. The corresponding Gibbs energy values are

negative so these reactions are thermodynamically feasible (See Table 2).

Table 2.Proposed equations for pretreatment step (adapted from (Cerda et al., 2017))

AG25°C AG50°C

N° Equation (kcal/mol) (kcal/mol)
(3) CuFeS, + 2Cu?* + 2Cl~ = 2CuCl + CuS + Fe?* +S -15.6 -16.4
(4) 2CuS+ 4H* + 0, + 2C1~ - 2CuCl* + 2H,0 + 2S -55.2 -53.2
(5) 2Cu,S + 4H* + 0, — 2CuS + 2Cu?* + 2H,0 -68.1 -65.9

The study of (Hernandez et al., 2019) evaluated the effect of NaCl and NaNOs on the

pretreatment of a mine ore, whose main copper mineral is chalcopyrite. The authors obtain
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an optimum copper extraction of 58.6% with the addition of 23.3 kg of NaNO3/t, 19.8 kg of
NaCl/t, after 30 days of curing time at 45 °C. In addition, they evaluate the effect of
pretreatment by leaching efficiency using mini-columns. The optimum copper extraction of
63.9% was obtained in a leaching test carried out at 25 °C, with the use of 20 g/L of chloride.
Furthermore, the authors propose the following pretreatment mechanism for chalcopyrite
(Eq.6). According to them, the reaction is thermodynamically possible under atmospheric

pressure and between 25 and 45 °C.

2CuFeS, + 10H,S0, + 10NaNO; + 4NaCl - 2CuCl, + Fe,(S0,); + 10NO, + 4S +
10H,0 + 7Na,S0, (Eq.6)

3.1.2 Chalcopyrite leaching: Main parameters in chalcopyrite leaching

Chloride concentration

The presence of chloride ions in the chalcopyrite leaching has a positive effect
regarding the copper dissolution kinetics (Dutrizac, 1992; Hirato et al., 1987; Rasouli et al.,
2020; Rene Winand, 1991; Ruiz et al., 2015; Torres et al., 2019). According to (Carneiro and
Ledo, 2007) the authors report an increase in copper dissolution from 45% (without the
presence of NaCl) to 91% using 1 M NaCl, in ferric sulfate solutions at 95 °C and an initial pH
of 0.15. However, an increase in the concentration of NaCl (from 1 to 2 M) does not have a
significant effect on the dissolution of chalcopyrite. The presence of CI- benefits the
dissolution of copper from the chalcopyrite because of the following reasons: (i) formation
of copper chloride complexes; (ii) increase in the anodic current during chalcopyrite
leaching, (iii) changes on the surface form and properties of the reaction product (Carneiro
and Ledo, 2007).

A positive effect of the presence of chloride ions in the chalcopyrite dissolution has
been reported by (Z. Y. Lu et al., 2000); they propose that at concentrations greater than
0.5 M NaCl the leaching kinetics does not increase (test performed at 0.8 M H,S0g, 95 °C

and dspo= 15.1 um) (see Figure 6).
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Figure 6. Effect of NaCl concentration on the leaching of the chalcopyrite concentrate. Initial
conditions: 32 g solid with dso= 15.1 um, 800 mL of 0.8 M H,SO. and 95 °C (Z. Y. Lu et al., 2000)

According to the study performed by (Torres et al., 2019), the predominant species
in the Cu?*/Cl~ system in the concentration intervals studied were CuCl*and Cu?* (Torres et
al., 2019). The authors propose the formation data for cupric chloride complexes (Table 3).
The authors assume that chloro-cuprous species are present in a low concentration in the
studied systems because of high solution potential. Cupric monochloride complex ion
(CuCI*) might play a role in copper extraction from copper ore. Both the cupric ion (Cu?*)

and the cupric chloride complex (CuCl*) are able to dissolve chalcopyrite according to

equations (11) and (12) in Table 4.

Table 3. Formation data for cupric chloride complexes (adapted from (Torres et al., 2019))

N° Reaction AG (kJ/mol) at 60 °C K

(7) Cu?* + CI~ - CuCl* -3.150 Ki=3.118
(8) CuCl* + ClI™ - CuClyg,q) 7.153 K»=0.076
(9) CuCly(aq) + CI™ — CuCly 11.196 Ks = 0.018
(10) CuCl; + CI~ - CuCl3~ 17.197 K4 = 0.002

In addition to the complex formation, the presence of ClI" can increase the anodic

current during chalcopyrite leaching (Beiza et al.,, 2019). The electrochemical study of
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(Ldzaro et al.,, 1995) show that the poor leaching kinetics derived from an anodic
passivation; one theory is that the passivation is caused by the formation of an insulating
layer on the chalcopyrite surface. Cyclic voltammograms for the chalcopyrite concentrate

in the presence and absence of 0.5 M sodium chloride are published by (Z.Y. Lu et al., 2000).

Table 4. Calculated Gibbs free energies for the proposed oxidation reactions (adapted from (Torres
et al., 2015)

N° Reaction AG (kJ/mol)  AG (kJ/mol)
25°C 60 °C

(11) CuFeS, + 3Cu?* + 4Cl~ - 4CuCl + Fe?* + 25° -51.08 -61.19

(12)  CuFeS, + 3CuCl* + Cl~ = 4CuCl + Fe?* + 2S° -44.61 -51.74

According to Figure 7, chloride ions have a positive effect on the electrochemical
behavior of chalcopyrite. The cyclic voltammograms for the chalcopyrite evidence the
substantial effect on the electrochemical behavior when the chloride ion (0.5 M sodium
chloride) is present. In particular, the anodic peak Al is twice as great in the presence of
chloride ions (Z.Y. Lu et al., 2000). Similar results were obtained by (Nicol, 2017) and
attributed that the oxidation peaks obtained after passivation (between 750 and 850 mV)

could be associated with the oxidation of CuS; or a similar polysulphide.
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Figure 7. Voltammograms representing the NaCl effect on the oxidation/reduction of chalcopyrite.
Experimental conditions: 1 M H,SO4, 20 mV/s and 20 °C (Z.Y. Lu et al., 2000)
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Finally, the presence of chloride also produces changes on the surface form and
properties of the reaction product. The dissolution of chalcopyrite is favored because
chloride modifies the morphology of the deposited sulphur, which becomes porous (Z.Y. Lu
et al., 2000). According to (Majima et al., 1985), ferric chloride produced a more porous
layer of elemental sulphur than with ferric sulphate. Studies performed by (Carneiro and
Ledo, 2007) confirmed by surface area and porosity measurements that chloride ions affect
the morphology of the reaction product formed producing a porous and somewhat
crystalline sulphur layer. The authors make a comparison of parameters (volume and area
of microporous) of chalcopyrite concentrate and residues of ferric sulphate leaching with
and without sodium chloride. The experimental conditions used by the authors: dso: 5.5 um,
pH: 0.0 (initial); 50 g/L Fe3*; 0.45 L/min Oz; 5.0 % solids (w/v); temperature: 95 °C, time: 4
h, NaCl: 1.0 mol/L (Carneiro and Ledo, 2007). Results are included in Table 5.

Table 5. Surface parameters of chalcopyrite concentrate and residues of ferric sulphate leaching
with and without NaCl (adapted from (Carneiro and Ledo, 2007)

Parameter Cpy concentrate Residue after Residue after
Fe2(S04)3 with NaCl Fe(S04)3 without
NaCl
Surface area 1.51+0.23 1.41+£0.01 1.00£0.04
(m?/g)
Microporous vol. (6.60 + 0.84) x10* (6.28 + 0.05) x10* (4.48 + 0.06) x10*
(cm*/g)
Microporous area 1.86+0.23 1.78 £0.01 1.27 +£0.02
(m?/g)

Nitrate concentration

Due to its powerful oxidizing properties, nitrate media can also be used for
extraction of copper from chalcopyrite (Soki¢ et al., 2019). The use of a NaNO3 + H,SO4
system for the dissolution of chalcopyrite from a copper concentrate has been evaluated as
an alternative. In the study carried out by (Soki¢ et al., 2009) they leached chalcopyrite using
H.SO4 (1.5 M) with NaNOs at 80 °C, found that the leaching rate could be enhanced by
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increasing the concentrations of NaNOs. The copper extraction increased from 43 % to 75
% after 4 hours when the concentration of NaNOs was increased from 0.15 M to 0.90 M.
The authors confirm that the dissolution of chalcopyrite using sulphuric acid requires an
oxidizing agent because it is stable in aqueous solution up to electrochemical potential

+0.337 V.

According to (Prasad and Pandey, 1998), the chalcopyrite dissolution takes place in
the presence of sulphuric acid, which preferentially supplies hydrogen ions for completion
of the reaction and in the presence of a small amount of nitric acid, which acted as a catalyst

(Eq. 13).
CuFeS, + 5H* + ZHNO; = Cu?* + Fe3* + 25% + Z*H,0 +ZNO (Eq. 13)

Nitric acid is an efficient oxidant, becoming reduced to nitric oxide (Eq.14), in which
the protons are supplied by the sulphuric acid; nitric oxide can be re-oxidised to nitric acid

in the presence of oxygen and water (Watling, 2013) (Eq. 15).
NO3 + 4H* + 3e™ = NO + 2H,0 (Eq. 14)
4NO + 30, + 2H,0+4+= 4HNO; (Eq. 15)

According to (Herndndez et al., 2015), Equation 13 can be explained alternatively by
(Eg. 16). However and citing (Watling, 2013), the application of the nitrate-based leach

solution presents other problems especially during subsequent solvent extraction stage.

CuFeS, + 6.667H* + 1.667NO3 = Cu®* + Fe3* + 25° + 3.333H,0 + 1.66NO
(Eq. 16)

Acidity

According to (Veldsquez-Yévenes et al., 2010a) the authors evaluates the
chalcopyrite leaching in chloride media and reports that the dissolution rate is independent
of pH in the range between 0.5 and 2 (Figure 8). The authors report that at pH 2.1 it is
possible to see iron precipitates in the system, but these would not affect the copper
dissolution. The authors postulate according to (Dutrizac, 1981), that low acidity must be

avoided due to iron hydrolysis and precipitation which can affect the leaching process.
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Figure 8. Effect of pH (m) 0.34, (¢) 0.7, (A) 1.3 and (e) 2.1 on copper dissolution from chalcopyrite
concentrate in 1 M chloride containing 0.2 M HCI. The solution potentials (open symbols) for the
experiments at pH 0.34 and pH 2.1, are also shown (Velasquez-Yévenes et al., 2010a)

Studies performed by (Cérdoba et al., 2009) report a similar trend to Veldsquez et
al. (2010a), but in ferric sulfate media, the chalcopyrite dissolution is favored in a pH range
of 1.5 and 2, while at pH less than or equal to 1 there is a negative effect. At pH 2, the
nucleation and precipitation of a passivating layer of jarosite on mineral particles was very
marked. The effect of pH in the chalcopyrite dissolution has also been evaluated by (lbafiez
and Velasquez, 2013). The authors postulate that chalcopyrite leaching can be favored at a
pH around 2.5 because there is no iron in solution since precipitates of this element are
formed. These precipitates causing a decrease in the solution potentials where speed is
acceptable. The presence of iron precipitates under the conditions studied by the authors

did not affect the chalcopyrite dissolution (Ibafiez and Veldsquez, 2013).

Solution potential

Several authors have carried out research seeking to establish the dependence and
influence of solution potential in chalcopyrite leaching (Hiroyoshi et al., 2008, 2001; Ibafiez
and Veldsquez, 2013; Nicol, 2017; Warren et al.,, 1992). The studies conclude that this
parameter is one of the most important and that its control would facilitate the chalcopyrite
dissolution (Cérdoba et al., 2008b; Martinez-Gémez et al., 2018; Velasquez-Yévenes et al.,

2010b).
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According to (Cérdoba et al., 2008b) the authors determined that high potential
values (over 600 mV) would generate a rapid passivation of chalcopyrite. According to these
authors, the effect that the solution potential produces on the kinetics of copper extraction
is more significant at high temperatures (68 °C) than at low values (35 °C). In the tests
carried out at 68 °C and at the initial solution potential value of 300 and 400 mV (Ag/AgCl),
copper extractions of 80 and 90% respectively were achieved, while at higher potentials the

dissolutions were less than 40% (Cérdoba et al., 2008b).

The study developed by (Velasquez-Yévenes et al., 2010b) studied chalcopyrite
leaching in chloride solutions at 35 °C, 0.5 g/L Cu?*, 0.2 M HCl and with the solution potential
control by injection of nitrogen and oxygen. The authors observed that at solution
potentials between 560-620 mV (SHE) chalcopyrite leached at acceptable rates. However,
at solution potential values greater than these, chalcopyrite was passivated and with lower
values chalcopyrite was not leached. Additionally, (Veldsquez-Yévenes et al., 2010b)
mention about the reversibility of the passivation. The authors observed that the
dissolution rate of chalcopyrite at solution potentials of 450 mV (SHE) was very low and
when the solution potential of this same experience increased to values of 550 mV (SHE),
the speed was remarkably improved (Fig.9). A similar situation occurred when the solution
potential decreased from 650 to 550 mV (SHE), the copper dissolution kinetics was

improved at this last solution potential value.

The anodic characteristics of natural chalcopyrite electrodes in acidic chloride
solutions by voltammetric test, has been studied by (Nicol et al., 2017). According to the
authors, the solution potential range where the copper dissolution is increased (0.7 to 0.85
V) depends on the chloride concentration and, particularly, in the pH range between 1 and
3. Furthermore, three peaks are observed at low chloride concentrations that merge into

one peak at high concentrations.
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Figure 9. Copper dissolution from chalcopyrite concentrate in a solution of 0.2 M HCl and 0.5 g/L of
Cu? at 35 °C and (A) 580 mV and (m) 450 mV with potential increased to 550 mV after 936 h
(Veldsquez-Yévenes et al., 2010b). Passive and transpassive anodic behavior of chalcopyrite in acid
solutions

Particle size

It is well known the relationship between the size of particle and copper dissolution.
Particularly, regarding leaching, a smaller particle size generates a greater area of exposure
of the mineral to the leaching solution (area of reaction), due to the greater release of the

species of interest (Lwambiyi et al., 2009; Ruiz et al., 2014).

Tests in sulfate and chloride media evaluating the chalcopyrite dissolution were
carried out by (Dutrizac, 1981). The author determined that the copper extraction increases
as the mean particle size is decreased below 100 mesh (149 um). Similar behavior was
observed in the chloride system, except that the rates were correspondingly more rapid.
Similar results were obtained by (Velasquez-Yévenes et al., 2010a) in leaching tests over a
chalcopyrite concentrate under standard conditions at controlled solution potential. These
authors demonstrate an important difference in copper extraction when comparing a size

range between +25 - 38 um versus - 25 um. The results obtained can be observed in Figure

10.
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Finally, (Dutrizac, 1981) argued that the independence of the chalcopyrite
dissolution with the particle size is wrong and this is due to a problem derived of obtaining
a well characterized surface area. This is ratified by (Wilson and Fisher, 1981) who

concluded that In chloride media, the leaching rate is directly proportional to the surface

area.
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Figure 10. Leaching curves for the dissolution of (¢#) +25-38 um and (A ) —-25 um size fractions of
chalcopyrite concentrate under standard conditions (Veldsquez-Yévenes et al., 2010a)

Temperature

There is a general agreement of several authors that the influence of temperature
on the chalcopyrite dissolution is significant; increasing the temperature improves the
leaching kinetics (Ibafiez and Velasquez, 2013; Veldsquez-Yévenes and Quezada-Reyes,
2018). Studies carried out by (Cérdoba et al., 2008b), demonstrate the positive effect of
temperature within a range 35 - 68 °C in acidic ferric sulfate leaching solutions at 400 mV
(Ag/AgCl), 5 g/L of total iron and 0.5 % pulp density, obtaining an activation energy of 130.7
kJ/mol (Figure 11).
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Figure 11. Influence of temperature on the chalcopyrite leaching, fraction of reacted chalcopyrite
vs. Time (Cordoba et al., 2008b)

The dissolution of chalcopyrite in reactors is positively affected with the increase in
temperature between 35 and 75 °C, using 50 g/L CI5; 0.5 g/L of Cu?* and 0.2 M H,S0s,
obtaining an activation energy value of 96.55 kl/mol. The obtained value indicates that the
dissolution rate, under the studied conditions, is controlled by the chemical reaction (Ibafiez
and Veldsquez, 2013). On the other hand (Majima et al., 1985) performed tests using a
natural chalcopyrite sample in 0.1 M of ferric chloride, evaluating from 55 to 84 °C,
reporting an activation energy of 69 kJ/mol. Variable activation energy values, below and
above 85 °C, have been reported by (Z. Y. Lu et al., 2000). According to (Lawson et al., 1992)
who considered oxygen solubility data (Narita et al., 1983); proposes that the activation
energy during the initial stages of chalcopyrite leaching was 48 kJ/mol at low temperatures,
and 20 kJ/mol at high temperatures. It can be seen that these activation energies are highly

variable and depend on many experimental factors and conditions (Vyazovkin, 2016).

Excellent works from several authors compare ranges of activation energy values for
chalcopyrite dissolution (Al-Harahsheh et al., 2008; Cordoba et al., 2008b; Dutrizac, 1992;
Ibafiez and Veldsquez, 2013; Z. Y. Lu et al., 2000; Velasquez Yévenes, 2009; Veloso et al.,
2016). According to (Veldsquez Yévenes, 2009), no agreement has been reached on the

value of activation energy which varies between 20 and 135 kJ/mol and even higher values
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have been reported. Several researchers indicates that the activation energy is dependent
on the range of temperature studied and on the value of the ratio of Cu(ll)/Cu(l) present in
the system. Furthermore, another authors proposes that since the oxygen solubility varies
with temperature, suitable corrections must be made to the measured reaction rates (Z.Y.
Lu et al., 2000). A value of 42 kJ/mol was reported by (Dutrizac, 1981), as being the probable

value for the leaching of reasonably pure chalcopyrite in ferric chloride solutions.
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3.2 Results of pretreatment and leaching efficiency of chalcopyrite

3.2.1 Characterization of the chalcopyrite mineral

The chemical characterization of the chalcopyrite sample is shown in Table 6. A very
characteristic presence of copper, iron and sulphur is observed in this type of samples, due
to the weight percentage of each element in the chalcopyrite formula (CuFeS;). Other minor
elements were detected, such as: Na (0.220%), Ca (0.180%) and Zn (0.0800%). Additionally,
after chemical characterization, the insoluble residue represented 21% of the total mass.
This value suggests the presence of quartz or muscovite as insoluble phases present in the

sample.

Figure 12 (X-ray diffractogram) shows that the sample contained mainly chalcopyrite
and quartz, also was detected the presence of covellite, pyrite and chalcanthite. Sulphur, in
addition to being associated with chalcopyrite, can be associated with other species such
as chalcocite, covellite or pyrite. Table 7 shows the mineralogical composition of the
sample, obtained by Qemscan analysis. The main species was chalcopyrite (73.7%),
followed by quartz (16.3 %) and covellite (1.80 %). According to Qemscan analysis, quartz
has a presence of 16.3% which coincides with the insoluble residue product of the chemical

characterization (21%).

According to the image obtained using a reflected optical microscope, chalcopyrite
was also being associated with covellite (Figure 13). The presence of chalcanthite was also
evidenced by SEM analysis (Fig 14d). Figure 14c shows a particle size distribution close to
20 um. SEM and EDS analysis showed the majority presence of chalcopyrite, quartz and
copper sulphate in the initial sample. EDS analysis associated with the initial
characterization of the chalcopyrite sample are presented in appendix 4. Finally, the
presence of chalcanthite was measured by washing the sample in water, a 9% copper

extraction was obtained.

Table 6.Chemical analysis of the chalcopyrite ore

Element Cu Fe S

Mass (%) 285 22.8 29.7
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Figure 12. X-ray diffractogram of the initial sample

Table 7.Main mineralogical composition of the initial sample (mass in %) according to Qemscan
analysis

Mineral Mass, %
Chalcopyrite 73.7
Quartz 16.3
Covellite 1.80
K-Feldspar (orthoclase, 1.80

anorthoclase)

Pyrite 1.30
Molybdenite 1.00
Alunite 0.900
Other gangue 2.60
Other Cu minerals 0.600
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Figure 13. Reflected optical microscope image of the initial sample. 1: chalcopyrite, 2: covellite
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Figure 14. SEM image of the initial sample. 1: chalcopyrite, 2: quartz, 3: copper sulphate
(chalcanthite)
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3.2.2 Pretreatment of the chalcopyrite mineral

The effect of NaCl and KNOs in curing tests have been evaluated using tests designed
with the Taguchi method. In both cases, a Lis (43) design has been considered with three

parameters and four levels for each one, as shown in Table 8 and Table 9.

Table 8.Parameters and levels studied in the experiments with NaCl in acid media

Levels
Parameters
1 2 3 4
A Curing time (days) 0 5 10 15
B H2S04 (kg/t) 0 5 10 15
C NaCl (kg/t) 0 5 10 15

Table 9. Parameters and levels studied in the experiments with KNOs in acid media

Levels
Parameters
1 2 3 4
A Curing time (days) 0 5 10 15
B H2S04 (kg/t) 0 5 10 15
C KNOs (kg/t) 0 5 10 15

The effect of nitrate in the acid media

Table 10 shows the average of copper extraction (averages of duplicate tests) from
the pretreatment tests using KNO3s, H,SO4 and different curing days. The effects on the
copper extraction were minimal considering that a 9 % of copper extraction is associated to
chalcanthite and it is water soluble. According to the characterization and mass balance,
covellite represented 4% of total copper. Thus, a copper extraction over 13 % guarantees
solubility of the chalcopyrite product from the pretreatment. Under these conditions, the
non-significant effects of the variables are evident. according to (Hernandez et al., 2019)
reported favorable effects of using NaNOsz and NaCl in the pretreatment of a copper
sulphide mineral. The authors confirmed the study of (Shiers et al., 2016), who concluded
that a mixture with high NaCl concentrations and NaNOs in an acid media was more
effective. However, the present study did not evaluate the synergy of the two reagents, and
there was no significant effect of KNOs as an additive in the pretreatment of a chalcopyrite

mineral.
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Table 10.Copper extraction (average) in the pretreatment of a chalcopyrite mineral using H2SO,,
KNOs and curing time

Curing time (days) H2SOskg/t KNOskg/t % Cu extraction (average)

0 0 0 10.27
0 5 5 10.55
0 10 10 10.74
0 15 15 10.86
5 0 5 10.15
5 5 0 10.75
5 10 15 11.40
5 15 10 11.64
10 0 10 11.05
10 5 15 11.64
10 10 0 12.12
10 15 5 12.69
15 0 15 11.11
15 5 10 12.17
15 10 5 12.13
15 15 0 12.44

Table 11 shows the results of the ANOVA analysis based on the data in Table 10.
According to this ANOVA analysis, parameter A (curing time) made the most significant
contribution to the variation in the Cu extraction (54.66%) with a significant p-value,
parameter B (sulphuric acid) had a moderate contribution (35.75%), with a significant p-
value and finally, parameter C (KNOs) had an extremely low contribution (0.61%), with a
non-significant p-value. As can be seen, the contributions of A and B are statistically
significant according to the p-values (99% confidence level).

Table 11.Results of the ANOVA analysis of the parameters for the Cu extraction, with varying

concentrations of H,SO4 and KNOs and curing time (df = degrees of freedom, SSE = sum of squared
errors, MSE = mean squared errors)

Parameters df SSE MSE Fvalue Contribution % P value
A Curing time (days) 3 10.7 3.566 44.68 54.66 1.578*10°
B H2S0a4 (kg/t) 3 6.997 2.332 29.23 35.75 7.391*108
C KNOs (kg/t) 3 0.1192 0.0397 0.50 0.61 0.6876
Error 22 1.756 0.0798

Total 31 19.57




To obtain the optimum performance, Equation 1 is maximized according to the yield
value given by Cu dissolution. The degrees of influence or effect of the parameters are
shown in Figure 15. Figure 15A shows that the optimum value is obtained with level 4,
which is 15 curing days. Copper extraction improve with more curing days (Cerda et al.,
2017; Hernandez et al., 2019; Veldsquez-Yévenes and Quezada-Reyes, 2018). Note that
level 1, which is 0 days, has a much poor performance than the other levels evaluated, and
there is little difference between levels 3 to 4, which indicates a law of diminishing returns
at this point, that is, longer curing times do not significantly increase Cu extraction. Figure
15B shows that the optimum is obtained with level 4, which is 15 kg/t of H.SOa, representing
an almost linear performance increase for this parameter. Figure 15C shows that the
optimum is obtained with level 3, with 10 kg/t of KNO3. Numerical variations are very low

compared to the other factors.

The analysis of the results shows that the optimal configuration is (4, 4, 3), i.e.,
curing days (A): Level 4 or 15 days, H,SO4 concentration (B): Level 4 or 15 kg/t, and KNOs
concentration (C): Level 3 or 10 kg/t. The optimal configuration is not found in the
experimental results. Therefore, it is possible that the true optimum is outside the
established limits. However, the extractive power of these variables is minor, representing
not more than 3% of Cu extraction (without considering the dissolution of chalcanthite,
which represents 9% of Cu dissolution). According to the linear model, the optimal Cu
extraction with this configuration is 12.55%. This test obtained an average Cu extraction of
12.93%. Among the configurations in the orthogonal arrangement, (4, 4, 1) obtained the
best performance, with a predicted Cu extraction of 12.55% (the same as the theoretical
optimum, given that factor C has practically no influence), followed by (3, 4, 2) with 12.45%.
Considering that the influence of factor C is not significant according to ANOVA, it makes

sense that levels 1 or 2 can be used. Table 12 shows the experimental and predicted values.
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Figure 15. Effect of the parameters curing days (A), concentration of sulphuric acid (B) and
concentration of KNOs (C) on the SN_L optimization criterion for Cu extraction prior to leaching
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Table 12. Experimental results and the values predicted by the linear model given by Equation 2,
with varying curing time, concentrations of H,SO, and KNO;

A B C % Cu extraction (average) Predicted % Cu
111 10.27 9.930
1 2 2 10.55 10.55
1 3 3 10.74 10.89
1 4 4 10.86 11.05
2 1 2 10.15 10.29
2 21 10.75 10.94
2 3 4 11.40 11.12
2 4 3 11.64 11.57
313 11.05 11.21
3 2 4 11.64 11.69
3 31 12.12 12.16
3 4 2 12.69 12.45
4 1 4 11.11 11.14
4 2 3 12.17 11.92
4 3 2 12.13 12.22
4 4 1 12.44 12.55

The effect of chloride in the acid media

Table 13 shows the resulting Cu extraction (average of duplicates) with the variables
NaCl, H2SO4 and curing time. With 0 curing days, the copper extraction was between 10 and
10.82%, which is expected, considering that the sample had 9% copper associated with
chalcanthite, i.e. between 1 and 2% copper had been dissolved with pretreatment. The
highest copper extraction was obtained with 10 and 15 curing days. In addition, the synergy
between NaCl and H,SO4 increased copper extraction. Some tests yielded Cu extraction of
about 13%, which indicates the reactivity of the chalcopyrite under these conditions. The
benefit of using NaCl in the pretreatment has been evidenced by previous research (Cerda
et al., 2017; Hernandez et al., 2019). However, the effect of pretreatment had only been

evaluated in terms of leaching efficiency, but not prior, as in this thesis.

According to Table 13 and Table 14, parameter A (curing time) accounted for the
major part of variation in the Cu extraction (56.36%), with a significant p-value. Parameter
B (H2S04 concentration) made an extremely low contribution (1.78%), with a non-significant

p-value. Finally, parameter C (NaCl concentration) represented a moderate contribution
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(23.09%), with a significant p-value. Most of these contributions are statistically significant

according to the p-values obtained (significant A and C at a 99% confidence level) (Table

14).

Table 13. Copper extraction (average) in the pretreatment of a chalcopyrite mineral varying curing

time, concentration of H,SO4 and NaCl

Curing time (days) H2S04 kg/t NaCl kg/t % Cu extraction (average)
0 0 0 10.27
0 5 5 10.54
0 10 10 10.63
0 15 15 10.82
5 0 5 10.08
5 5 0 10.18
5 10 15 14.71
5 15 10 14.29
10 0 10 14.56
10 5 15 16.08
10 10 0 11.87
10 15 5 16.91
15 0 15 15.95
15 5 10 15.92
15 10 5 15.91
15 15 0 12.58

Table 14.Results of the ANOVA analysis of the parameters for the Cu extraction with varying
concentrations of H,SO4, NaCl and curing times (df = degrees of freedom, SSE = sum of squared

errors, MSE = mean squared errors)

Parameters df  SSE MSE  Fvalue  Contribution % P value
A  Curingtime (days) 3 112.4 37.47 22.017 56.36 8.047*10°
B H,S0a4 (kg/t) 3 3544 1181 0.6942 1.780 0.5654
C NacCl (kg/t) 3 46.04 1535 9.018 23.09 4.3817*10%
Error 22 3744 1.702
Total 31 1994

Figure 16 shows the degrees of influence or effect of the parameters. In Figure 16A,

it can be seen that the optimum is obtained at level 4 (15 days), the copper extraction

improves with more curing time. Note that level 1, which is 0 days, has a much poor

performance than the other evaluated levels, and that there is little difference between
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levels 3 to 4, which indicates a law of diminishing returns at this point. Figure 16B shows
that the optimum is obtained at level 4, which is 15 kg/t of H,SOa, representing a linear
performance increase for this parameter. However, the ANOVA indicates that the influence
of factor B is not significant. Figure 16C also shows that the optimum of NaCl is 15 kg/t. As

in the other cases, level 1 with 0 kg/t has a much lower yield.
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Figure 16. Effects of the parameters curing days (A), concentration of H,SO4 (B) and concentration
of NaCl (C) on the SN_L optimization criterion for the Cu extraction prior to leaching

The best configuration is (4, 4, 4): Curing days (A): Level 4 or 15 days; H2SO4

concentration (B): Level 4 or 15 kg/t, and NaCl concentration (C): Level 4 or 15 kg/t. Since
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the optimal levels are not found in the experimental configuration, there is a possibility that
the true optimum is outside the established limits. The configuration (4, 4, 4) is not found
in the orthogonal array, so it was not possible to obtain an empirical result for this
configuration. However, according to the linear model, the optimal copper extraction with
this configuration is 16.72%. The combination (4, 4, 4) and obtained an average Cu
extraction of 19.56% was tested. In order to demonstrate the behavior of the mineral
outside the studied ranges, tests were performed increasing the NaCl concentration until
to 25 kg/t, this being the saturation point of the solution. The use of 25 kg/t of NaCl, under
the conditions evaluated in this study is the maximum allowable according to its solubility

in water.

Finally, with a combination of 15 curing days, 15 kg/t of H,SO4 acid and 25 kg/t of
NaCl, a copper extraction of 22.66% was obtained. Among the configurations in the
orthogonal arrangement, (3, 2, 4) had the best performance, with a predicted extraction
rate of 16.01%, followed by (4, 1, 4) with 15.79%. Table 15 shows the details of the

experimental and predicted Cu extractions.

Table 15. Experimental results and the values predicted by the linear model in Equation 2, with
varying concentrations of H,SO., NaCl and curing times

A B C % Cuextraction (average) Predicted % Cu
1 1 1 10.27 8.100
1 2 2 10.54 10.69
1 3 3 10.63 11.28
1 4 4 10.82 12.19
2 1 2 10.09 11.98
2 21 10.18 10.31
2 3 4 14.71 13.57
2 4 3 14.29 13.40
313 14.56 15.01
3 2 4 16.08 16.01
3 3 1 11.88 12.95
3 4 2 16.91 15.45
4 1 4 15.96 15.79
4 2 3 15.92 15.71
4 3 2 15.91 15.32
4 4 1 12.59 13.56
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3.2.3 Characterization of pretreatments products

The best result obtained with the pretreatment of chalcopyrite, that is: 25 kg/t NaCl,
15 kg/t H2SO4 and 15 days of curing time. The solids obtained has been characterized to
propose a mechanism associated with the pretreatment of chalcopyrite. The pretreatment
product (agglomerated solids) was prepared and polished without any contact with water,
preventing the dissolution of soluble phases. The briquettes formed and surface

photographs are observed in Figure 17, obtained with a stereographic microscope.
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Figure 17. Images of agglomerates obtained observed in a stereographic microscope

Figure 18 shows the images performed by optical microscopy carried out over the
sample with pretreatment (Figure 17a). A chalcopyrite particle eventually associated with
covellite, can be seen in Figure 18a. Several cracks are observed on the particle. These

cracks are not observed, or at least not so evident in the initial sample (Figure 13). Figure
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18b shows something very similar to 18a, associated with the formation of cracks and even
products formed on it. Eventually, there could be chemical crushing base on the shape of
the particle. Figure 18c shows an area with eventual formation of copper sulfate or chloride-
copper complex (green with white area). According to the copper extraction achieved, using
15 kg/t of H,S04, 25 kg/t NaCl and 15 days of curing was 22.66%, evidencing the formation
of new soluble phases. Therefore, Figure 18c shows the formation of a new soluble phase,
such as CuCl, according to (Cerda et al., 2017) or CuCl, complex formation is also possible,
according to (Hernandez et al., 2019). These proposed (Eg.3 and Eq.6) have a negative Gibbs

energy values, so these reactions are thermodynamically feasible.

(d)

Figure 18. Reflected optical microscope images of the pretreatment products
X-ray diffraction analysis has also been performed on the pre-treatment products.

Figure 19 indicates the presence of quartz and chalcopyrite. Quartz maintains its presence

due to the fact that it is not reactive in acidic solutions (Bai et al., 2018). The presence of
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chalcopyrite continues to be abundant. It is evident that not all CuFeS; reacted during the
pretreatment, which coincides with results shown in Figure 18. Additionally, the presence
of natrojarosite is evidenced (NaFes3(SO4)2(OH)s), product formed from the association
between Na (derived from NaCl) and Fe (derived, eventually, from chalcopyrite). Both
quartz, chalcopyrite, and natrojarosite are the species reported to be most abundant in the
pretreatment product. Other products like (CuSOa), Cu2CIOH and S° have been identified.
The presence of an iron sulfate has been reported as probable (Hernandez et al., 2019)
(according to Eq.6). Likewise, the presence of elemental sulphur has been proposed by
(Cerda et al., 2017; Hernandez et al., 2019). These authors proposed the formation of a

complex CuCl or CuCly, which differs from what was identified in this investigation.
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Figure 19. Species identified using X-ray diffraction analysis, products of the pretreatment of a
chalcopyrite mineral with 15 kg/t H,SO4, 25 kg/t NaCl and 15 days of curing time at room
temperature

The presence of: CuSOs4, NaFe3(SOa4)2(OH)s, S° and CuxCI(OH) can be confirmed
comparing the X-ray diffractogram of the original chalcopyrite with respect to the X-ray
diffractrogram of the pretreatment products. Using the software X'pert HighScore Plus
v.3.0e, it is possible to show the main angle or angles with the peak of presence
characteristic of each species. The angle (in 2 theta) of 16.16° is characteristic of CuSOa.

Although, in the initial sample there is the presence of CuSO4 (as chalcantite), the peak at
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16.16° denotes a greater presence of this species (or at least, a very similar species in the
structure) (Figure 20). By using 15 kg/t H2SOs4, 25 kg/t NaCl and 15 days of curing at room
temperature, 22.6% Cu dissolution was obtained. Considering that 9% of the copper
extraction is associated with chalcantite, there is more than 10% of copper that dissolves as

a result of the generation of a new soluble species.
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Figure 20. ldentification of CuSQ,, using X-ray diffraction analysis, in the products of the
pretreatment of a chalcopyrite with 15 kg/t H.SO4, 25 kg/t NaCl and 15 days of curing at room
temperature

In Figure 21, the characteristic angles of the natrojarosite can be observed, such as
28.65° (21a) and 49.79° (21b), with point 28.65° being the angle associated with an intensity
of 95%. According to (Gnanavel et al., 2015) In the system Na—Fe—S0Os,—OH, only 4 phases
are reported: the natrojarosite NaFes(S0a4)2(OH)e, the jarosite Nag.saFez.86(S04)2(0OH)e and 2
hydrated phases, the sideronatrite Na;FeOH(SO:)2.3H,O and metasideronatrite
Na>FeOH(S0a4);-H,0. These phases are minerals but could be prepared by precipitation or
under hydrothermal conditions. Therefore, the formation of an iron hydroxysulfate, such as

natrojarosite, is possible.

The presence of Sis also reported and compared with the initial chalcopyrite sample.
In Figure 22a the presence of S is evidenced by the main angle of 23.07°, which represents
an intensity of 100% in the case of S°. According to (Zhong and Li, 2019), when no strong

oxidative conditions were available to produce SO4%, the predominant S products upon
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CuFeS; leaching was S°. Therefore, it can be inferred that in the pretreatment, the formation
of SO is possible, since the oxygen present is supplied by the solution and limited because

the samples were covered.
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Figure 21. NaFes3(S04)2(OH)s identified, using X-ray diffraction, product of the pretreatment of a
chalcopyrite mineral with 15 kg/t H,SO4, 25 kg/t NaCl and 15 days of curing at room temperature
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Figure 22. Elemental sulphur identified, using X-ray diffraction, product of the pretreatment of a
chalcopyrite mineral with 15 kg/t H,SO,, 25 kg/t NaCl and 15 days of curing at room temperature

Finally, the compound Cu,CI(OH) has also been identified by X-ray diffraction.
Although the presence of this compound is demonstrated in Figure 23, the presence of
other similar compounds such as Cu,ClO3 or Cu2CI(OH)s should not be ruled out. Under the
studied conditions, the compound Cu,CI(OH) has had a better fit and recognition by the
software used. The main peak is associated with the position 16.23°, which coincides
(overlaps) with the peak of CuSOa4. However, other major peaks such as 39.81° and 32.42°

have been identified and are shown in Figure 23a and 23b, respectively.
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Figure 23. Cu,Cl(OH) identified, using X-ray diffraction, product of the pretreatment of a chalcopyrite
mineral with 15 kg/t H,SO4, 25 kg/t NaCl and 15 days of curing at room temperature

SEM analysis on the sample with pretreatment) was also performed. Figure 24
shows two microphotographs of unreacted or partially attacked chalcopyrite particles. In
Figure 243’ and 24b’ includes the EDS analysis of zone 1 of Figure 24a and 24b. Through
semi-quantitative reporting of elements, copper and iron depletion in chalcopyrite has been
identified. In Figure 24a, a semi-quantitative presence of 30.50% (Cu), 27.98% (Fe) and
36.67% (S) and for Figure 24b; 19.77% (Cu), 20.63% (Fe) and 47.10% (S). This denotes a
lower atomic ratio in the chemical formula of chalcopyrite, due to the dissolution of copper
and iron. Furthermore, the presence of cracks on the surface and surrounding the particles
is evidenced. Similar situation has been reported by (Elsherief, 2002), when in tests
developed with the chalcopyrite massive electrode was cathodically leached at 20 °C in 100
g/L H2S04 solutions at -900 mV, the surface shows crack and fissures during electrolysis. The
authors propose that this texture is produced by the change in molar volume as chalcopyrite

transforms to chalcocite and a copper deficient sulphide Cus.
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Figure 24. SEM images and EDS analysis of chalcopyrite in (1) after curing treatment with 15 kg/t H2SO4, 25
kg/t NaCl and 15 days of curing time at room temperature

The presence of chalcopyrite (1), copper sulfate (2) and natrojarosite (3) is reported
in Figure 25a. Figure 25b shows an enlargement of the area where the natrojarosite was
found. The EDS analysis associated with copper sulfate is reported in Figure 25c. Si and Al
are identified, which would be associated with a silicate such as albite (NaAlSi3Os), the
sodium being overlapped by copper asitisin a low presence. Based on the semiquantitative
analysis, there is enough copper (24.45%), sulphur (14.30%) and oxygen (34.86%) in an
atomic and weigth proportion that conforms the CuSO4 formula. Figure 25d shows the EDS
analysis associated with the detected natrojarosite (3). Semiquantitative analysis reports
that the presence of Na (4.35%), Fe (29.70%), S (22.20%) and O (28.0%) conforms to the
natrojarosite formula, although it is deficient in iron, resulting in a NaFe2.3(S04)2(0OH)s

formula, as can be observed in other natural and synthetic jarosites.
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Figure 25. SEM images and EDS analysis of chalcopyrite (1), and reaction products such as: CuSO,
(2) (EDS in c) and NaFes(SO4)2(OH) (3) (EDS in d) product of the pretreatment of a chalcopyrite
mineral with 15 kg/t H,SO4, 25 kg/t NaCl and 15 days of curing time at room temperature

Finally, Figure 26a identifies a compound associated with Cu,CI(OH). Figure 26a’
presents the EDS analysis associated with 26a. The presence of copper (47.56%), chloride
(14.97%) and oxygen (20.75%) is sufficient for the formation of the proposed compound,
although due to the non-reporting of H by the EDS analysis, the formation of Cu;ClO should

not be discarded.

Therefore, and considering all the characterization techniques applied on the
pretreatment products, the following reaction that occurs under the conditions used in this
study is proposed. The concentration of 15 kg/t of H,SO4, 25 kg/t of NaCl and 15 days of

curing to a sample of natural chalcopyrite and room temperature, is governed by Eq. 17

3CuFeS, + 3H,5S0, + NaCl + 30, = CuSO, + NaFe;(S0,),(0H)¢ + 6S + Cu,CI(OH) (Eq.17)
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Figure 26. SEM images and EDS analysis of zone 1. The EDS confirms the formation of Cu,CI(OH) (1)
in the products of the pretreatment of a chalcopyrite mineral with 15 kg/t H,SO4, 25 kg/t NaCl and
15 days of curing at room temperature

3.2.4 Leaching with and without pretreatment

In order to compare the effect of the curing time, a pretreated (agglomerated and
cured with 15 kg/t of H,SO4 25 kg/t of NaCl for a period of 15 days) and without pretreated
chalcopyrite samples were leached at 25, 50, 70 and 90°C. The detail of copper and iron

dissolution can be reviewed in appendix 5-8.
Leaching tests without pretreatment

Figure 27 shows the results of the leaching tests without pretreatment. A tendency
is observed that benefits the copper extraction while the temperature is increased. At
temperatures higher than 25°C (ambient), the passivating layer formed is less protective
and more porous, which allows the dissolution of the chalcopyrite (Veldsquez-Yévenes et
al., 2010b). Tests without pretreatment have an almost identical behavior until the first 2
hours of leaching, reaching about 16% copper extraction, taking into account that
approximately 9% copper is soluble at the initial time (copper sulfate dissolution). After 4
hours, copper extraction curves change, affected by the temperature. Test at 90 °C (490)
and test at 70 °C (m70) achieved 90% and 87% copper extraction, respectively. Test
performed at 50 °C ( A 50) achieves 71% and test at 25 °C (e25) a 30%.
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Test performed at 25°C achieved a stability of the copper extraction curve at 24
hours of leaching (by passivation), while the test at 50 °C achieved the passivation at 36
hours. On the other hand, the test performed at 70 °C does not evidence, clearly,
passivation. Test developed at 90 °Cis the test that achieved the highest copper dissolution,
although there is no significant difference compared to the test at 70 °C. Similar trend in its
results shows (Z. Y. Lu et al., 2000) in chalcopyrite leaching test between 85 and 95 °C. For
test performed at 25°C, there is a limited dissolution of copper, that is in agreement with
the fact that the dissolution of chalcopyrite requires elevated temperatures between 35

and 95°C (Lundstrom et al., 2005; Veldsquez-Yévenes et al., 2010b).

According to chalcanthite present in the system, it is possible to obtain a fast fraction
of dissolved copper. A 9% of Cu extraction is associated with chalcantite presence; this
represents 0.5 g/L of Cu?* at the beginning of the leaching. Although tests evaluating the
effect of cupricion are not developed in this research, authors such as (Guy and Broadbent,
1983; Veloso et al., 2016) demonstrate the benefit of Cu?* at the beginning of chalcopyrite
dissolution. According to (Veldsquez-Yévenes et al., 2010a) the presence of a small amount
of cupric ion is important in order to achieve an acceptable chalcopyrite leaching rate, but
concentrations above about 0.1 g/L do not increase the rate of dissolution according to the

conditions used by the authors.
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Figure 27. Dissolution of copper from chalcopyrite in 0.2 M H,SO4, 50 g/L of CI" ion from NaCl in
deionized water at 25 °C (#25); 50 °C ( A50); 70 °C (m70) and 90 °C (490) without pretreatment
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Leaching tests with pretreatment

The results obtained during leaching tests performed with pretreatment, are shown
in Figure 28. It is observed that the test at 90 °C reached a copper extraction of 94 %, at
70°C of 92%, at 50°C of 77%, and the test performed at 25°C of 29% of copper extraction.
There is a similar behavior with tests without pretreatment; by increasing the temperature
increased the copper extraction. However, tests performed at 70°C and 50°C, reached
almost 5% more than the tests developed without curing and test performed at 90 °C
achieved an almost complete copper dissolution. For test at 25°C, a passivation curve can
be seen after 24 hours of leaching; however, it has a kinetic behavior identical to the 50 °C
test during the first 4 hours of leaching, mainly benefited by the soluble phases produced

in the pretreatment.
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Figure 28. Dissolution of copper from chalcopyrite in 0.2 M H,S04, 50 g/L of CI" ion from NaCl in
deionized water at 25 °C (025); 50 °C (A50); 70 °C (070) and 90 °C (¢90) with pretreatment

Figure 29 shows the comparison between tests with and without pretreatment. It is
observed that, the curing time benefits the kinetics of copper extraction, on average 6%
more than the uncured test (cases of 50 and 70°C). The curing time benefits the copper
extraction over time, favored by the oxidation of the mineralogical species present (Jansen

and Taylor, 2003). For curing tests, the stability of the copper extraction curve is reached
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before the tests without curing. This is due the sulphatation generated as pretreatment,

forming copper sulphate, mainly.

Tests with acid curing accelerate the dissolution kinetics in the first 4 hours of
treatment. Results from this section agree with those proposed by (Velasquez-Yévenes and
Quezada-Reyes, 2018) where the curing time increases copper extraction about 5% in
column leaching tests using a chalcopyrite mineral. The same copper extraction is achieved
much earlier at 90 °C than at 70 °C, or at 70 °C than at 50 °C. Increasing the temperature

not only increases copper extraction, but reaction time is significantly reduced.
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Figure 29. Dissolution of copper from chalcopyrite in 0.2 M H,S04, 50 g/L of Cl from NaCl in deionized
water. Without pretreatment at 25 °C (®25); 50 °C (A50); 70 °C (m70) and 90 °C (¢) with
pretreatment and 25 °C (025); 50 °C (A50); 70 °C (o70) and 90 °C (¢90) with pretreatment

Tables 16 and 17 presents the summary of leaching test at 24 and 48 hour,
respectively. The initial pH and Eh are from the leaching solution (before adding the
mineral) and the final value corresponds to the last sample (48 hours). Regarding the pH, it
is observed that there is no variation in leaching tests at 25 °C, denoting a very low
consumption of acid in this regard. At temperatures above 25 °C, an increase in pH is
evident, denoting a greater reactivity of the mineral with the solution, generating

consumption of the present acid. According to (Veldsquez-Yévenes et al., 2010a) leaching
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of chalcopyrite in chloride media is independent of pH in a range between 0.5 and 2. In this

investigation, the effect of pH seems not to be limiting for the dissolution of chalcopyrite.

The behavior of Eh shows a maximum of 723 mV for the test with pretreatment at 50 °C. In

all tests, the solution potential increases approximately 100 mV, mainly due to the rapid

generation of Cu?* associated with chalcanthite and copper sulfate produced by

pretreatment. Finally, as the leaching time progresses (24 hours versus 48 hours) the

difference in copper extraction decreases, between tests with and without pretreatment.

The greatest difference in copper extraction is achieved in tests at 70 °C and 24 hours of

leaching (almost 10 points difference in copper extraction).

Table 16.Summary of leaching test results at 24 hour

Pretreatment Leaching parameters Leaching results

Curing time H,SO, NaCl Temp. H,;SOs NacCl % Cu pHrange Ehrange
Test (days) (kg/t)  (kg/t) (°C) (M) (g/L) extraction (mV) SHE
1 0 0 0 25 0.2 50 28.5 0.56-0.58 598-639
2 15 15 25 25 0.2 50 27.5 0.51-0.51 607-671
3 0 0 0 50 0.2 50 51.5 0.63-1.05 606-664
4 15 15 25 50 0.2 50 56.0 0.60-0.89 607-723
5 0 0 0 70 0.2 50 65.0 0.55-1.04 609-708
6 15 15 25 70 0.2 50 74.8 0.51-0.97 605-695
7 0 0 0 90 0.2 50 79.8 0.48-1.11 581-704
8 15 15 25 90 0.2 50 83.9 0.48-1.18 1594-695

Table 17.Summary of leaching test results at 48 hour

Pretreatment Leaching parameters Leaching results

Curing time H,SO, NaCl Temp. H,;SOs NaCl % Cu pHrange Ehrange
Test (days) (kg/t)  (kg/t) (°C) (M) (g/L) extraction (mV) SHE
1 0 0 0 25 0.2 50 30.1 0.56-0.66 598-648
2 15 15 25 25 0.2 50 29.1 0.51-0.55 607-672
3 0 0 0 50 0.2 50 71.1 0.63-1.25 606-657
4 15 15 25 50 0.2 50 77.2 0.60-1.09 607-723
5 0 0 0 70 0.2 50 87.3 0.55-1.55 609-698
6 15 15 25 70 0.2 50 92.4 0.51-1.33 605-716
7 0 0 0 90 0.2 50 89.6 0.48-1.59 581-711
8 15 15 25 90 0.2 50 93.6 0.48-1.70 594-702

54



3.2.5 Characterization of leaching residues

The characterization of leaching residues has been carried out in all tests, using XRD
and SEM. Table 18 presents a summary of the main species identified in the corresponding
diffractogram. The information obtained from the diffractogram of the residue associated
with the test with lower (at 25 °C without pretreatment), and higher copper extraction (at

90 °C with pretreatment) are shown in Figure 30 and 31, respectively.

X-ray diffraction over the residues, obtained at 25 °C, show the majority presence of
chalcopyrite and quartz in both residues. The presence of CuS; polysulfide, declared as a
potential responsible for the inhibition of chalcopyrite leaching in these experimental
conditions (Nicol and Zhang, 2017; Nicol, 2017), was observed but in lesser presence.
Likewise, X-ray diffraction reports the presence of natrojarosite in minor amounts; jarosites
are also declared responsible for the inhibition of chalcopyrite leaching (Cérdoba et al.,

2009). Finally, the presence of elemental sulphur was also observed.

Regarding the tests carried out at 50 °C, the same trend was detected, although with
a greater increase in elemental sulphur, for tests with and without pretreatment. In tests at
70 °C, the majority presence of elemental sulphur and quartz was observed, and a minor
presence of chalcopyrite and natrojarosite was also detected. Regarding the presence of
CuS,, it was observed but in minority form. The main angle of CuS; is overlapped with that
of sulphur (31.4). The other angles of the species are detected. Although the presence of
CuSz is unclear, it should not be ruled out. Clearly, the increase in the presence of S° is due
to the product released by the leached chalcopyrite, benefited by temperature and
pretreatment. Leaching tests at 50 and 70 °C also show the presence of covellite, which may
be the product of the chalcopyrite dissolution. In tests at 90 °C, the presence of abundant
elemental sulphur and quartz are identified. The presence of unreacted chalcopyrite and
natrojarosite is also evident. In the case of CusS,, its presence cannot be demonstrated, since

its angles are not clearly identified.

In tests performed by (Dutrizac, 1983) the author shows that the formation of

jarosite (MFe3(SO4)(OH)s where M = Na, K, Rb, or NH4), the temperature is a key factor for
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the formation of jarosite. Increasing temperatures significantly increase the extent of iron
precipitation especially in the range 70 to 110 °C. According to (Z. Y. Lu et al., 2000) the
formation of natrojarosite can occur at a pH close to 0.9 in tests performed at 95 °C.
Furthermore, in chloride media the natrojarosite can be formed according to Eq.18. A
problem associated with the precipitation of natrojarosite is that decreasing the acid
concentration also slightly decreases the rate of copper extraction, due to chalcopyrite

passivation (Cérdoba et al., 2009; Martins et al., 2019; Nava and Gonzélez, 2006).
3Fe3* + 2502~ + 6H,0 + Na* = NaFe3(S0,),(OH)¢ + 6H* Eqg. 18

Table 18.Summary of species identified using X-ray diffraction analysis. Tests developed with
pretreatment are identified with a (C)

Test Most abundant species Minority species
25°C(C) CuFeS,, SiO2, S and FeS; CuS, NaFe3(S04),(0H)¢ and CuS:
25°C CuFeS,, SiOy, S and FeS; CuS, NaFe;(S0,4),(0H)¢ and CuS:
50°C(C) CuFeSy, SiOy, S, CuS and FeS; NaFe;(S0,),(0H)¢ and CuS;
50 °C CuFeSy, SiO2, S, CuS and FeS: NaFe;(S0,),(0H)¢ and CuS;
70 °C(C) SiO,, S and FeS; CuFeS;, CuS, NaFe;(S0,),(0H)¢ and CuS;
70 °C Si0,, S and FeS; CuFeS;, CuS, NaFe;(S0,),(0H)¢ and CuS;
90 °C (C) SiOz and S CuFeS;, FeS;, CuS and NaFe;(S0,4),(0H)4
90 °C SiOz and S CuFeS;, FeS;, CuS and NaFe;(S0,),(0H)4
(2)
40000
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Figure 30. Species identified in the chalcopyrite leaching residue, using X-ray diffraction analysis at
25 °C and without pretreatment
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Figure 31. Species identified in chalcopyrite leaching residue, using X-ray diffraction analysis at 90
°C and with pretreatment of 15 kg/t H,SO, 25 kg/t NaCl and 15 days of curing

A SEM image of the leach residue at 70 °C with pretreatment is shown in Figure 32.
Unreacted chalcopyrite particles are observed with product formation on the surface of the
particles (identified with 1). Figure 33 shows a sequence of SEM images and mapping
analysis for four chalcopyrite particles remaining in leaching residue from leaching at 70 °C
with pretreatment (Figure 32). The elements analyzed were copper, iron and sulphur. Figure
33b shows the presence of copper around the chalcopyrite particles, and in 33d the
elemental sulphur. We can associate both presences (copper and sulphur) around the
chalcopyrite with CuS; or some similar polysulfide. The passivation process associated with
polysulphides (CuS;) is explained in term of selective dissolution of iron as in a conventional
process to create a thick (with time) layer of copper polysulfide(s). Additionally, in all the
tests performed at 70 °C, the solution potential was measured in a range between 600-700
mV (SHE). This potential range was declared as appropriate for the formation of CuS; or

some other polysulfide (Nicol and Zhang, 2017).
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Although the presence of elemental sulphur is abundant in Figure 33, authors such
as (Cérdoba et al., 2009) in chalcopyrite leaching tests at 68 °C, propose that the elemental
sulphur formed during chalcopyrite dissolution is porous and does not contribute to the
passivation of the chalcopyrite surface. The authors propose that species like jarosite seem
to be responsible for the passivation of chalcopyrite. According to (Majima et al., 1985) the
elemental sulphur layer formed on the chalcopyrite surface after leaching in a ferric chloride
solution is porous and not a barrier to further leaching, in tests performed at 90 °C using

FeCls and HCI.

Figure 32. SEM image of leaching residue from test at 70 °C with pretreatment. CuFeS; identify with
(1)

Ul



Figure 33. SEM mapping analysis generated in leaching residue performed at 70 °C with
pretreatment. In (a) chalcopyrite particles (1). Different elements are showed in red colour by the
superposition of (a) over (b) copper, (c) iron and (d) Sulphur



3.3 Results of pretreatment and leaching efficiency of the mine ore
3.3.1 Characterization of the mine ore

The chemical characterization of the mine ore sample is observed in Table 19. A
sample with a copper grade of 0.790% is observed; 2.52% iron and 2.49% sulphur.
Furthermore, 9.70% aluminum is detected, which can be mainly associated with silicate
species. Additionally, after chemical characterization, the insoluble residue represented
80% of the total mass. This value suggests the presence of quartz or muscovite as insoluble
phases present in the sample. Finally, the presence of soluble phases was measured by

washing the sample in water, a 1.30% copper extraction was obtained.

Figure 34 (X-ray diffractogram) shows that the sample contained mainly muscovite
and quartz. Minor presence of species such as chalcopyrite, pyrite and orthoclase were
detected. Other copper species have not been detected due to its low presence. Table 20
shows the mineralogical composition of the sample, obtained by Qemscan analysis. The
main species was muscovite (54.18%), followed by quartz (29.67 %) and pyrite (1.80 %).
Chalcopyrite is the most abundant copper mineral (1.99%), representing 84% of the total
copper in the sample. The second largest contributor of copper is chalcocite (0.150%),
representing 10% of the total copper in the sample. Finally, covellite (0.06%) is identified,

representing 5.3% of the total copper in the sample.

The high presence of Muscovite (KAI2(AISi3010)(OH)2) coincides with the high
presence of aluminum in the sample (9.70%). Furthermore, muscovite and quartz represent
84% of the total sample, which coincides with the insoluble residue of the chemical

characterization (80%).

Table 19. Chemical analysis of the mine ore

Element Cu Fe S Al

Mass (%) 0.79 2.52 2.49 9.70
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Figure 34 . X-ray diffraction pattern of the initial sample of the mine ore

Table 20. Main mineralogical composition of the initial sample (mass in %) of the mine ore according
to the Qemscan analysis

Mineral Mass, %
Muscovite 54.2
Quartz 29.7
Pyrite 3.73
Orthoclase 3.08
Kaolinite 2.51
Chalcopyrite 1.99
Smectite 1.32
Alunite 1.18
Chalcocite 0.150
Covellite 0.060

According to the image obtained using a reflected optical microscope, chalcopyrite
and pyrite have been recognized according to the characteristic brightness of each species
(Figure 35). SEM analysis showed the majority presence of muscovite and quartz in the
initial sample. Figure 36a shows an analyzed area of the sample and Figure 37b shows the

enlargement of the lower left area of Figure 36a. Finally, chalcopyrite, pyrite and muscovite
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are identified in Figure 36a. The EDS analysis associated to each species is represented in

Figure 37.

In general, the sample has a majority of gangue associated with muscovite and
quartz (approximately 85%). The copper species are in minority presence, which coincides
with the nature of the sample. According to (Bai et al., 2018) species such as quartz and
biotite are not reactive against the presence of sulphuric acid. Muscovite has also been
declared of low reactivity in acidic medium (Deshenthree Chetty, 2018). In the same way,
pyrite is an inert sulphide, strong oxidants have to be employed for its efficient dissolution,

no such conditions exist in the proposed treatment (Antonijevi¢ et al., 1997).

(a) (b)

Figure 35. Reflected optical microscope image of the initial sample. 1: chalcopyrite, 2: pyrite

(a) ‘ S (b)

Figure 36. SEM image of the initial sample. 1: chalcopyrite, 2: pyrite, 3: muscovite
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Figure 37. EDS analysis associated with Figure 36. In (a) chalcopyrite spectrum is represented, (b)
muscovite and (c) pyrite

3.3.2 Pretreatment of the mine ore

The evaluation of the mine ore pretreatment is carried out considering the results
obtained in chalcopyrite ore as a reference (section 3.2.2). Thus, the effect of the days of
curing is first evaluated using 15 kg/t H.SO4 and 25 kg/t NaCl. Figure 38 shows that the
curing days benefit the copper extraction. The best result is obtained after 15 days of curing,
reaching a copper extraction of 27.4%. Copper extraction at 0 days of curing reaches 4.0%.
A test using only water, without pretreatment or reagents, dissolves 1.50% copper. This
shows that minerals such as chalcocite may be reacting and not necessarily chalcopyrite. It
is important to remember that chalcopyrite contributes 84% of the total copper in the
system. Therefore, a copper extraction over 16% only guarantees chalcopyrite reaction, this

occurs over 5 days of curing time.

Considering 15 days as the cure time and 15 kg/t H.SOa4, the NaCl concentration
between 0 and 25 kg/t was evaluated. Figure 39 shows that between 15 and 25 kg/t there
is a very small difference with respect to copper extraction (0.5% difference). The benefit
of NaCl in the pretreatment coincides with (Hernandez et al., 2019; Velasquez-Yévenes and
Quezada-Reyes, 2018) and it is consistent with the reaction proposed in Eq.17. Finally, and
in order to guarantee the greatest reactivity in the system, 15 kg/t of H,S04, 25 kg/t of NaCl
and 15 days of curing are used for the leaching tests and characterization of products in pre-

treatment.
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Figure 39. Effect of NaCl concentration on copper extraction from the mine ore using 15 kg/t H,SO,
and 15 days of curing
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3.3.3 Characterization of pretreatments products

Figure 40 shows the characterization performed by optical microscopy carried out
over a sample with pretreatment using 15 kg/t H2SOs4, 25 kg/t NaCl and 15 days as curing
time. It is possible to see a chalcopyrite particle with green edges, showing the formation
of new products. These products can be associated with copper sulphate or chloride-copper
complexes, as evidenced in section 3.2.2. In Figure 40b a similar behavior is evidenced

although with a greater intensity in the formation of reaction products around the particle.

(b)

Figure 40. Reflected optical microscope image of the pretreatment product using 15 kg/t H,SO4, 25
kg/t NaCl and 15 days of curing time for the mine ore, 1: chalcopyrite particle

According to X-ray diffraction analysis, the identified species are shown in Figure 41.
Species such as quartz and muscovite are still the most abundant, according to the initial
sample. Other species such as pyrite and orthoclase are still present although a minority
presence is always suggested. Chalcopyrite is still present and other species resulting from
the pre-treatment, such as copper sulfate, iron sulfate or elemental sulphur, have not been
identified. However, the presence of these species should not be ruled out. These species
may be present but at a content below the detection limit of the diffraction technique.
Finally, sodium chloride (NaCl) has been identified as a product of this pretreatment. This is
due to the high presence of NaCl used in the formation of the solution that agglomerates
the sample. It is possible to associate the presence of NaCl at angles 31.69 and 45.43, being
the main angles of this species. According to (Zhang et al., 2013) the presence of this salt is

stable and possible under ambient conditions.
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Figure 41. Species identified, using X-ray diffraction analysis, product of the pretreatment of the
mine ore with 15 kg/t H,SO., 25 kg/t NaCl and 15 days of curing at room temperature

The initial sample is compared to the sample with pretreatment, by comparing the
diffractograms associated with each sample. Following the reaction proposed in Eq.17,
according to the products formed in the pretreatment of a chalcopyrite mineral, the
eventual (and minority) formation of CuSOs4, NaFes3(S04)2(0H)s and elemental sulphur is

evaluated.

Figure 42 shows the identification of NaCl as a product in the pretreatment. This
presence is associated with the most important angle of NaCl (31.69) in Figure 42a, followed
by the angle 56.45 in Figure 42b. This presence is normal, considering the high
concentration of NaCl added, although this salt was dissolved in the agglomeration solution.
According to eq.17, the chalcopyrite pretreatment, considering the conditions used in this
study, the formation of natrojarosite is proposed. If we compare the initial diffractogram
versus the pretreatment diffractogram and observe the main angles of the natrojarosite,
slight hints of presence are observed, but none of which guarantees absolute presence.
Figure 43 shows the variation in the presence of natrojarosite before and after

pretreatment. For there to be a greater presence, it is also required that the iron react,
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which is associated with chalcopyrite and pyrite mainly. If chalcopyrite reacts, iron will be
available. It is important to remember that the presence of chalcopyrite in this mineral is

1.99%. Therefore, the confirmation of the presence of natrojarosite is very difficult.
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Figure 42. NaCl identification, using X-ray diffraction analysis, product of the pretreatment of the
mine ore with 15 kg/t H,SO., 25 kg/t NaCl and 15 days of curing time at room temperature

10000
Indtial sarrale
— A%er areteeatment ritls! semple
(1) Nessiaroie = AN pretresmant
1)  Netsojsradits
(3]
»
3 1000 5 oy
- 1
0 B
n» w0 mm ™00 as.00 4550 woo 4650

Position ["2 theta] (Copper (Cull Positian [*2 theta] |Copper 10u])

(a) {b)

Figure 43. NaFes3(S0.),(OH)s identification, using X-ray diffraction analysis, product of the
pretreatment of the mine ore with 15 kg/t H,SO., 25 kg/t NaCl and 15 days of curing time at room
temperature

Regarding the CuSOs, it is difficult to confirm its presence due to the low presence
of chalcopyrite that exists in the original sample. Figure 44 shows one of its secondary peaks
but not the main angles. However, the intensity associated with this angle is very low.
Finally, the eventual presence of elemental sulphur is shown in Figure 45 associated with
secondary but not main angles. In the case of Cu,CI(OH), no main or secondary angle is

observed. So its presence, at least through X-ray diffraction analysis, cannot be confirmed.
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Figure 45. Elemental sulphur identified, using X-ray diffraction analysis, product of the pretreatment
of the mine ore with 15 kg/t H,SO4, 25 kg/t NaCl and 15 days of curing at room temperature

SEM analysis was used to identify species formed in the pretreatment of the sample.

As in X-ray diffraction analysis, due to the low presence

of chalcopyrite, the search for

species using SEM has been limited. The species quartz, muscovite and pyrite are easy to

detect. Furthermore, unreacted chalcopyrite has been identified and is shown in Figure 46.

It is possible to appreciate a chalcopyrite without pretreatment effects and very stable in
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chemical composition 46a’. The presence of NaCl has also been detected and confirmed,
mainly in a cubic form and well defined in Figure 47. The chemical composition of NaCl is
evidenced in Figure 47a', whose Si contribution is negligible and does not alter the final
composition. Finally, Figure 48 shows the presence of elemental sulphur and Figure 48 'the

associated chemical composition.

According to the identified species, both in X-ray diffraction and SEM analysis, the
importance of characterization to a pure species is evident, which reduces noise in
interpretation and gives better conditions for postulating mechanisms. As postulated in
Eq.17, the pre-treatment of chalcopyrite in chlorinated media prior to leaching, proposes
products such as CuSOs, NaFe3(SO0a)2(0OH)s, elemental sulphur and Cu,CI(OH), also
considering studies developed by (Cerda et al., 2017; Hernandez et al., 2019). Therefore,
according to the conditions used in this chapter, we can suggest the possibility of identifying
CuSO4, NaFes(S04)2(OH)s and elemental sulphur. Species like Cu,CI(OH) or similar have not
been identified, due to the low presence of chalcopyrite in the sample (1.99%). Performing

this type of tests with a pure mineral becomes highly recommended.
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Figure 46. Chalcopyrite particle in products of the pretreatment of the mine ore with 15 kg/t H2S0s, 25 kg/t
NaCl and 15 days of curing time at room temperature
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Figure 47. NaCl product of the pretreatment of a chalcopyrite mineral with 15 kg/t H,SO,, 25 kg/t
NaCl and 15 days of curing time at room temperature
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Figure 48. Elemental sulphur in product of the pretreatment of a chalcopyrite mineral with 15 kg/t
H,S04, 25 kg/t NaCl and 15 days of curing time at room temperature

3.3.4 Leaching with and without pretreatment

The effect of pretreatment on copper leaching efficiency on mine ore is evaluated
by leaching tests. Eight leaching tests were performed at 25, 50, 70 and 90 °C, with and
without pretreatment. The detail of copper and iron dissolution can be reviewed in

appendix 9-12.
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Leaching tests without pretreatment

Figure 49 shows the results of the leaching tests without pretreatment. It is observed
that as the temperature increases, the leaching efficiency increases. The test carried out at
25 ° C shows a very classic behavior of a mineral whose main contribution is chalcopyrite
(Watling et al., 2014), reaching 16.7% copper extraction and a clear passivation. Considering
that chalcopyrite represents 84% of total copper, it can be inferred that the extracted
copper would be associated with other more soluble phases such as chalcocite (10% of total
copper), and covellite (5% of total copper). According to (Dutrizac, 1981) It is always
important to consider these contributions, although small, this presences can undermine
the extraction of copper, especially at low temperatures. By increasing the temperature to
50 °C a copper dissolution of 44.3% was reached. When increasing to 70 °C, the final copper
extraction was 64.4%, showing no clear passivation after 48 hours of leaching. Finally, the

test carried out at 90 °C reached a copper extraction of 88.6%.
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Figure 49. Copper dissolution from the mine ore in 0.2 M H,S0,4, 50 g/L of Cl ion from NaCl in
deionized water at 25 °C (#25); 50 °C ( A50); 70 °C (m70) and 90 °C (490) without pretreatment
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Leaching tests with pretreatment

For the leaching tests performed with pretreatment, the results are shown in Figure
50. A trend very similar with tests without pretreatment is observed although with a higher
percentage of copper dissolution. The test carried out at 25 °C (with pretreatment) reached
a copper extraction of 25.9%. This value is almost 10 points more, compared to the test
without pretreatment. It is observed in Figure 50 that the passivation of the mineral is
evident at 25 °C and the copper extraction is similar to the percentage of copper obtained
in the curing test (27.4%). When the leaching temperature was 50 °C the copper extraction
reached 48.9% extraction, then at 70 °C, 70.2% of copper dissolution was reached. Finally,
at 90 °C, a 93% of copper extraction was achieved. There is a greater extraction of copper
in all tests with pretreatment, resulting in an average of 5% more extraction, except at 25

°C whose difference is almost 10% more.

Figure 51 shows the comparison of the tests with and without pretreatment. For
tests with pretreatment, the stability of the copper extraction was reached before the tests
without pretreatment. This is because the sulfation that is generated, which becomes a
soluble copper product. It is observed that all tests with pretreatment achieved higher
copper extraction. In addition, pretreatment tests show greater reactivity in the first two
hours of the process. However, as time and temperature increase, the difference in copper
extraction decreases. Furthermore, with pretreatment at 90 °C, a copper extraction of 90%

was achieved in 24 hours, while without pretreatment it took 48 hours.

According to (Hernandez et al., 2019) curing time also solubilizes iron, contributing
with ferric ions necessary to dissolve sulphides. This would occur in all those tests, since
dissolving more than 20% of copper guarantees iron dissolution as well. This occurs in all
tests leached with pretreatment and within the first hour of leaching. Furthermore, a
chloride-acid media promotes the formation of copper chloride-complexes, due to the rapid
incorporation of Cu?* into the system by sample pretreatment (Osvaldo Herreros et al.,

2005).

72



90 > o e =
80 5 ¢
g 70 d - 0 o
€ 60 0
.§ o - O
3 50 - R A A A
doo .
> aoa
40 o 0 6] o o o)
20
10
0o
0 5 10 15 20 25 30 35 40 45 50
Time (h)

025C a50C 070C <90C

Figure 50. Copper extraction from the mine ore in 0.2 M H,SQ,, 50 g/L of CI" ion from NaCl in
deionized water at 25 °C (#25); 50 °C ( A50); 70 °C (m70) and 90 °C (490) with pretreatment
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Figure 51. Copper extraction from the mine ore in 0.2 M H,SO,, 50 g/L of Cl from NaCl. Without

pretreatment at 25 °C (#25); 50 °C ( A50); 70 °C (m70) and 90 °C (4#90) with pretreatment at 25°C
(025C); 50°C (A50C); 70°C (070C) and 90 °C (¢90C)

Tables 21 and 22 presents the summary of results of leaching tests at 24 and 48 hour,

respectively. The initial value of pH and solution potential is the value of the leaching

solution (before adding the mineral) and the final value corresponds to the last sample (48
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hours). Regarding the pH, it is observed that there is no variation in leaching tests at 25 °C,
denoting a null consumption of acid. At temperatures above 25 °C, an increase in pH is
observed. The increase in pH is more evident in tests with pretreatment, demonstrating the

dissolution of soluble phases formed during the curing process.

As complementary information, Appendix 9-12 show the iron extraction achieved.
Iron dissolution was greater in those tests with pretreatment, due to the very solubility of
chalcopyrite. However, according to the pH values shown in Tables 21 and 22, the
conditions for an eventual precipitation of iron are not evident, except in tests at 90 °C at
the end with a pH above 0.9 and some jarosite may precipitate. (Z. Y. Lu et al., 2000). Finally,
regarding the measured pH, it would not be a limitation in the copper dissolution, according

to the indicated values (Velasquez-Yévenes et al., 2010a).

The behavior of solution potentials shows a maximum of 689 mV (SHE) for test with
pretreatment at 50 °C reached at 24 hours of leaching. On average, the solution potential
varied between 580 and 650 mV (SHE). In pretreatment tests the solution potential is
higher, mainly due to the rapid generation of Cu?* associated with the copper sulfate
produced by pretreatment. Furthermore, if the CuCl* complex is the main active species in
the leaching will benefits oxidizing conditions (Osvaldo Herreros et al., 2005). However, no

significant differences were observed at the end of the tests.

Table 21.Summary of leaching test results at 24 hour

Leaching
Pretreatment parameters Leaching results

Curing H,SOs NaCl  Temp. HSOs NaCl % Cu pHrange Ehrange

Test time (days) (kg/t) (kg/t) (°C) (M) (g/L) extraction (mV) SHE
1 0 0 0 25 0.2 50 15.9 0.48-0.50 567-633
2 15 15 25 25 0.2 50 25.3 0.49-0.53 590-640
3 0 0 0 50 0.2 50 394 0.48 -0.60 599-645
4 15 15 25 50 0.2 50 46.5 0.48-0.62 602-689
5 0 0 0 70 0.2 50 58.3 0.49-0.72 603-650
6 15 15 25 70 0.2 50 65.5 0.48-0.86 601-653
7 0 0 0 90 0.2 50 84.2 0.48-0.92 596-650
8 15 15 25 90 0.2 50 89.9 0.49-0.89 592-633
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Table 22. Summary of leaching test results at 48 hour

Leaching
Pretreatment parameters Leaching results

Curing  H,SOs NaCl Temp. H2SOs4 NacCl % Cu pHrange Ehrange

Test time (days) (kg/t) (kg/t) (°C) (M) (g/L) extraction (mV) SHE
1 0 0 0 25 0.2 50 16.7 0.48-0.52 567-642
2 15 15 25 25 0.2 50 25.9 0.49-0.58 590-642
3 0 0 0 50 0.2 50 44.3 0.48-0.57 599-647
4 15 15 25 50 0.2 50 48.9 0.48-0.62 602-664
5 0 0 0 70 0.2 50 64.4 0.49-0.74 603-661
6 15 15 25 70 0.2 50 70.2 0.48-0.86 601-663
7 0 0 0 90 0.2 50 88.6 0.48-0.97 596-640
8 15 15 25 90 0.2 50 93.0 0.49-0.94 592-648

3.3.5 Characterization of leaching residues

The characterization of leaching residues has been performed in all leaching tests,

using X-ray analysis and SEM. Table 23 presents a summary of the main species identified

by X-ray diffraction analysis. The diffractogram of the residue associated with the lower (at

25 °C without pretreatment) and higher copper extraction (at 90 °C with pretreatment) are

shown in Figure 52 and 53, respectively.
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Figure 52. Species identified in the mine ore leaching residue, using X-ray diffraction analysis at 25

°C and without pretreatment
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Figure 53. Species identified in the mine ore leaching residue, using X-ray diffraction analysis at 90
°C and with pretreatment of 15 kg/t H,SO,, 25 kg/t NaCl and 15 days of curing time

It is observed in Table 23 that there is no variation in the most abundant species in
the leaching residues. Species such as quartz and muscovite are considered of low solubility
in an acid media (Deshenthree Chetty, 2018). For the tests at 25 °C, the presence of
unreacted chalcopyrite, is evidenced. In tests carried out at 50 °C, the presence of Cu;S has
been confirmed. This chalcocite can be mineral undissolved from the initial sample or
product of the leaching of chalcopyrite. Since the presence of chalcocite is not evident at
25 °C, it is likely to be the product of chalcopyrite leaching (Arce and Gonzalez, 2002).
Regarding the tests carried out at 70 °C, the presence of chalcocite is no longer evident. The
presence of elemental sulphur in the system is observed for the first time due to the
dissolution of copper from chalcopyrite (70.2% in test with pretreatment). This does not
rule out that at 25 and 50 °C the presence of elemental sulphur cannot exist, the presence
would be so low that it is difficult to demonstrate. The presence of elemental sulphur is
normal in leaching residues, mainly due to the chalcopyrite dissolution, even for processes

such as bioleaching (Peng et al., 2019; Zhang et al., 2019).

76



Leaching tests at 90 °C report a composition identical to the tests at 70 °C. The
presence of other species that are responsible for the passivation of chalcopyrite have not
been identified, such as natrojarosite or copper polysulfides. Furthermore, in systems with
the presence of PbSQO4, a lack of sulphuric acid could result in the precipitation of iron as
plumbojarosite, and could therefore create difficulties in the recovery of valuable metals
(Chdidez et al., 2019). According to the behavior of the pH in all the tests, the formation of
natrojarosite is unlikely. However, according to (Z. Y. Lu et al., 2000) it is possible to find this

species at pH 0.9, the above would only be possible in tests at 90 °C.

Table 23. Summary of species identified using X-ray diffraction analysis. Tests developed with
pretreatment are identified with (C)

Test Most abundant species Minority species
25°C(Q) Si0,, KAI>(AlISi3010)(OH); and FeS; CuFeS;
25°C Si0,, KAIz(AISi3010)(OH); and FeS; CuFeS;
50 °C(C) Si0,, KAI>(AlISi3010)(OH); and FeS; CuFeS; and Cu;,S
50 °C Si0,, KAI>(AISi3010)(OH); and FeS; CuFeS; and Cu,S
70°C(QC) Si0,, KAIz(AlISi3010)(OH); and FeS; CuFeS;and S
70 °C Si0,, KAI>(AlISi3010)(OH); and FeS; CuFeS;and S
90 °C(C) Si0,, KAIz(AISi3010)(OH); and FeS; CuFeS; and S
90 °C Si0,, KAI>(AlISi3010)(OH); and FeS; CuFeS; and S

Characterization by SEM demonstrates the presence of unreacted chalcopyrite in all
tests. Obviously, in tests at 70 °C and 90 °C the presence becomes difficult. In Figure 54

unreacted chalcopyrite is observed in test at 25 °C without pretreatment.

The species with greatest abundance are quartz, muscovite, and pyrite. This can be
identified in all leaching residues, as shown in Figure 55. In this Figure, the presence of
quartz and pyrite is observed, the EDS analysis of this species are observed in Figures 55a
and 55b, respectively. Finally, products associated with the passivation of chalcopyrite were

not accurately identified due to the scarcity of chalcopyrite in the sample.
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4 Pretreatment and leaching of a chalcocite mineral

4.1 Literature Review

General properties of chalcocite

Chalcocite (CuzS) is the most abundant copper sulphide after chalcopyrite, and the
most amenable to hydrometallurgical treatment (Miki et al., 2011; Wu et al., 2013).
According to (Tanda et al., 2018) chalcocite is a dark grey secondary copper sulphide
mineral, commonly found in the supergene enriched environment beneath the oxidized
zone of porphyry copper deposits. The stoichiometry composition of chalcocite is
approximately: 79.9% Cu and 20.1% S. The crystalline structure of chalcocite is complex,
and there may be differences according to its structure (Posfai and Buseck, 1994). In high
chalcocite structure, sulphur atoms are arranged in hexagonal close-packing order (Fang et
al., 2018). The structures of low chalcocite and djurleite are derived from the high chalcocite
structure and both are monoclinic (Evans, 1979). The structure of djurleite it is in general
similar to low chalcocite and are physically difficult to distinguish and probably equally

common (Evans, 1981).

Today, hydrometallurgy is an alternative for the treatment of low grade copper
sulphide ores, as chalcocite. Through electrochemical tests, it has been possible to
determine the close relationship between chalcopyrite and chalcocite, because chalcocite
or intermediate species can be found in the chalcopyrite dissolution, such as Cu1.9;S, Cu1.6S,
Cu1.4S and CuS (Cérdoba et al., 2008b; Zeng et al., 2013). The dissolution of chalcocite is fast
compared to the dissolution of chalcopyrite. However, like chalcopyrite, the dissolution of
chalcocite is reduced by the formation of a product layer that inhibits dissolution.
Additionally, it is well known that chalcocite dissolves in two stages (Cheng and Lawson,
1991a). The classical dissolution mechanism is shown in Equations 18 and 19. According to
equation 18, in the first dissolution stage, a quick dissolution of chalcocite is achieved
(between 40 and 50%). In the second stage, equation 19, the covellite product from first
stage has a slow dissolution due to the formation of a product layer that inhibits the

dissolution of the mineral (Cheng and Lawson, 1991a).
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CupS+ 2H* + 20, = Cu?* + CuS + H,0 (Eq.18)
CuS+ 2H* +-0, = Cu®* + S+ H,0 (Eq.19)

Various leaching media have been proposed for the chalcocite dissolution, such as:
bioleaching (Petersen and Dixon, 2007, 2003; Xingyu et al., 2010), ammoniacal media (Hepel
and Hepel, 1977; Karimov et al., 2018) , chloride media (Cheng and Lawson, 1991a; Miki et
al., 2011; Quezada et al., 2018), among others. Of these, the most studied and used on an
industrial scale are chloride and a bioleaching media (Herreros and Vinals, 2007; Niu et al.,
2015). In the case of the chloride media, the dissolution of chalcocite also takes place in two
stages; the first stage is controlled by the diffusion of oxygen through the liquid boundary
layer around the particle, and the second stage follow the traditional shrinking core model
in which a shrinking core of unreacted CusS is surrounded by an elemental sulphur layer
(Cheng and Lawson, 1991a). According to (Miki et al., 2011), the dissolution of this

unreacted covellite can only be dissolved at potentials of about 550 mV (SHE) and above.

4.1.1 Pretreatment of chalcocite prior leaching

As mentioned above, the pretreatment prior leaching consists in agglomeration and
curing. Regarding the pretreatment of chalcocite, there is limited information oriented to
curing time. However, the industrial implementation of the CuproChlor process can be
considered as part of the information. The CuproChlor process has been used for the
dissolution of mixed copper oxide and sulphide minerals, as well as chalcocite, covellite and
bornite. The process adds calcium chloride salt (CaCly) and sulphuric acid in the
aglomeration step. With cuproChlor process benefits the heap permeability and generates
a chloride media that benefits the dissolution of minerals such as chalcocite (Ghorbani et
al., 2016). It is important to highlight that the metallurgical results obtained in column
leaching tests using the CuproChlor process, was published by (Aroca et al., 2012). The
authors indicate that the process allows to obtain excellent results for the treatment of
copper sulphides such as chalcocite, covellite and bornite. According to (Aroca et al., 2012),
it is possible to dissolve about 93% of copper in leaching times that do not exceed 120 to

140 days, against periods of almost a year that require bacterial leaching.
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The effect of a pretreatment has been used by (Herreros and Viials, 2007), treating
a copper sulphide mineral supplied by a mining industry whose main copper contributor are
the species djurleite-digenite (Cu2S). The pretreatment consisted of adding concentrated
sulphuric acid to a determined mass of ore. This mixture (agglomerate) was allowed for 8
days (curing time) at room temperature (~20 °C). The leaching of sulphide copper ores of
the djurleite and digenite type was effective through agglomerative pretreatment.
However, the authors not considered make a comparison with leaching tests without
pretreatment. In tests performed by (Quezada et al., 2018) the reported a study on the
effect of addition of chloride ion using seawater and discard brine (from desalination plants)
in the agglomeration stage of a secondary copper sulphide ore. The effect of curing time on
the same ore was also reported. A maximum of 72% of copper extraction was obtained
using discard brine, 30 kg/t and 50 days of curing time. Tests were developed in leaching
columns and using a mine ore where secondary copper sulphides prevail. The curing time,
prior to the leaching stage, benefits the reactivity of the mineral with the solution, favoring

the dissolution of species such as chalcocite (Dhawan et al., 2013).

According to section 3.1.1, the research developed by (Cerda et al., 2017) proposes
that chalcocite, in pretreatment, will generate CuS as a product (Eq.5). Furthermore, the
authors propose that the CuS generated could also react in the pretreatment releasing Cu?*
to the system (Eqg.4). The reactions can be seen in Table 2 of section 3.1.1, both reactions
being thermodynamically possible. The mechanism proposed by these authors follows the
trend of the mechanism of dissolution of chalcocite in chloride media proposed by (Cheng
and Lawson, 1991a) exposed in Eq.18 and 19; and also similar to the proposal about

chalcocite dissolution by Fe3* assistance (Wu et al., 2013).

4.1.2 Chalcocite leaching: Main parameters

Chloride concentration

The presence of chloride ion benefits the dissolution of copper from chalcocite
(Herreros et al., 1999). According to (Cheng and Lawson, 1991a), the presence of chloride
accelerates the first dissolution stage of chalcocite (i.e. CuS -> CuS) and making the second

stage reaction possible (i.e. CuS -> S). According to the study carried out by (Cheng and
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Lawson, 1991a) a presence between 18 and 70 g/L of chloride would be sufficient for the

dissolution of species such as chalcocite, with no significant differences over 18 g/L of CI-

(see Figure 56). This too is believed to be due to the reduction in oxygen solubility.

According to (Cheng and Lawson, 1991a), the Cu?* generated in the first reaction
(Eq.18), in the presence of CI, will form the CuCl* complex. The authors state that, unless
the reaction pulp is oxygen deficient, cuprous ions, whether complexed or not, are not
stable; they oxidize to the Cu?* state. It is important to consider that the leaching tests
performed by the authors were between 65-94 °C. However, according to (Senanayake,
2007), the presence of CuCl* is predominant at low chloride concentrations (<0.5 mol/L,
approximately 18 g/L of CI'), while the CuCl; complex (associated to Cu*) will be the
predominant specie at concentrations <0.8 mol/L (over 28 g/L of CI") at 25 °C. Other
complexes such as CuCl will be stable at high temperatures (102 °C). The reduction
potential of the Cu?*/Cu* couple has a value of Ecy+/cu+= 0.45 V. Furthermore, (Senanayake,
2009) exposes that the formation of Cu* and elemental suphur in oxygenated chloride
solutions is a result of the reaction between Cu* and hydrogen sulphide. According to (O.
Herreros et al., 2005), the importance of knowing these formations is because some
complexes, such as CuCl* and CuCl;, also have the ability to dissolve species such as

chalcocite and covellite.
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Figure 56. The effect of chloride ion concentration on copper extraction during chalcocite leaching
(Cheng and Lawson, 1991a)
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The presence of chloride also prevents the formation of a stable layer of elemental
sulphur on the product of the first reaction (CuS) (Vracar et al., 2000). Chloride promotes
the formation of crystalline sulphur rather than a crypto-crystalline or amorphous product.
The effect of chloride ions on solid surface morphology was evaluated by (Hashemzadeh
and Liu, 2020). The authors evaluated the leaching residue from chloride media. Leaching
residues seemed to be covered by a thin amorphous layer and spherical nodules. The
porosity of the surfaces, of leaching residues, increased while increasing chloride
concentration. However, the same authors indicated that not only elemental sulphur is
responsible for passivation; polysulphides (CuS.) are also responsible for the slow

dissolution in the second stage.

Particle size

The influence of particle size on the dissolution of a chalcocite and covellite mineral
has been studied by (Grizo et al., 1982). The authors performed leaching tests in the
presence of ferric sulphate. The authors determined that a particle size -63 um optimizes
the dissolution of the mineral. Reducing particle size not only benefits copper extraction
but also reduces leaching times. Similar trend shows (Herreros and Vinals, 2007) in tests
carried out with a mineral composed of djurleite and digenite. The authors obtained over
90% copper dissolution using a particle size of 120 um; however they not obtained a greater

difference when comparing results with a particle size of 250 um (See Figure 57).

According to (Cheng and Lawson, 1991a), in chalcocite leaching tests, the authors
evaluated 3 particle sizes (12, 36 and 58 um). Although at 12 um the highest copper
extraction was obtained, all the evaluated particle sizes reached 90% copper dissolution
after 2 hours of leaching at 85 °C, 0.5 M H;S04 and 0.5 M of NaCl. The authors indicate that,
at the smaller the particle size, the thicker the boundary layer surrounding the particle, and
therefore the smaller the specific apparent rate constant for reactions under diffusion
control. The effect of initial particle size on chalcocite leaching was investigated by
(Hashemzadeh et al.,, 2019), evaluating various particle size fractions. The authors

demonstrated the effect according to the 2 dissolution stages proposed for chalcocite. A
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larger particle size will cause a decrease in the first dissolution reaction but only a slight

decrease in the second stage. The results obtained by the authors are shown in Figure 58.
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Figure 57. Copper extraction vs time as a function of particle size (20 °C, 400 rpm, 10% solids, 3 g/L
Cl, 8 g/L H,S04) (Herreros and Vifials, 2007)
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Figure 58. Copper extraction from chalcocite versus leaching time at varied initial particle sizes
under the following conditions: Cu?*: 0.016 M, CI” 1.56 M, 25 °C, pH 1.5. A: the first stage; B: the
second stage (Hashemzadeh et al., 2019)

Acidity

The effect of the acid concentration was evaluated by (Cheng and Lawson, 1991a).
The authors showed that the dissolution reaction of chalcocite increased when increasing
the acidity from 0.02 to 0.5 M of H,SO4 (approximately from 1.96 to 49 g/L H,SOa). However,

above 0.5 M (up to 2 M H;S04) the effect is not significant (See Figure 59). The authors

stated that the increase is by no means linear at high acidities (up to 2 M H,S0a4), the
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reduced oxygen solubility in the early stage of reaction actually resulted in a reduction in
the copper dissolution rate. The study carried out by (Miki et al., 2011) also evaluates the
effect of acidity in the medium but using HCl and leaching covellite. This study is useful from
the point of view of the second dissolution reaction of chalcocite. The authors exposed that
at high concentrations of HCl accelerated the anodic dissolution of covellite because of the
formation of a CuCl; complexion. The authors demonstrated that the dissolution of copper
from covellite is independent between 0.1 and 0.5 M HCl (Figure 60). However, it is

important to consider that the dissolution was carried out at 600 mV using cupric ions, iron

ions and at 35 °C.

Tests carried out by (Vracar et al., 2000) show a behavior similar to that of (Miki et
al., 2011); however, (Vracar et al., 2000) postulate that the dissolution rate would increase
from 0.2 to 0.75 M of HCl, but over 0.5 M of HCl its influence on the degree of leaching is
small. The tests carried out by (Vracar et al., 2000), unlike those of Miki et al, were carried

out with a chalcocite-type mineral, so the acid consumption would increase when

considering 2 dissolution stages.
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Figure 59. The effect of sulphuric acid concentration on copper extraction during chalcocite leaching (Cheng
and Lawson, 1991a).
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Figure 60. The effect of hydrochloric acid concentration on the dissolution of copper from synthetic
covellite in dilute HCl solutions with 0.2 g/L Cu?* and 2 g/L of iron at 35 °C and 600 mV. (m) 0.1 M
HCI, (@) 0.2 M HCl, and (A) 0.5 M HCI (Miki et al., 2011)

Solution potential

The effect of the solution potential has been evaluated by (Miki et al., 2011)
performed leaching test with synthetic chalcocite at various potentials; 500, 550 and 600
mV (SHE). At a potential of 500 mV, about 50% of the copper dissolves but then increased
at a slower rate when the potential was increased to 550 mV after 400 h of leaching.
Therefore, 500 mV is a potential too low for the oxidation of the secondary covellite (second
stage). Anincrease to 550 mV would allow the oxidation of the covellite formed. In addition,
they postulate that secondary covellite (formed by the dissolution of Cu,S) is more

amenable to leaching than primary covellite.

According to (Niu et al., 2015) the rate of the second stage of chalcocite dissolution
is not dependent on the solution potential in a range between 650-800 mV (SHE). The
authors carried out chalcocite leaching tests in small leach columns (6 cm in diameter and
30 cm in length), trying to keep the conditions as uniform as possible and taking into
account on heap bioleaching practices, according to (Ruan et al., 2013). The results obtained

by (Niu et al., 2015) are shown in Figure 62.
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Figure 61. Copper dissolution from synthetic Cu,S in 0.2 M HCl with 0.2 g/L Cu?** and 2 g/L of iron at
35°C.(A) 550 mV, (m) 600 mV, and (@) 500 mV with potential increased to 550 mV after 400 h (Miki
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Figure 62. Effect of Eh on chalcocite dissolution. Conditions: size fraction: -54 + 30 um; temperature,
30 °C; Fe3* concentration, 10 g/L; pH, 1.05 + 0.05 (Niu et al., 2015)

The study carried out by (Niu et al., 2015), since it is possible to compare with (Miki

et al., 2011) who performed leaching tests of a synthetic covellite in 0.2 M HCl with 0.2 g/L

Cu?', 2 g/L of iron at 35 °C. (Miki et al., 2011) concluded that there would be no major
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difference in the copper extraction from covellite between using 600 and 650 mV but
noticeably slower at 550 mV. This coincides with (Nicol and Basson, 2017) , who shows there
was an important increase in the reactivity of covellite over 600 mV, being better in a
chloride media up to 5 M NaCl; however, the effect is not so considerable between 1 and 5

M NacCl.

Temperature

Because chalcocite presented two dissolution stages, there were then 2 different
behaviors that can be determined. It's possible to identify two inflection points in the
dissolution of chalcocite. The first point identified approximately 45% of dissolved copper,
in the conversion of Cu,S into the blue-remaining CuS (Cu1.0-1.2S). The second inflection point
at approximately at 70% of copper dissolution, corresponded to the noticeable decline in

leaching rate (Niu et al., 2015).

According to (Cheng and Lawson, 1991a), who performed tests of chalcocite
dissolution in a chloride media, determined an activation energy of 33.5 kJ/mol in the first
leaching stage, which is indicative of diffusion control. The second stage reached an
activation energy of 69 kJ/mol, typical value for a reaction under surface chemical control.
The value of the activation energy of the second stage is very similar to the reported by
(Miki et al., 2011) on the dissolution of covellite in chloride media (72 kJ/mol). To determine
this value, (Miki et al., 2011) evaluated the effect of temperature at 25, 35 and 45 °C (Figure
63). The authors even comment that this activation energy value was similar to that
obtained for chalcopyrite dissolution under similar conditions (73 kJ/mol) obtained by
(Veldsquez-Yévenes et al., 2010a). According to (Petersen and Dixon, 2003), the activation
energy values can vary from 4 to 25 kJ/mol for the first dissolution stage, while for the

second stages energies from 55 to as high as 105 kJ/t were reported.
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4.2 Results of the pretreatment and leaching efficiency of chalcocite

4.2.1 Characterization of chalcocite mineral

The chemical characterization of the chalcocite sample is presented in Table 24. A
very characteristic presence of copper and sulphur is observed in this type of samples, due
to the weight percentage of each species in the chalcocite formula (CusS). The presence of
copper, sulphur and iron almost entirely make up the chemical composition of the sample,
demonstrating the high purity of the sample used in this study. Additionally, after chemical
characterization, the insoluble residue represented 5.7% of the total mass. This value
suggests the presence of quartz or muscovite as insoluble phases present in the sample.
Finally, the presence of soluble phases was measured by washing the sample in water, a

0.02% copper extraction was obtained.

Table 24.Chemical analysis of the chalcocite ore

Element Cu S Fe

Mass (%) 75.0 23.5 1.33

Figure 64 (X-ray diffractogram) shows that the sample contained mainly chalcocite,
together with small amounts of quartz and pyrite. Table 25 shows the main mineralogical
composition of the sample used, obtained by Qemscan analysis. According to this analysis,
the main mineral species were chalcocite (93.7 %), followed by pyrite (2.16 %) and quartz
(1.25 %). Other copper contributing minerals such as brocanthite, covellite, chalcopyrite
and bornite have been identified in low concentration. According to Qemscan analysis,
chalcocite contributes 98.3% of the copper in the sample, followed by brocanthite with

0.7% and 1.0% between covellite, chalcopyrite and bornite.

SEM analysis showed the majority presence of chalcocite, then quartz and pyrite
(Figure 65). Finally, it is possible to appreciate that the chalcocite is released and almost not
associated with any species in its structure (Figure 66). EDS analysis associated with the

initial characterization of the chalcocite sample are presented in appendix 13.
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Figure 64. X-ray diffraction pattern of the initial sample of chalcocite

Table 25. Main mineralogical composition of the initial sample (mass in %) according to Qemscan
analysis

Mineral Mass, %
Chalcocite 93.7
Pyrite 2.16
Quartz 1.25
Brocanthite 1.10
Covellite 0.49
Bornite 0.49
Chalcopyrite 0.36

Figure 65. SEM image of initial sample. 1: chalcocite; 2: pyrite; 3: quartz
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Figure 66. SEM image of initial sample. 1: chalcocite; 2: pyrite; 3: quartz

4.2.2 Pretreatment of chalcocite mineral

The results of the tests performed evaluating the curing time using 15 kg/t of H2S04
and 25 kg/t of NaCl are shown in Figure 67. It can be seen that the copper extraction
increased as the curing time increased for the air-tested and sealed in a container. No
significant evidence is seen in copper extraction after 5 days of curing, reaching a copper
extraction of 4.68%. Regarding the tests in a nitrogen media, a null effect of the curing time
is evident in the copper extraction. The test at 7 days of curing in nitrogen media reached
the highest copper extraction, 2.57%. With the injection of nitrogen in the system, the
oxygen in the solution (used in the pretreatment, in addition to the oxygen present in the
environment) was removed, and consequently limits the chalcocite reaction (Butler et al.,

1994; Cheng and Lawson, 1991a).

According to the results shown in Figure 67, it was decided to consider 7 days of
curing as the time to be used in the following tests. In Figure 68, the effect of the sulphuric
acid concentration in the pretreatment is evaluated, considering 25 kg/t of NaCl and 7 days
of curing. It can be seen in Figure 68 that at 40 kg/t of H,SO4 the maximum copper extraction
was reached, 5.73%. When using 30 kg/t H,SO4, 5.40% copper extraction was achieved,
being a little significant difference compared to using 40 kg/t H2SOa. Finally, it was decided

to use 30 kg/t of H2SOa.
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According to (Senanayake, 2007), on the surface of chalcocite, multiple reactions
occur, mainly following the mechanism of chalcocite dissolution proposed by (Cheng and
Lawson, 1991a). According to the authors, it benefits the reactivity of the chalcocite surface.
Therefore, the presence of chloride was evaluated up to 40 kg/t of NaCl (saturation limit of
the solution) and considering 30 kg/t H.SO4 and 7 days as curing time. Finally, a copper
extraction of 6.10% was obtained using 40 kg/t NaCl, 30 kg/t H.SO4 and 7 days of curing
time, increasing the extraction with respect to the same conditions but using 25 kg/t NaCl
(5.73% copper extraction). Therefore, the conditions used and that maximize the copper
dissolution in the pretreatment are: 40 kg/NaCl, 30 kg/t H.SO4 and 7 days of curing time.
These conditions were used for the characterization of the agglomerates (section 4.2.3) and

to evaluate the effect of leaching efficiency (section 4.2.4).
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Figure 67. Copper extraction from chalcocite at different curing time using 15 kg/t H.SO4 and 25 kg/t
NaCl at room temperature
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Figure 68. Copper extraction from chalcocite at different concentrations of sulphuric acid using 25
kg/t NaCl and 7 days as curing time

4.2.3 Characterization of pretreatments products

The combination obtained that maximizes the dissolution of copper from the
chalcocite was: 40 kg/t NaCl, 30 kg/t H,SO4 and 7 days of curing time. This sample was
characterized to propose the mechanism associated with the pretreatment of chalcocite.
The generated glomers were prepared and polished avoiding contact with water, taking

care not to dissolve the formed soluble phases.

In Figure 69 it is possible to appreciate the products identified in the pretreatment
according to X-ray diffraction analysis. Species such as pyrite and quartz are still present,
although in a minority level. The presence of chalcocite (CuzS) is no longer evident,
generating a copper-depleted chalcocite (Cu1.75S). This new phase is called anilite and has
been proposed as a non-stoichiometric compound in the first leaching stage of chalcocite
(Hashemzadeh et al., 2019). According to X-ray diffraction analysis, all the main peaks
associated with Cus.75S have been identified. The formation of other products such as CuSO4
and Cu(OH)Cl have also been identified. The presence of CuSQa is related to the copper that

dissolves after pretreatment (6.10% in section 4.2.2). The presence of Cu(OH)CI coincides
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with (Senanayake, 2007) who proposes a series of intermediate surface reaction on
chalcocite, being Cu(OH)Cl one of the possible compounds formed. Finally, the presence of
Na2SOas has also been identified, mainly justified by the addition of NaCl in the system and
the presence of SO% considered an important ion donor (generated by the sulphuric acid

dissociation) (Johansson et al., 1980).
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Figure 69. Species identified, using X-ray diffraction analysis, product of the pretreatment of a
chalcocite mineral with 30 kg/t H.SQ4, 40 kg/t NaCl and 7 days of curing time at room temperature

The presence of: Cu1.75S, Na2S0as, CuSO4 and Cu(OH)CI can be confirmed comparing
the initial diffractogram with respect to the diffractogram of the products obtained. Using
the software X’'pert HighScore Plus v.3.0e it is possible to show the main angle or angles

with the characteristic peaks of each species.

Figure 70 shows the comparison of the initial state of the sample (dashed line) and
the sample with pretreatment (continuous line). It can be seen that in all the main Cu,S
peaks (1) (32.8, 37.4, 45.9 and 48.3°) are no longer found and have been replaced by the
new species Cu1.75S (2) (Figure 70a, b, c and d). This new species (Cu1.75S) is associated with
the depletion (oxidation) that occurs in chalcocite in the pretreatment. The Cu1.7sS fraction
is copper that does not react, remaining as a limiting stage without completing the first

dissolution stage. This incomplete stage coincides with the 6.10% copper extraction that is
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achieved in the pretreatment prior to leaching. Furthermore, no evidence of covellite
presence has been detected in any of its most important peaks (Figure 71, absence of

covellite in the main peak between 31.8 and 31.9 position).

According to (Fang et al., 2018), when copper extraction reached 10%, chalcocite
would disappear and transform to digenite (Cui.s0S), while all the intermediates were
transformed to covellite when copper extraction achieved 50%. Thus, with the
pretreatment, only the first stage of chalcocite dissolution (Djurleite, Cu1.04S) would be
overcome according to the conditions studied. The copper will be in the unreacted Cu1.75S

phase and in products such as CuSO4 and Cu(OH)CI.
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Figure 70. Cuy.7sS identified, using X-ray diffraction analysis, products from the pretreatment of the
chalcocite mineral with 30 kg/t H.SQ4, 40 kg/t NaCl and 7 days of curing time at room temperature

96



- - == Cu,S initial simple

3000
: —— Cu,S after pretreatment

Counts

1000

315 32.0
Position [°2 theta] (Copper (Cu))

Figure 71. Absence of covellite in the main peak between 31.8° and 31.9° position, determined by
X-ray diffraction analysis

Additionally, the formation of Na;S0O4 was also been confirmed. Figure 72 shows the
main peaks of the species. The formation of Na>SO4 was due to the dissociation of NaCl and
the product generated by the dissociation of H,SO4. For the formation of Na,SOs, the
presence of SO2"and 2 Na ions are required to balance the oxidation. According to
(Margarella et al., 2016), the presence of SO~ in aqueous media is possible as a result of

the dissociation of H2SOa.
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Figure 72. Na,SO, identified, using X-ray diffraction analysis, products from the pretreatment of the
chalcocite mineral with 30 kg/t H.SQ4, 40 kg/t NaCl and 7 days of curing time at room temperature

The presence of CuSO4 was confirmed by X-ray diffraction analysis and one of the

main peaks can be seen, which appears with the pretreatment in 16.16° (Figure 73).
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Furthermore, the presence of Cu(OH)Cl was also been confirmed although with less
intensity than CuSO4 (Figure 74) . The confirmation of CuSO4 and Cu(OH)CI coincides with
that proposed by (Senanayake, 2007). According to (Senanayake, 2007), in an acid and
chloride media, reactions occur on the surface of chalcocite, considering H3O* (product of
the first dissociation of sulphuric acid) and CI. Thus, the mechanism proposed by
(Senanayake, 2007), consider the formation of Cu;S*H30**Cl'*Oy(ads) according to the

equations 20 and 21.
CuZS + H30+ == CuZS . H3O:l_dS (Eq20)
CuZS . H3O:l-ds + Cl_ + 02 = CuZS " H30+ - Cl_ . 02 (ads) (Eq21)

Equations 20 and 21 show the sequential adsorption of Cu;S, H30%, ClI"and O; on the
surface of chalcocite. The generated complex produces Cu(OH)Cl, CuS and H,0; (Eqg.22),
proposing the first stage of dissolution of chalcocite. Finally, the Cu(OH)Cl complex is

proposed as an intermediate copper species, while reacting with HSOZ, generating CuSO4

(Eq. 23).
Cu,S * H;0* = CI™ * 0 (a45) = CuS + Cu(OH)Cl((’a_ds) + H,0, (Eq.22)
aq
Cu(OH)Clgﬂ) + HSO; = Cu(S0,)° + CI~ + H,0 (Eq.23)
aq
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Figure 73. CuSQ, identified, using X-ray diffraction analysis, products from the pretreatment of the
chalcocite mineral with 30 kg/t H,SQ4, 40 kg/t NaCl and 7 days of curing time at room temperature
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SEM analysis was also been performed on the sample with pretreatment. An
overview of the sample is shown in Figure 75. The majority presence of chalcocite (which
reacts) and some minority species that is mainly associated with quartz is observed. Possible
products can be seen on the surface of the particles. A close-up of the sample with
pretreatment is shown in Figure 76; it is possible to observe the presence of a copper-
depleted chalcocite (1) (Cuz«S) with products on its surface (2). The reaction product on Cus-
xS is associated with Cu(OH)CI, which is confirmed by the percentage of presence associated
with copper, chloride and oxygen (minor sulphur) generated, by semi-quantitative analysis.
In the case of Cux«S a presence of copper (74.56%) and sulphur (24.04%) were evidenced,
while for Cu(OH)CI, a copper (58.53%), chloride (18.74%) and oxygen (19.75%) presence
were determined. EDS analysis to chalcocite (Cuz+S) and Cu(OH)Cl are shown in Figure 77a

and 77b, respectively.
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Figure 74. Cu(OH)Cl identified, using X-ray diffraction analysis, products from the pretreatment of
the chalcocite mineral with 30 kg/t H,SOs, 40 kg/t NaCl and 7 days of curing time at room
temperature
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Figure 75. Cu,S sample with pretreatment using 30 kg/t H,SO4, 40 kg/t NaCl and 7 days of curing
time

Figure 76. CuxS (1) and Cu(OH)CI (2) generated as a product of the pretreatment of chalcocite using
30 kg/t H,S04, 40 kg/t NaCl and 7 days of curing time
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Figure 77. EDS analysis associated with Cuas (a) and Cu(OH)CI (b) detected in Figure 76.

Figure 78 shows a copper-depleted chalcocite, of the form Cu,S (1) with reaction
products on its surface, associated with CuSO4 (2). The identification of CuSQs is verified by
the percentage of presence associated with copper, sulphur and oxygen determined by EDS
analysis (Figure 79). The confirmation of the presence of Cu(OH)Cl and CuSO4 indicates the
reactivity on the surface of the chalcocite proposed by (Senanayake, 2007). However,
according to the conditions studied in this thesis, the transformation of chalcocite to

covellite would be incomplete.
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Figure 78. CuxS (1) and CuSO, (2) generated as a product of the pretreatment of chalcocite using
30 kg/t H,S0O4, 40 kg/t NaCl and 7 days of curing time
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Figure 79. EDS analysis associated with Cu,4S (a) and CuSO, (b) detected in Figure 78.

Furthermore, SEM and mapping analysis on the surface of the chalcocite (CuS)
have determined that the greatest presence of transformation products will occur on the
surface of the chalcocite. Figure 80a shows the sample with pretreatment and whose
surface has reacted generating products associated with chloride, mainly (Cu(OH)Cl); this is
confirmed in the analysis according to the presence (superposition) of elements shown in

Figure 80b. The detail of the superposition of copper, sulphur, oxygen and chloride is
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observed in Figure 81.

Figure 80. SEM analysis of sample with pretreatment (a), and mapping analysis associated with the
presence of various elements (b)
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(b)

(d)

Figure 81. Presence of elements associated with Figure 80: Copper (a), sulphur (b), oxygen (c) and chloride (d)

Therefore, and considering all the characterization of the pretreatment products,
the following reactions mechanism that occurs in the pretreatment of chalcocite are
proposed. The concentration of 30 kg/t of H2SO4, 40 kg/t of NaCl and 7 days of curing time
to a sample of natural chalcocite and room temperature, should governed by Eq. 24, which

is the product of reactions 25 and 26.

4Cu,S + 0.75H,50, + 0.50, + 0.5NaCl = 4Cu, S + 0.5Cu(OH)Cl + 0.25Na,S0, +
0.5CuS0, + 0.5H,0 (Eq.24)

2Cu,S + 0.5H,S0, + 0.250, = 2Cu, ;sS + 0.5CuS0, + 0.5H,0 (Eq.25)

2Cu,S + 0.25H,S0, + 0.250, + 0.5NaCl = 2Cu, ,5S + 0.5Cu(OH)Cl + 0.25Na,S0,
(Eq.26)
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4.2.4 Leaching with and without pretreatment

The effect of pretreatment on copper leaching efficiency on chalcocite mineral is
evaluated by leaching tests. Two leaching tests were performed at 25 and 50 °C, with and
without pretreatment. Additionally, oxygen and nitrogen injection leaching tests have been
performed without pretreatment and at room temperature. The detail of copper

dissolution can be reviewed in appendix 14-16.

Leaching test without pretreatment

The copper dissolution from chalcocite without pretreatment can be observed in
Figure 82. In this figure the results obtained in four (4) leaching tests are shown, all without
pretreatment, performed at 25 and 50 °C in atmospheric condition and other two with the
injection of oxygen or nitrogen at 25 °C. In the test performed at 25 °C (atmospheric
condition), the classic behavior of chalcocite dissolution was observed, reaching a maximum
copper extraction of 49.5% at 12 hours of leaching. It is possible to observe a dissolution
slowdown after 8 hours of leaching. This behavior coincides with results obtained by (Cheng
and Lawson, 1991a) who suggested that the second stage of dissolution can be described
in terms of a model in which a shrinking ore of unreacted covellite is surrounded by a layer
of elemental sulphur. Increasing the temperature to 50 °C (atmospheric condition) the
behavior is similar, although the maximum copper extraction after 12 hours of leaching was

66.9%.

The test performed with pure oxygen injection (constant flow of 1.0 L/min) is shown
as the best test in Figure 82. With oxygen injection a copper dissolution of 68.6% was
achieved, unlike the test performed with nitrogen injection (constant flow of 1.5 L/min) that
obtained the lowest copper extraction (21.2%) establishing the key role of the oxygen for
the chalcocite dissolution (Cheng and Lawson, 1991a). Finally, the test carried out at 50 °C

reached a maximum copper extraction of 66.9%.

In the second dissolution stage, passivation is mainly caused by the presence of
elemental sulphur (Miki et al., 2011) or polysulphides (CuS;) (Nicol and Basson, 2017).

However, the solution potential has also been identified as a variable that limits the
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covellite dissolution. Test performed at 50 °C has a slower dissolution than the test with
oxygen injection (25 °C). According to (Cheng and Lawson, 1991a), the first dissolution
reaction is limited by the diffusion of oxygen through the liquid boundary layer around the

particles.
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Figure 82. Copper dissolution from chalcocite in 0.2 M H,SO4, 50 g/L of Cl ion from NaCl in deionized

water at 25 °C (e25); 50 °C ( A50) without pretreatment; oxygen injection (#0) and nitrogen
injection (mN) at 25 °C without pretreatment

Figure 83 shows that the solution potential begins (for all the tests) close to 590 mV
(SHE) and decrease sharply at the beginning of the leaching, to a range between 380 and
420 mV. However, with oxygen injection the solution potential drops to 500 mV but
increases quickly to a constant value of 640 mV. According to (Miki et al., 2011), reactions
that involve dissolved oxygen contribute to the re-oxidation of copper () to copper (ll),
being an active oxidant. As (Miki et al., 2011) suggests, the rate of covellite dissolution is
similar at potentials of 600 and 650 mV, however dissolution is notably lower at a lower
potential of 550 mV. The above coincides with the behavior of all the tests carried out,

except the test with oxygen injection.

105



700

650
e ¢ .
. @
og o
~ 550
g ©
> 500 ¢ ® 2 2
£ é A
=
AA o - - [Z]
400 o® g W
1
350
300
0 a4 8 12
Time (h)

®25 AS50 O mN

Figure 83. Behavior of solution potential on the chalcocite dissolution in 0.2 M H,504, 50 g/L of CI
ion from NaCl in deionized water at 25 °C (#25); 50 °C ( A 50) without pretreatment; oxygen injection
(#0) and nitrogen injection (mN) at 25 °C without pretreatment

Leaching test with pretreatment

The effect of pretreatment on leaching efficiency can be observed in Figure 84.
Additionally, Figure 85 shows the total number of tests carried out (6) with and without
pretreatment. Figure 84 shows that the effect of pretreatment generates a small increase
in copper extraction in the test carried out at 25 °C, reaching a copper extraction of 51.8%
at the end of the process. A difference of 2.3% more copper than the test without
pretreatment was observed. At 50 °C with pretreatment, a copper extraction of 71.5% was
achieved, rising 4.6% compared to the test without pretreatment. The effect of the
pretreatment, in tests at 50 °C, would allow a 33% reduction in the leaching time, achieving

the same copper extraction as the test without pretreatment.

According to the results obtained, the pretreatment could not previously reverse
the passivation of the second stage of chalcocite dissolution. This is based on the
characterization performed on the pretreated sample and on the effect on the leaching
efficiency. Thus, under the conditions studied in this work, it does not coincide with the

proposal made by (Cerda et al., 2017) (Eq.5), since the dissolution of the chalcocite would
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not reach a complete transformation to covellite. This would be possible only if about 50%
of the copper is extracted at the beginning of the leaching (formation of a majority soluble

phase as CuSOa).

Finally, Tables 26 and 27 presents the summary of results of leaching tests at 5 and
12 hour, respectively. The initial value of pH and solution potential is the value of the
leaching solution (before adding the mineral) and the final value corresponds to the last
sample (12 hours). Regarding the pH, there is a greater variation (acid consumption) in tests
with pretreatment and with oxygen injection. It is evident that the concentration of

sulphuric acid is sufficient to satisfy the chalcocite dissolution, not limiting the process.
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Figure 84. Copper dissolution from chalcocite in 0.2 M H,SO4, 50 g/L of Cl ion from NaCl in deionized
water at 25 °C (#25); 50 °C ( A50) without pretreatment and 25 °C (025) and 50 °C (A50) with
pretreatment
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Figure 85. Copper dissolution from chalcocite in 0.2 M H,SO4, 50 g/L of CI"ion from NaCl in deionized
water at 25 °C (e25); 50 °C ( A50) without pretreatment; oxygen injection (#0) and nitrogen
injection (mN) at 25 °C without pretreatment and 25 °C (025) and 50 °C (A50) with pretreatment

Table 26. Summary of leaching test results at 5 hour

Pretreatment Leaching parameters Leaching results

Curing time H,SO, NaCl Temp. H,SOs NaCl Gas % Cu pH range Eh range

Test (days) (kg/t) (kg/t) (°C) (M) (g/L) Injection  extraction (mV) SHE
1 0 0 0 25 0.2 50 No 46.8 0.49-0.57 597-505
2 15 15 25 25 0.2 50 No 48.5 0.51-0.57 591-475
3 0 0 0 50 0.2 50 No 55.8 0.51-0.58 590-486
4 15 15 25 50 0.2 50 No 60.9 0.51-0.64 594-478
5 0 0 0 25 0.2 50 0, 61.1 0.51-0.69 597-625
6 0 0 0 25 0.2 50 N, 15.6 0.48-0.49 598-423

Table 27. Summary of leaching test results at 12 hour

Pretreatment Leaching parameters Leaching results

Curing H;SOs NaCl  Temp. H;SOs4 NaCl Gas % Cu pHrange Ehrange

Test time (days) (kg/t)  (kg/t) (°C) (M) [(g/L) Injection extraction (mV) SHE
1 0 0 0 25 0.2 50 No 49.5 0.49-0.68 597-518
2 15 15 25 25 0.2 50 No 51.8 0.51-0.63 591-523
3 0 0 0 50 0.2 50 No 66.9 0.51-0.61 590-504
4 15 15 25 50 0.2 50 No 715 0.51-0.68 594-496
5 0 0 0 25 0.2 50 02 68.6 0.51-0.74 597-637
6 0 0 0 25 0.2 50 N2 21.2 0.48-0.52 598-449
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4.2.5 Characterization of leaching residues

The characterization of the leaching residues was carried out by X-ray diffraction and
SEM analysis. By X-ray diffraction, it was possible to confirm the depletion of copper in the

chalcocite according to the leaching and/or pretreatment conditions.

Figure 86 shows the diffractogram associated with the leaching residue at 25 °C with
pretreatment, confirming the presence of covellite, pyrite and quartz. The covellite
identified was associated with the complete dissolution of chalcocite in the first dissolution
stage (Cheng and Lawson, 1991a, 1991b; Xingyu et al., 2010) while quartz and pyrite show
no reaction. Figure 87 shows the diffractogram of the test residue at 50 °C with
pretreatment. Species such as covellite, pyrite and quartz were confirmed, although the
presence of covellite decreased in intensity. In addition, the presence of elemental sulphur
has also been confirmed, although in a minority amount. The presence of elemental sulphur
was associated with the product generated by the second dissolution stage of the chalcocite
(Cheng and Lawson, 1991b; Niu et al., 2015). According to (Miki et al., 2011), the presence

of sulphur should not necessarily be associated with the passivation of covellite.

The confirmation of covellite, pyrite, quartz and elemental sulphur (in minority
amount) was also confirmed in the leaching residue carried out with the injection of oxygen
(Figure 88). Finally, in the case of the residue with nitrogen injection, the presence of pyrite,
quartz and copper-depleted chalcocite, in the form of djurleite (Cu1.94S) and digenite
(Cu1.80S) was confirmed (Figure 89). The presence of these intermediate species coincided
with the limited dissolution of copper achieved in the leaching test, mainly limited by the
low solution potential and the absence of oxygen. The CuS; species, associated as
responsible for the passivation of covellite, has not been identified by X-ray diffraction

analysis according to the conditions used in this study.
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Figure 86. Species identified in chalcocite leaching residue, using X-ray diffraction analysis at 25 °C
and with pretreatment of 30 kg/t H.SOa, 40 kg/t NaCl and 7 days of curing time
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Figure 87. Species identified in chalcocite leaching residue, using X-ray diffraction analysis at 50 °C
and with pretreatment of 30 kg/t H.SO4, 40 kg/t NaCl and 7 days of curing time
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Figure 88. Species identified in chalcocite leaching residue at 25 °C with oxygen injection and without
pretreatment, using X-ray diffraction analysis
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Figure 89. Species identified in chalcocite leaching residue at 25 °C with nitrogen injection and
without pretreatment, using X-ray diffraction analysis



SEM analysis was also performed on the leaching residues from the test carried out
at 50 °C with pretreatment, confirming the presence of covellite, pyrite and quartz, mainly.
Figure 90 shows the presence of unreacted covellite associated with pyrite (such as the
characterization of the initial sample). Figure 90b and 90c show the EDS analysis associated
with covellite and pyrite, respectively. Elemental sulphur or CuS, presence was not
identified. Furthermore, it is possible to observe cracks appearing on the surfaces of the
solid particles. This observation was also reported by (Niu et al., 2015); these authors
suggested that, after the first dissolution stage was completed (49% copper extraction), the
chalcocite particles can disintegrate into smaller particles, which continue to dissolve in a

second dissolution stage. This can occur even at low Cu extraction (10%).
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Figure 90. SEM image shows leaching chalcocite residue obtained at 50 °C with pretreatment.
Particle 1 identified as unreacted covellite and particle 2 as pyrite. In (b) and (c) the EDS analysis
associated to covellite and pyrite, respectively
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Figure 91 shows a SEM analysis performed on the leaching residue with nitrogen
injection at 25 °C, without pretreatment. The presence of an intermediate Cu,4S phase
associated with the incomplete transformation of chalcocite was confirmed. In addition, the
morphology of the particle also coincides, showing cracks on the surfaces of the solid
particles, even when the extraction of copper was low (21.2%). This result confirms that the
oxidation of chalcocite to covellite is possible, but under 500 mV, is too low for the
subsequent oxidation of the secondary covellite which can be at least partially dissolved by
an increase to 550 mV (Miki et al., 2011). Finally, in Figure 92 the SEM analysis performed
on the test leaching residue performed with the oxygen injection is observed and in 92c the
EDS analysis on unreacted covellite. No species such as elemental sulphur or CuS; are

identified, responsible for the passivation of covellite.
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Figure 91. SEM image of leaching chalcocite residue obtained at 20 °C with oxygen injection. Particle
1 identified as unreacted covellite and (a’) EDS analysis associated with covellite (1)
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Figure 92. SEM image shows leaching chalcocite residue obtained at 20 °C with nitrogen injection.
Particle 1 identified as unreacted covellite and (c) EDS analysis associated with covellite (1)
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5 Conclusions

Chalcopyrite mineral

The chemical composition of the chalcopyrite sample is 28.5% Cu, 22.8%Fe and 29.7%S. The
mineralogical composition indicates the presence of 74% chalcopyrite, 16% quartz, 1.80%

covellite, 1.80% K-feldspar, 1.30% pyrite, and other species in minor amount.

The pretreatment of chalcopyrite sample with potassium nitrate-sulphuric acid media (15
kg/t H,SO4, 10 kg/t KNOs and 15 days of curing time) resulted in a copper extraction of
12.93%. The ANOVA analysis indicated that this combination of variables was the most
influential combination. The results were consistent with the Cu extraction predicted by the
model (12.55%). This pretreatment was not effective, taking into account that the soluble
copper sulphate was 9%, and consequently only 3% of the chalcopyrite was sulfated with

the pretreatment.

The pretreatment of chalcopyrite sample with sodium chloride-sulphuric acid media system
(15 kg/t H2S04, 15 kg/t NaCl and 15 days of curing time) resulted in a copper extraction of
19.56% prior to leaching. The ANOVA indicated that this combination of variables was the
most influential evaluated in this study. However, the Cu extraction differed from that
predicted by the model (16.72%), which may have been due to the synergy between H;S04
and NacCl.

Curing time is the most influential variable in the pretreatment of a chalcopyrite mineral
under the conditions evaluated in this study. According to the ANOVA analysis, its influence

was 56.36% in a chloride media and 54.66% in nitrate media, both with significant p-values.

The pretreatment of chalcopyrite sample with sodium chloride-sulphuric acid media system
(15 kg/t H2S04, 25 kg/t NaCl and 15 days of curing) achieved a copper extraction of 22.66 %
prior to leaching. In this study, NaCl benefits copper dissolution more than KNOs in the

pretreatment of a chalcopyrite mineral.

3CuFeS, + 3H,S0, + NaCl + 30, = CuSO, + NaFe;(S0,),(0OH), + 6S + Cu,Cl(OH)
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The curing time benefits the kinetics of copper leaching from pretreated chalcopyrite.
Furthermore, in synergy with the temperature (50 and 90°C) it is capable of generating 6%
more of copper extraction compared to samples without curing time. A 94% of copper was
extracted at 90 °C in a sample with pretreatment of 15 kg/t of H,SOa, 25 kg/t of NaCl and

15 days of curing time, versus 90% reached at 90 °C without pretreatment.

For comparative purposes, and during leaching at 70 °C, a copper extraction of 75% in 24
hours with pretreatment and in 32 h without pretreatment, were obtained. During leaching
at 90 °C, a copper extraction of 84% in 24 hours with pretreatment and in 32 hours without
pretreatment were obtained. Thus, the curing treatment significantly reduces the leaching

time.

Test performed at 25°C leads to obtain a copper extraction close to 30% with and without
the curing pretreatment. This fact confirms the passivation of the chalcopyrite surface at
this temperature, by the formation of a compact layer of sulphur, with probably formation

of jarosite and copper polysulfides.

Elemental sulphur formed at 70 °C appears to have a more porous and less rigid surface
than that reported in leaching products at 25°C. A more porous film of sulphur, bordering

the surface of the chalcopyrite, allows the contact of the leaching solution with the mineral.

Abundant elemental sulphur and natrojarosite, have been identified in all the leaching
products, which have been proposed as responsible for the passivation of chalcopyrite. The

presence of CuS; was observed in the tests carried out at 25 and 50 °C.
Mine ore

The chemical composition of the mine ore sample is 0.790% Cu, 2.52%Fe and 2.49%S and
9.70% Al. The mineralogical composition indicates the presence of 54.2% muscovite, 29.7%
quartz, 3.73% pyrite, 3.08% orthoclase, 2.51% kaolinite, 1.99% chalcopyrite, and other

elements in minor amounts.

The pretreatment of the mine ore by using 15 kg/t H2S04, 25 kg/t NaCl and 15 days of curing

leads to obtain 27% of copper extraction prior to the leaching step. This is mainly produced
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by the generation of copper sulfate identified when comparing the diffractograms of the

initial sample with that generated in the pretreatment.

The curing time benefits the kinetics of copper dissolution from chalcopyrite in a mine ore.
In addition, in synergy with the temperature (50 and 90°C) it was possible to generate a
difference of 5% in the extraction of copper compared to a mineral without pretreatment.
A 93.1% copper extraction was obtained at 90 °C and with a pretreatment using 15 kg/t
H2S0a, 25 kg/t NaCl and 15 days of curing time.

Leaching test carried out on the mine ore, performed at 25 °C, generates the greatest
difference in copper extraction. Extraction values of 16.7% and 25.9% were obtained
without and with pretreatment, respectively. Chalcopyrite passivation was quickly
achieved, evidenced by the behavior of the copper extraction curve over time (around hour

4 of leaching).

For comparative purposes, and during leaching at 70 °C, a copper extraction of 65% in 24
hours with pretreatment and in 48 hours without pretreatment, were obtained. During
leaching at 90 °C, a copper extraction of 90% in 24 hours with pretreatment and in 48 hours
without pretreatment were obtained. Thus, the curing treatment significantly reduces the

leaching time.

By X-ray diffraction analysis and SEM characterization it was not possible to accurately
identify the passivation products associated with chalcopyrite leaching from mine ore.
According to the pH values obtained, the conditions for the formation of products such as
natrojarosite would be unlikely. The presence of elemental sulphur was identified, but not

copper polysulfides, although its presence should not be ruled out.
Chalcocite mineral

The chemical composition of the chalcocite sample is 75.0% Cu, 23.5% S and 1.33% Fe. The
mineralogical composition indicates the presence of 93.7% chalcocite, 2.16% pyrite, 1.25%

quartz, 1.10% brocantite, 0.49% covellite, and other species in minor amount.

In the pretreatment of chalcocite sample, the curing time benefits the kinetics of copper

dissolution from chalcocite mineral. With a pretreatment at room temperature using 30
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kg/t H2S04, 40 kg/t NaCl and 7 days of curing, 6.10% copper was obtained prior to leaching.
Furthermore, under oxygen-free conditions (removal using nitrogen), a copper extraction

of 2.57% was achieved.

Through the characterization by SEM and X-ray diffraction analysis of the sample with
pretreatment, using 30 kg/t H,S04, 40 kg/t NaCl and 7 days of curing time, the formation of
products such as: Anilite (Cu1.75S), copper sulphate (CuSOa), copper oxychloride Cu(OH)CI

and sodium sulphate Na;SO4, was observed.

In the pretreatment of chalcocite, under the conditions used in this study (kg/t of H2SO4, 40
kg/t of NaCl and 7 days of curing time), the following reactions are proposed.

4Cu,S + 0.75H,S0, + 0.50, + 0.5NaCl = 4Cu, ,sS + 0.5Cu(OH)Cl + 0.25Na,SO0, +
0.5CuS0, + 0.5H,0

2Cu,S + 0.5H,50, + 0.250, = 2Cu, ;sS + 0.5CuS0, + 0.5H,0
2Cu,S + 0.25H,50, + 0.250, + 0.5NaCl = 2Cu, ,<S + 0.5Cu(OH)Cl + 0.25Na, SO0,

The leaching of the chalcocite mineral generated a copper extraction of 51.8% in the test
carried out at 25 °C with a pretreatment using 30 kg/t H2SOa4, 40 kg/t NaCl and 7 days of
curing time. A difference of 2.3% more copper than the test without pretreatment at 25 °C
was observed. At 50 °C with pretreatment, a copper extraction of 71.5% was achieved, rising
4.6% compared to the test without pretreatment. In the test performed with oxygen
injection a copper dissolution of 68.6% was achieved, unlike the test performed with

nitrogen injection, the lowest copper extraction (21.2%) was obtained.

For comparative purposes, and during leaching at 50 °C, a copper extraction of 60% in 5
hours with pretreatment and in 8 hours without pretreatment, were obtained. During
leaching at the same temperature, a copper extraction of 65% in 8 hour with pretreatment
and in 12 hour without pretreatment were obtained. Thus, the curing treatment

significantly reduces the leaching time.

By x-ray diffraction analysis and SEM it is possible to confirm the presence of an
intermediate Cu,«S phase associated with the incomplete transformation of chalcocite,

including the presence of covellite in tests on 50% of copper dissolution (first stage of
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complete dissolution of chalcocite). Finally, the presence of elemental sulphur has been
confirmed in leaching residues in tests using oxygen injection and 50 °C with a pretreatment

of 30 kg/t H,S04, 40 kg/t NaCl and 7 days of curing.
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Appendix 3. Chalcocite initial simple
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Appendix 4. EDS analysis associated with chalcopyrite initial sample: chalcopyrite (a) pyrite (b)
covellite (c) and chalcanthite (d)
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Leaching of chalcopyrite sample

Appendix 5. Copper and iron dissolution from chalcopyrite at 25 ° C with and without pretreatment

Without pretreatment With pretreatment
Time (h) % Cu extraction % Fe extraction % Cu extraction % Fe extraction
0 0.00 0.00 0.00 0.00
0.5 13.4 9.73 14.6 7.43
1 14.5 10.8 20.2 15.5
2 16.9 14.0 22.6 15.1
4 17.5 17.5 25.4 14.5
8 18.2 20.3 25.6 194
12 19.5 213 25.8 23.0
24 28.5 29.5 27.5 28.5
36 30.6 33.8 28.4 28.6
48 30.1 33.2 29.0 32.7

Appendix 6. Copper and iron dissolution from chalcopyrite at 50 ° C with and without pretreatment

Without pretreatment With pretreatment
Time (h) % Cu extraction % Fe extraction % Cu extraction % Fe extraction
0 0.00 0.00 0.00 0.00
0.5 14.9 16.3 22.2 16.3
1 14.9 15.9 233 12.5
2 15.0 15.4 24.4 23.1
4 19.2 21.2 26.4 27.8
8 235 26.3 28.8 31.3
12 30.3 34.5 34.4 35.3
24 51.5 52.8 56.0 51.1
36 71.1 75.9 74.6 81.1
48 71.0 76.0 76.8 83.0

Appendix 7. Copper and iron dissolution from chalcopyrite at 70 °C with and without pretreatment

Without pretreatment With pretreatment
Time (h) % Cu extraction % Fe extraction % Cu extraction = % Fe extraction
0 0.00 0.00 0.00 0.00
0.5 14.3 15.7 26.7 23.0
1 16.5 18.0 27.5 26.7
2 16.2 20.1 32.0 33.3
4 21.6 23.8 39.5 41.7
8 31.6 34,5 44.2 47.4
12 42.5 41.5 51.0 51.0
24 65.0 71.0 74.8 76.9
36 80.9 90.2 91.3 75.0
48 87.3 90.1 92.4 74.3
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Appendix 8. Copper and iron dissolution from chalcopyrite at 90 °C with and without pretreatment

Without pretreatment With pretreatment
Time (h) % Cu extraction % Fe extraction % Cu extraction % Fe extraction
0 0.00 0.00 0.00 0.00
0.5 233 26.9 335 36.7
1 29.2 27.2 35.6 39.6
2 33.2 28.9 43.5 48.4
4 38.7 38.9 47.3 60.1
8 47.7 48.0 56.5 61.7
12 58.0 55.1 66.1 63.8
24 79.8 62.1 83.9 64.5
36 86.9 78.1 91.8 75.0
48 89.6 75.7 93.6 72.5

Leaching of mine ore

Appendix 9. Copper and iron dissolution from mine ore at 25 °C with and without pretreatment

Without pretreatment With pretreatment
Time (h) % Cu extraction % Fe extraction % Cu extraction % Fe extraction
0 0.00 0.00 0.00 0.00
0.5 12.5 2.38 20.7 3.37
1 14.3 3.18 22.9 4.76
2 14.7 3.18 23.9 5.55
4 15.2 3.77 24.9 6.15
8 15.6 3.97 25.3 6.55
12 15.7 4.37 25.0 6.94
24 15.9 4.76 25.3 7.34
36 16.2 5.75 25.6 7.74
48 16.7 6.35 25.9 8.33

Appendix 10. Copper and iron dissolution from mine ore at 50 °C with and without pretreatment

Without pretreatment With pretreatment
Time (h) % Cu extraction % Fe extraction % Cu extraction % Fe extraction
0 0.00 0.00 0.00 0.00
0.5 18.2 14.5 23.8 6.1
1 21.7 14.7 27.9 6.3
2 27.0 14.8 33.8 10.5
4 29.2 17.5 37.1 16.4
8 355 17.7 41.5 19.8
12 38.1 18.1 44.0 24.6
24 394 19.6 46.5 24.8
36 43.1 20.1 47.7 25.4
48 44.3 21.6 48.9 26.0
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Appendix 11. Copper and iron dissolution from mine ore at 70 °C with and without pretreatment

Without pretreatment With pretreatment
Time (h) % Cu extraction % Fe extraction % Cu extraction % Fe extraction
0 0.00 0.00 0.00 0.00
0.5 29.4 17.5 33.2 18.3
1 35.5 18.4 40.9 22.6
2 41.7 194 47.3 24.0
4 46.8 20.3 54.7 25.8
8 50.5 22.8 57.7 26.6
12 53.5 24.4 60.6 27.4
24 58.3 29.3 65.5 28.6
36 61.8 34.2 68.5 37.1
48 64.3 36.7 70.2 42.0

Appendix 12. Copper and iron dissolution from mine ore at 90 °C with and without pretreatment

Without pretreatment With pretreatment
Time (h) % Cu extraction % Fe extraction % Cu extraction % Fe extraction
0 0.00 0.00 0.00 0.00
0.5 41.7 23.6 38.0 25.2
1 44.3 25.2 56.9 27.4
2 56.3 26.8 69.0 31.9
4 69.6 29.9 77.8 34.3
8 77.8 313 82.3 37.7
12 80.4 33.7 86.7 40.1
24 84.2 36.5 89.8 44.2
36 86.7 39.7 91.7 46.0
48 88.6 40.7 93.1 47.8

Leaching of chalcocite
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Appendix 13. EDS analysis associated with chalcocite initial sample (a) chalcocite (b) quartz and (c)
pyrite

135



Appendix 14. Copper dissolution from chalcocite at 25 °C with and without pretreatment

Time (h) With pretreatment Without pretreatment
% Cu extraction % Cu extraction
0.00 0.00 0.00
0.17 16.1 10.9
0.50 22.9 17.3
1.00 28.0 23.7
1.50 34.5 30.5
3.00 44.3 41.7
5.00 48.5 46.8
8.00 50.3 48.4
12.0 51.9 49.5

Appendix 15. Copper dissolution from chalcocite at 50 °C with and without pretreatment

Time (h) With pretreatment Without pretreatment
% Cu extraction % Cu extraction
0.00 0.00 0.00
0.17 26.1 16.8
0.50 30.0 20.1
1.00 36.5 27.9
1.50 42.8 38.9
3.00 51.6 47.4
5.00 60.9 55.8
8.00 67.2 62.4
12.0 71.6 67.0

Appendix 16. Copper dissolution from chalcocite at 25 °C with oxygen and with nitrogen

Time (h) Without pretreatment ~ Without pretreatment

and O; injection and N2 injection
% Cu extraction % Cu extraction

0.00 0.00 0.00

0.17 26.4 5.31

0.50 36.0 5.90

1.00 46.9 6.50

1.50 52.4 8.45

3.00 57.3 14.1

5.00 61.1 15.6

8.00 65.6 18.3

12.0 68.6 21.2
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Abstract: Due to the depletion of oxidized copper ores, it necessitates the need to focus on
metallurgical studies regarding sulphide copper ores, such as chalcopyrite. In this research, the
electrochemical behaviour of chalcopyrite has been analysed under different conditions in order to
identify the parameters necessary to increase the leaching rates. This was carried out through
cyclic voltammetry tests at 1 mV/s using a pure chalcopyrite macro-electrode to evaluate the
effect of scan rate, temperature, and the addition of chloride, cupric, and ferrous ions. Lastly,
the feasibility of using seawater for chalcopyrite dissolution was investigated. An increase in
the sweep rate and temperature proved to be beneficial in obtaining highest current densities at
10 mV /s and 50 °C. Further, an increase of chloride ions enhanced the current density values. The
maximum current density obtained was 0.05 A/m? at concentrations of 150 g/L of chloride. An
increase in the concentration of cupric ions favoured the oxidation reaction of Fe (I} to Fe (III).
Finally, the concentration of chloride ions present in seawater has been identified as favourable for
chalcopyrite leaching.
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Abstract. In the north of Chile, due 1o water shortages, the depletion of oxide ores and the
abundance of chalcopyrite ore, mining industry is searching for sustainable hydrometallurgy
processes that can use alternative water resources. The leaching process must enhance the
dissolution of copper sulphide ore that are refractory to conventional leaching, This paper
reports a study on the effect of addition of chloride ion using seawater and discard brine in the
agelomeration stage of a secondary copper sulphide ore. The effect of curing time on the saume
ore also s reported. The leaching tests have been carried out in column irmgated with raffinate
under ambient conditions. A size distribution with o PED of 17 mm is used. A maximum of
72% of copper extraction is obtained using discard brine and 63% using seawater, The use of
discard brine and seawater are favorable in all the tests performed. Through an Analysis of
Variance (ANOVA), it is determined that the curing time has the highest contribution (92,37%)
on the percentage of copper extraction.
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ABSTRACT

In 2019, 27.3% of Chilean copper output was produced by hydrometallurgical processes. According
to the Chilean Copper Commission (Cochileo), only 12% of output will be produced by this method
by 2029 owing to a change in the mineralogy of deposits from cxdides to sulfides, with chalcopyrite
being the main feed in hydrometallurgical plants. Chalcopyrite is a highly refractory mineral under
conventional leaching conditions. Therefore, mining companies are moving from hydrometallurgy
to concentration by flotation, provided the process is profitable given the high costs associated mainly
with grinding. This change in operation will result in 50% awvailable capacity in exdsting
hydrometallurgical plants by 2029, which represents an opportunity to strengthen the processing of
low-grade copper sulfide by hydremetallurgy. One of the variables that has recently been studied is
the leaching pretreatment of copper sulfide ores. Several studies hawve demonstrated that
agglomeration and extended curing periods increase the solubility of minerals and thus improve the
kinetics of copper extraction during leaching.

This document presents the main theoretical concepts associated with pretreatment, and investigates
how extended curing periods benefit copper extraction from copper sulfide ores. As well, the effect
of curing on the efficdency of leaching by agitation and leaching in columns is explained. Leaching
agitation tests with chalcopyrite mineral (V4% purity according to QEMSCAN) showed that the
copper extraction increased by 6% with pretreatment. Depending on the pretreatment conditions, the
leaching time can be reduced by 25 to 50%. Finally, leached residues were characterized by various
techniques, and elemental sulfur, jarosite and copper pelysulfides (Cu5:z) were found.
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ABSTRACT

The leaching pretreatment of copper ores 1s widely used m the Clulean muming industry.
Agglomeration and acid cuning have been identified as the most useful pretreatments. Of these, acid cuning
was recognized as beneficial in the dissolution of copper minerals, even in sulphides such as chalcopyrite.
Extensive acid curing times have an impact on copper extraction, generate a homogeneous acid distribution
in the mineral bed and benefit the inhibition of alununmum-silicate minerals (acid consumers). This document
describes some of the theoretical background and results regarding the effect of acid curing in a chalcopyrite
sample with 74% punty accordmg to Qemscan analysis and a 28 5% of total copper. Leaching tests are
carried out at 23, 50 and 70°C, evaluating the effect of a pretreatment on the chalcopyrite dissolution. The
original sample and products generated were characterized by X-ray diffraction analysis and Scanning
Electron Microscopy (SEM). The performed experiments indicate a direct relation between the effect of
curing time and temperature 1n copper extraction. 92% of copper can be extracted 1n a leachung at 70°C and
with 15 days of cuning. Elemental sulfur, jarosite and copper polysulfide (CuS:) have been detected m
leaching products.
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Awarding of financial support by the Faculty of Chemistry in the 2nd call for support for
research 2019, Universitat de Barcelona. Financial support used to present in COM Hosting
Copper 2019.

Awarding of financial support by in the 1st call for support presentations at Conferences by
The Office of the Vice Chancellor for Research and Technological Development, Universidad
Catdlica del Norte. Financial support used to present in COM Hosting Copper 2019.
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Other contributions

Conference presented at the Universitat de Barcelona, entitled “Chile pais minero. Contexto
actual y futuro”. Presentation date: November 26, 2018.
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Conferenciant: Victor Quezada Reyes, professor de la Universidad Catélica del Norte,
Antofagasta, Chile

Resum: La mineria forma parte de la identidad y desarrollo de Chile. Actualmente el
pais sudamericano es el primer productor mundial de cobre, litio y renio. Centra la
mayor produccion de especies metalicas en la Region de Antofagasta, localizada en el
desierto mas arido del mundo. A 1a fecha, el 55% de las exportaciones de Chile son
productos mineros. Diversos estudios posicionan a Chile como un eje estratégico en la
produccion de metales que demandara el mundo. Sin embargo, dada la ubicacién de
sus yacimientos mineros y la particularidad de su geografia, posee desafios que
abordar.

Seminar for the subject "Obtencidén y procesado de materiales" for the "Ingenieria de
Materiales" career, Universitat de Barcelona. The seminar was titled “Uso de agua de mar
en la mineria”. Presentation date: November 21, 2018.
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Effect of pretreatment prior to leaching on a chalcocite mineral

ABSTRACT

Agelomeration and acid curing have been identified as the most useful pretrestments before heap leaching.
Of these, acid curing was recognized as benefidal in the dissolution of copper minerals, even in sulphides. In
zddition to improving copper extraction, the curing time [or repose time) generates @ homogensous
distribution in the mineral bed (hesp lzaching] and bensfit the inhibition of aluminum-ziliczte |zcid
conzumers). This investigation describes the results regarding the pretreatment evaluating the effect of curing
time, Mall and H:504 concentration in a chalcocite sample with a purity of 93.7%, according to Qemscan
analysiz and a 75.0% of total copper. Leaching tests are carried out at 25 and 50 °C, evaluating the effect of a
pretreatment on the chalcocite dissclution. The original s=ample, pretrestment products and leaching residues
weere characterized by ¥-ray diffraction analysiz {XRD) 2nd Scanning Electron Microscopy (SEM). As products
formed in the pretreatment, using 30 kgt H2504, 40 kgt Nacl and 7 days of curing, the presence of CuSO.,
CufOH)C, N2eS0: and Cuy s have been confirmed. The leaching experiments performed indicate a direct
relation between the effect of curing time and temperature in copper extraction. & copper dissolution of
71.5% is achiewved, rizing 4.6% compared to the test without pretreatment at 50 *C. Elemental sulphur has
been confirmed in leaching residues in tests using oxygen injection and 50 °C with pretreatment.

L. INTRODUCTION

Hydrometallurgical treatment of copper sulphides minerals has been studied almost 40 years ago
{Bogdanovic et al., 2020; Cordoba et al., 2002; Dutrizac, 1978; Haver F.P and Wong M.M, 1971;
Herreros et al,, 1999; Munoz-Ribadeneira and Gomberg, 1971; Velasquez-Yévenes et al., 2010).
Today, research focuses more on how to improve the kinetics dissolution of primary sulphides,
mainly chalcopyrite {Beiza et al., 2019). Regarding secondary copper sulphides, chalcocite and
covellite, there have been cases of implementation at industrial scale, like Cuprochlor Process
{Herreros and Vifals, 2007). In the case of chalcocite, is the most abundant copper sulphide mineral
after chalcopyrite. Through hydrometallurgical treatments it is known as the copper sulphide ore
that is easier to dissolve (Miki et al., 2011). This property becomes very attractive mainly for those
deposits with low copper grade and consider hydrometallurgical processes as an alternative.
Similarly, chalcocite and covellite are twio of the common copper-bearing minerals also formed as
intermediate products during the leaching of chalcopyrite (Senanayake, 2005). Thus, it is known that
chalcodite dissolution is carried out in two stages (Tanda et al., 2018).

Owidative dissolution of chalcocite by Fe®, 0y or Cw®*, either in a sulphate or chioride system, aocurs
in two different stages with the production of secondary covellite as an intermediate (Cheng and
Lawson, 1991a; Fisher et al., 1992; Senanayake, 2009). The first stage of chalcocite leaching is very
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