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ABSTRACT

This project proposed a selective moderate tenyrerand pressure approach to the
study of pressure oxidation leaching of enargitecentrates, which may be applied to copper
sulfide orebodies and concentrates containing fsogmit arsenic. Previous industrial methods
have employed sulfuric acid-oxygen pressure leaglalkaline sulfide leaching, and roasting.
The approach includes evaluating the chemical imactaking place and the effects of pressure,
temperature, pH and redox potential on the fatB@iminerals present in the concentrates. The
main objective of this project was to develop aadftm an innovative, alternative approach to
selectively upgrade enargite concentrates to redbeecopper, gold and silver values while
selectively leaching the arsenic. Enargite comeémiminerals were characterized before and
after the experiments to determine any changesnenalogy, composition and morphology.
Optimized pressure oxidation resulted in arsentcagkon of up to 47%. Mineralogically, the
leached residues showed higher pyrite contentttafeed sample by 6.5-15 weight percent
with a slight decrease in the enargite contentthién work with high purity enargite specimens
under optimized conditions clearly showed the seleseparation of arsenic to solution with
retention of copper in the solid phase based oexperimental mass balances. Specifically,
covellite is highlighted in the leach residue. sTparticle shows enargite mineralization on the
outer edges of a covellite particle, which may be tb particle orientation or removal of the
covellite outer product layer during sample prepanafor MLA. However, more importantly,
the image clearly shows that the covellite phasecsirring in conjunction and direct association
with enargite, as was predicted by the thermodyodthipH analysis. Covellite appears to be a
direct decomposition product of selective dissolitf arsenic from enargite. In summary, the
propensity for moderate temperature selective pressxidation for separation of arsenic from
enargite appears to be promising. Larger scatmtgsnineralogical characterization and further

optimization are suggested to confirm these results



TABLE OF CONTENTS

A [ o0 O PP iii
LIST OF FIGURES ... ettt e e e e mmmn e e e e e e e e e e e nnnnas IX
LIST OF TABLES ... ettt e e e ettt e e e e e e e s mmee e e e e e e ebaa e e e e e e eenannns XiX
ACKNOWLEDGEMENTS ...t ee e e e e e e e e XXVI
CHAPTER 1 INTRODUGCTION ....uuiiiiiiiiiti ettt e e et et e e e e e eebe s nseeaaeeeeeennnneaeeas 1
1.1  EPA POSItION ON AISEINIC ...eeiiiiiiiiiiiiiiee oottt e e 2
1.2 COPPEr SMEILING ..ottt e e e e e e e e e e e eeeeesteennneeeeesenees 2
CHAPTER 2 COPPER PROCESSING ...ttt e 5
2.1  Background Of COPPEI .....ccuuuuuuuuiiiiie e eeeaaa e 5
P20 N R S Yo TH | (ol TS 0 O] o] o 1= 5
2.1.2 PropertieS Of COPPEN ..uvuuuuuieiiiiiee e e e et iceeemmeeeeieas s e s e e e e e e e eaeeeeeaaesnsennnnas 8
2.1.3 Applications Of COPPET .......oeveeeeireireiiimmmmme e e e ee e e e e e e eaes Q..
2.2  Background to Copper Ore Processing and Coppea&idn................cccceeeeennnn. 9
2.2.1 Other Hydrometallurgical Extraction Processes............ccccvvvvvvvvvvvnnnnns 13
2.2.2 Copper MetathNesIs ............uuuuuuiii s e e e e e e e e e e e e eeeeeaaeeann 13
2.3 Background of Pressure Hydrometallurgy........cccccoeiiiiiiiiiiininneeeeeeeeeeeeeeeies 15
2.3.1 Copper Concentrate Pressure Oxidation and Leaching..................... 15
2.3.2 Acidic Pressure OXidation .............oooiiieeeeeeeeeeeeeee e 16
2.4  Alkaline Sulfide Leaching ..........ouuuuuiiiieieeiiiiiiiiiiee e e 19
2.5 Example Copper Hydrometallurgical ProcesSses......c.ccooeevviviiiiiieiiieiiiieeeeeenns 19
2.5. 1 AMIMONIBL ciiiiiiiiieiie e e reee bbbt e e e e e e e e e e e e e e e e e e e e s s smnnns 20
2.5.2 CRIOMIUE. ... 21



2.5.3 Chloride-ENNanCEed ........ccooeieeie e 28.

2.5.4 NItric/SUIfUNIC @CId ........oveieiiiiiiiiie e 30
2.5.5 SUIALE ..ot e 31
2.5.6 Competing TEChNOIOGIES .......uuiiiiie e ettt e e e e e e e eees 38
2.6 Namibia Custom SMEIEr.........cooiiiiiii e 39
CHAPTER 3 ARSENIC PROCESSING AND FIXATION ....oeeeeiiiaieeeeeeiie e 41
3.1  Background Of ArSENIC ......couiiiiieiiiiii it cemeee e e e e 41
3.1.1 SOUICES Of AISEINIC ....uuiiiiiiiiiiiiiiiii et eeeeeeeiin e e e e e e e e e e e e e e e e eaee 41
3.1.2 PropertieS Of ArSENIC.......ccuuuuuuuuuiiiieeeeeeiiieas e e e 41
3.1.3 Applications Of AIrSENIC ......uiiiiiiiie e 2.4
3.2 ArSeniC EXIraction PrOCESSES ........cocuuriiriecaiieie et eeee e 43
3.3 Arsenic FiXation PrOCESSES .........ccuvviiieeeiiieiiiiiieeee e 45
G0 Tt R =T 41 )Y/ | S 45
3.3.2 SCOMOILE .....eeveieeeee ettt et e e e 47
3.4  Stability of Arsenic-Bearing ReSIAUES ........ccuueiiiiiiiiiieiiiiieeeeee e 48
CHAPTER 4 ENARGITE ...t e e e e s 49
4.1  Background Of ENAIQIte ........cccoiiiiiiiiiiece e e e enn e e e 49
4.1.1 Properties Of ENArgite ...........uuuueuiiiiireeeeiiiiiee e 49
4.1.2 Enargite OrebOdIES. .........cooviiiiiiiiieet e e e e e e e e e e eeeeeaeeeanne 50
4.2  Enargite Concentrate Treatment OPLiONS..... e eeeeiiiieeiiiiiiiiiiiiiee e Q.5
4.3  Enargite Literature REVIEW .........cooiiiiiiceeeeeiiiiiiii e e 53
4.3.1 Enargite SUrface PropertieS..........uucoieiiieeeeeeeeeeeeeeeeeiiiiii e 53
4.3.2 ENargite TreatMeNTS ........uuuuuuuuee s e e e e e e e e e e e e eeeeeeaeennnnnnan 55
4.3.3 Pyrometallurgical ProCeSSING.......cooviiii ettt 55
4.3.4 BiO-OXIOAUON ...eeiiiiiiiiiiiee et e s e e e e e e enne 56



4.3.5 Hydrometallurgical ProCeSSING .......cieiiiiiceeeeeiiei e 56

4.3.6 Other Processing TEeChNOIOQIES...............oummmmmeeeeennniiieeeeeeeeeeereeeeennnnnnn 58
4.3.7 Pressure OXIAAtION ............ccuvrreeeees s sesrreeee e e s 58
CHAPTER 5 THERMODYNAMIC MODELING ......coiiiiiiiie e 60
5.1  Enargite ThermodyNamiCS ........ccoeeeeeiiii e e e e e et eeeeeeetttbias e e e e e e e aeeeeeas 60
5.2  Metathesis Reaction ThermodyNamiCS ........ e« oaeeeeeeeeeereeeeeeeeininnnnnns 4.6
CHAPTER 6 FEED SAMPLE CHARACTERIZATION ...coutiiiiee e 68
6.1 Marca Punta SampPle ... 68
6.2 High Grade Enargite SampIle .........coooiiiiciieeeieeeiiii e 76
CHAPTER 7 RESEARCH PROGRAM ... ...t e e e 85
7.1 Sample Preparation ...........coooviiiiiiiiiceeeee e s s e s e e e eeeeeeeeeesesssnnnnneeeenne 85
7.2  Chemical Analysis Methods ..........ccoooeeiiiiiieeier e 85
7.2.1 Copper Titration ProCeAUIE..............evivicemmmmiee e e e e e e eeeeeeeeeeeaae s 85
7.2.2 Free Acid Titration ProCedure ............cceeeeeeiieiiiiiiiiieee e 86
7.3 Data ANAIYSIS ...uiii i ettt e e e e e e e e e e e e e e e e ettt n————————rannnn_ 87
7.3.1 Analyzing Results Using Stat-Ease Design EXPert.......cccccvvvvvvvnnnns 87
CHAPTER 8 ATMOSPHERIC PRESSURE LEACHING ... 89
8.1  LeaAChINg TS . .oiii ittt e e e e e e e e e e e e e e e ee e nnnneeeeeeeeee 90
8.1.1 Leach Test ProCedUIe..........coooiiiiiiieeeeeee e al.
8.2 ANAIYSIS. ittt e et re———— e eatarrnnaaa 92
8.2.1 Pregnant Leach Solution ANAIYSIS ...........ammmmeeeeieiieiiiiiiiiiiinne e e 92
8.2.2 Solid Leach Residue ANAlYSIS ..............tummmmmmeerrnnninaaaeeeeeeeeeeeeeeeeeiennnnnns 96
8.2.3 Atmospheric Leach Results Summary.........cccccceeiiiiiniinneeeeiiiieeceeeiee 99
8.2.4 Stat-Ease MOdeliNg ...........uuuuiiiiiiiii e aaL
8.3  Leach Residue Characterization .............cccceereeeeeeriniiieiieee e 101

Vi



CHAPTER 9 AUTOCLAVE LEACHING .....coiiiiiiii e 104

9.1 Autoclave/Pressure Oxidation Leaching TeStS . eeeeeeeerereervriiivnniniiinnnnn.... 104
9.1.1 Autoclave Leach Test ProCcedure .............ceeeeeceeiiniiinieieeniiiiieeee e 108
0.2 ANAIYSIS ittt e et e e et — it ———————————————————— 108
9.2.1 Pregnant Leach Solution ANAlYSIS ...........mmeeeeeeeiiiiiiiiiiiane e 109
9.2.2 Solid Leach Residue ANAIYSIS ..............uummmmmmeerrrmnnannaeeeeeeeeeeeeeeeeeennns 109
9.2.3 Pressure Oxidation Leach Results Summary....ccccee......................... 109
9.2.4 Stat-Ease MOdeliNg ...........uuuuiiiiiiii e 151
9.3 VerifiCation TeSIS....coiiiiiiiii e e e e e 116
9.4  Leach Residue Characterization .............cccccceeuiiiiiiiiiiiiiieiieeeee e 118
9.5 KINELIC TESES ...ttt e e e e e e es 123
9.5.1 KiNEtiC ANAIYSIS......ceeeeeiriiiiiiiiee s e e s et s s e e e e e e e e e e eeeeeeeeannnen 124
9.5.2 Kinetic Leach Residue Characterization..........c...cccoovveeiiiiiniiieeennnne 126
9.5.3 Kinetic MOAeliNg .......cccoviiiieiiiiiiii s e e e e e 134
9.6 High Grade Enargite Leaching ...............oeummmmeeerermmmiiiiiieeeeeeeeseeeeeeesnsnnnnnes 147
9.6.1 High Grade Leach ANalYSIS ........ceiiiiiiiicceeeeii e 147
CHAPTER 10 PROPOSED PROCESS & ECONOMIC EVALUATION........coovviiiiiie. 152
10.1  Smelter TreatMeNt.......cccoiiiiiiiiiiiie s ieeeeee e re e e e e 153
10.2  Capital COSIS ... ittt e e e e e e e e e e e e e e b e rnnneeeeeearee 153
10.3  Operating COSIS....coiiii ittt immmmmme ettt e e e e e e e e e e eea e e e e e 155
10.4 NPV ANAIYSIS. ..ottt e b s 157
CHAPTER 11 RESULTS ...t eeemmm ettt e e e e e e nme st e e e e e e enaan s 160
CHAPTER 12 CONCLUSIONS ...ttt e e e et e e e e e e ees e s e e e eenennns 162
CHAPTER 13 SUGGESTIONS FOR FURTHER WORK ... 163
REFERENCES CITED ... .ot e e e e e e e ennes 165

Vii



SELECTED BIBLIOGRAPHY ...t 174

APPENDIX A Eh-pH DIAGRAMS BY TEMPERATURE ......coomiiiiiiiiiiiiiiiiiieeeeeeee e 210
APPENDIX B Eh-pH DIAGRAMS BY MOLALITY ..ottt 221
APPENDIX C MASS BALANCES ...t 228
C.1 Atmospheric Pressure Leach Mass BalancCe ...cceceeecovviiiiiiiiiiiiiiiiieeeeiiinnnn. 228
C.2  Pressure Oxidation Leach Mass Balance......ccccceciviiiiiiiiiiiiiiiiiiieeeeeeeen 237
APPENDIX D STAT-EASE STATISTICAL DATA ... e 256
D.1  Atmospheric Leach Model ANOVA ... 256
D.1.1 Response 1: Arsenic Extraction ANOVA & DiagnostiatB................. 256
D.1.2 Response 2: Copper Difference ANOVA & Diagnostidda.............. 265
D.1.3 Response 3: Iron Extraction ANOVA & Diagnostic Data................. 275
D.1.4 Response 4: Acid Consumption ANOVA & Diagnostic ®at............. 278
D.1.5 Model Graphs......cccoiiiiiiiie e eeeeee e 287
D.2  Pressure Oxidation Leach Model Fit Summaries & AMOV.............cccvveeeeee. 287
D.2.1 Response 1: Arsenic Extraction ANOVA & DiagnostiatB................. 287
D.2.2 Response 2: Copper Difference ANOVA & Diagnostidda.............. 300
D.2.3 Response 3: Iron Extraction ANOVA & Diagnostic Data................. 310
D.2.4 Response 4: Acid Consumption ANOVA & Diagnostic ®at............. 320
D.2.5 Model Graphs......coooiiiiiieiiiii e 330

viii



Figure 1.1

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10
Figure 2.11
Figure 2.12

Figure 2.13

Figure 2.14
Figure 2.15

Figure 2.16

LIST OF FIGURES

Health Data from Inhalation Exposure (Inorganicekig) (“Arsenic Compounds

| Technology Transfer Network Air Toxics Web Sité§ EPA” 2012). .............. 3
World mine production of copper in the 20th andtZEnturies through Nov.
2011 (Kelly and MatoS 2011). ....iieeeee e e eeeee s 6
Goldman Sachs copper supply/demand balance (“Eukdgils & Mining: Base
MELAIS” 2012)....ciiiiiiiii et e e e ettt e e e e e e e e e 6
Primary copper concentrate smelters of the wor20h0 (Schlesinger et al.
2000 it —————— 1ttt ettt aaaaa bbb bbb nrn e 8
Primary copper concentrate smelters of the worchc2002 (Davenport et al.
2002). ettt ——————— 1 — 11—ttt e taaaa e bbb bbb nr e 9
Historical price of copper (23 years) (“Chart Beitd Charts & DataMine” 2012).
..................................................................................................................... 10
Viscosity of molten sulfur as a function of tempera (Bacon and Fanelli 1943),
(J. O. Marsden, Wilmot, and Hazen 2007@). .occoccveeevevieiiiiiieieeeeeeeeeeeeeeeennnns 18
Anaconda Arbiter process flowsheet (Arbiter and Mit}N1999)...................... 20
Sherritt Gordon process flowsheet (“Uses Ammoniadbefor Lynn Lake Ni-Cu-
CO SUIPhIdES” 1953). ... e 22
Generalized flowsheet for the processing of cogpéide ores by cupric chloride
[EACKING. ...t e 23
Intec process flowsheet (Milbourne et al. 2003)............coovvvvviiiiiiiiiiiiieeeeeee, 24
CLEAR process flowsheet (Atwood and Livingston 1P80...............ccceeeeeeeeee. 25
Cymet process flowsheet (McNamara, Ahrens, anddkrd@78). ..................... 27
Outotec’s HydroCopper process flowsheet (“Outotédpplication -
HydroCopper®” 2012). ....cccceeeeeeeeeeeeeeeeeeeeenes s e e e e e e e e e e e e e e e e e e e eenaeeas 28
Activox process flowsheet (Palmer and Johnson 2005).............ccccccceeieeeeee, 29
CESL process flowsheet (Milbourne et al. 2003)..ccc..ccovveeeeeeiiiiiieeein, 30
NSC process flowsheet from Sunshine (Ackerman arghis 1986). ............... 31

iX



Figure 2.17
Figure 2.18
Figure 2.19
Figure 2.20
Figure 2.21
Figure 2.22
Figure 2.23
Figure 2.24

Figure 3.1

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Dynatec process flowsheet (Milbourne et al. 2003)...........ovvvviiiiiiiiiiniinniinnn, 32

Proposed Chelopech POX process flowsheet (Chad2@@g). ......................... 33
Mt. Gordon process flowsheet (Arnold, Glen, andhiRiond 2003). .................. 35
Kansanshi process flowsheet (Mwale and Megaw)............cccceeeveeieieeeeeennenee. 36
NENATECH process flowsheet. ... 36

Sepon process flowsheet (Baxter, Dreisinger, aatt P003). ..........cccceeeeeeeeennn. 37
Galvanox process flowsheet (Dixon, Mayne, and Ba@©8). ......................... 37
Phelps Dodge Morenci POX flowsheet (Cole and Wil2@@9). ....................... 38

Eh-pH equilibrium diagram for the As-B system at 25 C and unit activity of all
species (RODINS 1988). .......ccuuuuiiiiiiieeeeeeeiiiiisse e e e e e e e e e nannes 44

Eh-pH diagram of the GAsS,-H,0O system at 25 C where the activities of
soluble Cu, As and S are equal to 0.1. The dalhesirepresent S-®

equilibria and short dashed lines are AfSHequilibria (Padilla, Rivas, and Ruiz
2008). e tettetit it ——————— 1ttt ittt taaaaaaan bbb e 62

Eh-pH diagram of the GAs$-H,0 system at 200 C where the activities of
soluble Cu, As and S are equal to 0.1. The dalhesrepresent S-®

equilibria and short dashed lines are AfHequilibria (Padilla, Rivas, and Ruiz
2008). e tettiiit et ——————— 11—ttt ittt taaaaa i bab b nnes 63

Stabcal Eh-pH diagram of the ¢AsS,-H,0 system at 25 C where the activities
of soluble Cu, As and S are equal to 0.1. The lhes represent S-40
equilibria and As-HO eqUIlIDIIAL .......coooiiiiiiiiieee e 65

Stabcal Eh-pH diagram of the €AsS;-H,0 system at 200 C where the activities
of soluble Cu, As and S are equal to 0.1. The bhes represent S-4d

equilibria and As-HO eqUIlIDIIAL ......cccoeeeeieiiieeeee e 66
XRD qualitative analysis on Marca Punta indicates the primary minerals are
enargite, CyAsS, and Villamaninite, Cu, FES..........coovvviiiiiiiiii e, 69
MLA-determined particle size distribution for theakta Punta Sample............. 70

Classified MLA false color image of Marca Punta $#&n Particle inset units are
in pixels (upper right) and concentration paletéues are in surface area
percentage for the overall sample (Upper left)u . 71

BSE image of the Marca Punta Sample with enargitg &and pyrite (Py) grains
IN the agglOMErate. .........ovviiiiiii et e e e e e e e e e e e e e e s e eeenreeeenees 72



Figure 6.5
Figure 6.6
Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 8.1
Figure 8.2
Figure 8.3

Figure 8.4

Figure 8.5

Figure 8.6
Figure 9.1

Figure 9.2

Figure 9.3

Figure 9.4

Figure 9.5

Figure 9.6

Figure 9.7

BSE image of the Marca Punta Sample. ... 37
Marca Punta FCX QEMSCAN Liberation. .........ccceeevviiiiiiiiiiiiiii e 76
High grade enargite specimens from Butte, Montana..............cccccceeeeeeeeneeeee. 77

XRD gualitative analysis on High Grade Enargite Sknindicated the presence
of enargite, quartz, sphalerite and PYrite. ....oce.eeiiiiiiiiiiiiii e 78

Measured and WPPF-calculated diffractograms anduaisplot for the High
Grade Enargite SAmMPIE. ......ouuuiiiiiiiieeiieee e 79

Classified MLA image of the High Grade Enargite $&n Particle inset units
are in pixels and concentration palette valuesraserface area percentage. ..... 80

BSE image of the High Grade Enargite Sample...ccccc.ooovvvvviiiiiiiiiiieieeeeeeeee, 80
Atmospheric pressure agitated leach experimentapatent setup. .................. 90
Plot of hourly pH readings on PLS samples from §@s19..................ccceeeveee 93
Plot of hourly ORP readings on PLS samples fromsTeslo...........ccccoeeeeeees 94

Stat-Ease Design Expert 3-D surface plot of arsexiiaction as a function of
initial acid concentration and teMpPEerature. ..ccccc.....cceeeeineeeeeeeeeeeeeeeeeiiiiiaens 100

Classified MLA false color image from the #7 re@dample. Concentration

palette values are in surface area PerCentage. wu .. .uvueecrirreereeeeeeeeeeeeeeannnd 03L
BSE image from the #7 leach residue sample.....ccccccceeeeeeieieieiiiiiiiiiiiiiiis 103
Pressure oxidation autoclave experimental equIpEEIOP. ...........ccoevvvveeennnns 106

Stat-Ease Design Expert 3-D surface plot of arsexiiaction as a function of
tIME AN SOlIAS. .o 115

Classified MLA false color image from the #33 comape leach residue. Particle
inset units are in pixels (upper right) and conarmin palette values are in
surface area percentage for the overall sample............oooovviiiiiiiiiiiieeeeen, 121

BSE image from the #33 composite leach residue antrgite (En) and pyrite
(4 TS SSEUPPRRRR 122

Particle size distribution (left) and mineral graize distributions (right) of
enargite and pyrite for the #33 composite leaclltes............cccceeevevieeeeennnne. 123

Mineral locking for pyrite and enargite for the #8@mposite leach residue. ... 123

Classified MLA image from the K-1 leach residue............ccccoovvvvvvvciiinnnnnnn. 130

Xi



Figure 9.8

Figure 9.9

Figure 9.10
Figure 9.11
Figure 9.12

Figure 9.13

Figure 9.14
Figure 9.15
Figure 9.16

Figure 9.17

Figure 9.18
Figure 9.19
Figure 9.20

Figure 9.21

Figure 9.22
Figure 9.23
Figure 9.24

Figure 9.25

Figure 9.26

Figure 9.27

Figure 9.28

BSE image from the K-1 leach residue.............cooiiiiiiiiiiiiiiiiiiiiin a3

Particle size distribution (left) and mineral graize distributions (right) of

enargite and pyrite for the K-1 leach residue............ccooeeeiiiiiiiiiiiiiiiiiinnns 311
Mineral locking for pyrite and enargite for the Klelach residue. .................... 131
Classified MLA image from the K-2 leach residue............cccccovvvviiiiiiinnnnnnn. 132
BSE image from the K-2 leach residue..........ccccceeiiiiiiiiiiiiiiiieeen 23
Particle size distribution (left) and mineral graize distributions (right) of
enargite and pyrite for the K-2 leach residue............ccccoeeeevvviviieeiiiiiiiinns 33l
Mineral locking for pyrite and enargite for the Klgach residue. .................... 133
Covellite is highlighted in the MLA image from te3 leach residue. ........... 135
BSE image from the K-3 leach residue.............ccooiiiiiiiiiiiiiiiiiinn 513
Particle size distribution (left) and mineral graize distributions (right) of
enargite and pyrite for the K-3 leach residue...........ccccooeeiiiiiiiiiiiiiiiiiiinns 361
Mineral locking for pyrite and enargite for the Kléach residue. .................... 136
MLA image from the K-4 leach residue with quartzyrite. .............ccceeeee 137
BSE image from the K-4 leach residue.........cccccceeeiiiiiiiiiiiiiiieceee e, 713
Particle size distribution (left) and mineral graize distributions (right) of
enargite and pyrite for the K-4 leach residue............cccceeeeeviiiviieeiiiiiiiinns 38L
Mineral locking for pyrite and enargite for the Kleach residue. .................... 138
MLA image from the K-5 leach residue. .......cccceeuiiiiiiiiiiiii, 139
BSE image from the K-5 leach residue.............cooiiiiiiiiiiiii a3
Particle size distribution (left) and mineral graiae distributions (right) of
enargite and pyrite for the K-5 leach residu@...........ccccoeeeieiiiiiiiiciciiiinn 401
Mineral locking for pyrite and enargite for the Kléach residue. .................... 140

Representation of concentrations of reactants apdugts for the reaction A(g) +
bB(s) solid product for a particle of unchanging size\enspiel 1999)...... 141

Representation of a reacting particle when diffagloough film is the
controlling resistance (Levenspiel 1999). ... oiiieeeeeieiieiieeiiieee e 142

Xii



Figure 9.29

Figure 9.30

Figure 9.31

Figure 9.32

Figure 9.33
Figure 9.34
Figure 9.35
Figure 9.36
Figure 10.1
Figure A.1
Figure A.2
Figure A.3
Figure A.4
Figure A.5
Figure A.6
Figure A.7
Figure A.8
Figure A.9
Figure A.10
Figure A.11
Figure A.12
Figure A.13

Figure A.14

Representation of a reacting particle when diffagirough the ash layer is the
controlling resistance (Levenspiel 1999). ... oiiieeeeeeiiiiieeeeieeee e 142

Representation of a reacting particle when chemezadtion is the controlling
resistance, the reaction being A(g) + bB(s)products (Levenspiel 1999). ..... 143

Progress of reaction of a single spherical partagta surrounding fluid measured
in terms of time for complete reaction (Levensi@99)...............ccccevvvvvvvvnnnns 145

Progress of reaction of a single spherical partagta surrounding fluid measured

in terms of time for complete conversion (Levenkp899). .............ccevvvvennnnnn. 145
Progress of POX KIiNetiC reaCtioNS. .........ccceeeeeeiiiieiiiiiiiiiiiiineeee e e 146
Kinetic data plotted for fluid film control. ..., 148
Kinetic data plotted for chemical control......ccc...ovveeiiiiiiiiiiiiis 148
Kinetic data plotted for pore diffusion CONtrol..............ccccoovviviieiiiiccinn a4
Schematic of proposed enargite pressure oxidalimovsheet. .......................... 152
HSC 7.1 Eh-pH stability diagram for the Cu-SéHsystem at 25 C.................. 210
HSC 7.1 Eh-pH stability diagram for the Cu-S€Hsystem at 50 C. ................ 211
HSC 7.1 Eh-pH stability diagram for the Cu-SéHsystem at 75 C.................. 211
HSC 7.1 Eh-pH stability diagram for the Cu-S€Hsystem at 100 C. .............. 212
HSC 7.1 Eh-pH stability diagram for the Cu-SéHsystem at 125 C................ 212
HSC 7.1 Eh-pH stability diagram for the Cu-S€Hsystem at 150 C. .............. 213
HSC 7.1 Eh-pH stability diagram for the Cu-SéHsystem at 175 C................ 213
HSC 7.1 Eh-pH stability diagram for the As®isystem at 25C..................... 214
HSC 7.1 Eh-pH stability diagram for the As®isystem at 50 C..................... 214
HSC 7.1 Eh-pH stability diagram for the As®isystem at 75C..................... 215
HSC 7.1 Eh-pH stability diagram for the As®isystem at 100 C................... 215
HSC 7.1 Eh-pH stability diagram for the As®isystem at 125C................... 216
HSC 7.1 Eh-pH stability diagram for the As®isystem at 150 C................... 216
HSC 7.1 Eh-pH stability diagram for the As®isystem at 175C................... 217

Xiii



Figure A.15
Figure A.16
Figure A.17
Figure A.18
Figure A.19
Figure A.20
Figure A.21

Figure B.1

Figure B.2

Figure B.3

Figure B.4

Figure B.5
Figure B.6
Figure B.7
Figure B.8
Figure B.9
Figure B.10
Figure B.11
Figure B.12
Figure D.1
Figure D.2
Figure D.3

Figure D.4

HSC 7.1 Eh-pH stability diagram for the S@Hsystem at 25C.............cuueen..e. 217

HSC 7.1 Eh-pH stability diagram for the S@Hsystem at 50 C. ...................... 218
HSC 7.1 Eh-pH stability diagram for the S@Hsystem at 75C...........coovvnnn..e. 218
HSC 7.1 Eh-pH stability diagram for the S@isystem at 100 C. .................... 219
HSC 7.1 Eh-pH stability diagram for the S@isystem at 125C...................... 219
HSC 7.1 Eh-pH stability diagram for the S@isystem at 150 C. .................... 220
HSC 7.1 Eh-pH stability diagram for the S@Hsystem at 175C..................... 220

HSC 7.1 Eh-pH stability diagram at 25 C for the S44,0 system at 0.1 molal.
................................................................................................................... 221

HSC 7.1 Eh-pH stability diagram at 25 C for the S44,0 system at 0.3 molal.
................................................................................................................... 222

HSC 7.1 Eh-pH stability diagram at 25 C for the S44,0 system at 0.5 molal.
................................................................................................................... 222

HSC 7.1 Eh-pH stability diagram at 25 C for the S44,0 system at 0.7 molal.
................................................................................................................... 223

HSC 7.1 Eh-pH stability diagram at 25 C for the Ag0 system at 0.1 molal. 223
HSC 7.1 Eh-pH stability diagram at 25 C for the AgD system at 0.3 molal. 224
HSC 7.1 Eh-pH stability diagram at 25 C for the IAg0 system at 0.5 molal. 224

HSC 7.1 Eh-pH stability diagram at 25 C for the IAgD system at 0.7 molal. 225

HSC 7.1 Eh-pH stability diagram at 25 C for the ga+Hsystem at 0.1 molal. .. 225
HSC 7.1 Eh-pH stability diagram at 25 C for the 8Hsystem at 0.3 molal... 226
HSC 7.1 Eh-pH stability diagram at 25 C for the &aHsystem at 0.5 molal. .. 226
HSC 7.1 Eh-pH stability diagram at 25 C for the 8+kystem at 0.7 molal... 227
Stat-Ease Normal Plot of Residuals for arsenicaexion model. ..................... 260
Stat-Ease Residuals vs. Predicted for arsenicaidramodel. ........................ 260
Stat-Ease Residuals vs. Run for arsenic extractioel. ..................ccccceeeeene 261
Stat-Ease Predicted vs. Actual for arsenic exwaatiodel. ............................. 261

Xiv



Figure D.5

Figure D.6

Figure D.7

Figure D.8

Figure D.9

Figure D.10
Figure D.11
Figure D.12
Figure D.13
Figure D.14
Figure D.15
Figure D.16
Figure D.17
Figure D.18
Figure D.19
Figure D.20
Figure D.21
Figure D.22
Figure D.23
Figure D.24
Figure D.25
Figure D.26
Figure D.27
Figure D.28

Figure D.29

Stat-Ease Box-Cox Plot for Power Transformatiomsafsenic extraction model.

................................................................................................................... 262

Stat-Ease Residuals vs. Initial Acid for arsenitaotion model. ..................... 262
Stat-Ease Externally Studentized Residuals fomarsxtraction model. ........ 263
Stat-Ease Leverage vs. Run for arsenic extractiogem......................ccoovvenn. 263
Stat-Ease DFFITS vs. Run for arsenic extractionehad................ccccvvvvneee. 264
Stat-Ease DFBETAS for Intercept vs. Run for arsemitaction model........... 264
Stat-Ease Cook's Distance for arsenic extractiodaho.................eeeveeevinnnnnn. 265
Stat-Ease Normal Plot of Residuals for copper dbffiee model. ..................... 270
Stat-Ease Residuals vs. Predicted for copper diffe model. ........................ 270
Stat-Ease Residuals vs. Run for copper differenogefn..............ccoooeeeeeiineeee. 271
Stat-Ease Predicted vs. Actual for copper diffeeemodel. ..............cceeeeeene. 271

Stat-Ease Box-Cox Plot for Power Transforms forpsoglifference model. ... 272

Stat-Ease Residuals vs. Initial Acid for coppefetégnce model. ..................... 272
Stat-Ease Externally Studentized Residuals for eodgference model.......... 273
Stat-Ease Leverage vs. Run for copper differencgemo................cccvvvennnnn. 273
Stat-Ease DFFITS vs. Run for copper difference rhode..............ccceeeeeee 274
Stat-Ease DFBETAS for Intercept vs. Run for coppference model........... 274
Stat-Ease Cook's Distance for copper differenceahod..............cccvvveennnn. 275
Stat-Ease Normal Plot of Residuals for iron extoacmodel........................... 280
Stat-Ease Residuals vs. Predicted for iron extvagtiodel. ...............cccceeeen 280
Stat-Ease Residuals vs. Run for iron extractionehad..............ccccceveeininnee. 281
Stat-Ease Predicted vs. Actual for iron extractimudel. .............cccevvvviveninnnn. 281
Stat-Ease Box-Cox Plot for Power Transforms fon ieatraction model. ........ 282
Stat-Ease Residuals vs. Initial Acid for iron egtian model. .......................... 282
Stat-Ease Externally Studentized Residuals for éxdmaction model. ............. 283

XV



Figure D.30
Figure D.31
Figure D.32
Figure D.33
Figure D.34
Figure D.35
Figure D.36
Figure D.37

Figure D.38

Figure D.39
Figure D.40
Figure D.41
Figure D.42
Figure D.43
Figure D.44

Figure D.45

Figure D.46

Figure D.47
Figure D.48

Figure D.49

Figure D.50
Figure D.51

Figure D.52

Stat-Ease Leverage vs. Run for iron extraction mode............cccoeeeeeeveennnnnn. 283

Stat-Ease DFFITS vs. Run for iron extraction madel...........cccccvvvvvieiinnnnnn. 284
Stat-Ease DFBETAS for Intercept vs. Run for irotr&stion model. .............. 284
Stat-Ease Cook's Distance for iron extraction madel..............cccccvvvvvieneneen. 285
Stat-Ease Normal Plot of Residuals for acid condionpnodel. ..................... 289
Stat-Ease Residuals vs. Predicted for acid consamptodel. ........................ 289
Stat-Ease Residuals vs. Run for acid consumptiothemno...............cceeevvvvnnnnns 290
Stat-Ease Predicted vs. Actual for acid consumptiodel. ................cccceeennn. 290

Stat-Ease Box-Cox Plot for Power Transformatiomsafod consumption model.

................................................................................................................... 291

Stat-Ease Residuals vs. Initial Acid for acid conption model. ..................... 291
Stat-Ease Externally Studentized Residuals for eaisumption model. ........ 292
Stat-Ease Leverage vs. Run for acid consumptioreod...........cccooeeeeeeeene. 292
Stat-Ease DFFITS vs. Run for acid consumption madel.............ccoeeeeeenn. 293
Stat-Ease DFBETAS for Intercept vs. Run for acidstonption model........... 293
Stat-Ease Cook's Distance for acid consumption made................cccevvenenee 294

Stat-Ease 3-D plot of effect of initial acid andhigerature on arsenic extraction.

................................................................................................................... 294
Stat-Ease initial acid and temperature perturbdtomrsenic extraction model.
................................................................................................................... 295
Stat-Ease initial acid factor plot for arsenic agtron model. ........................... 295
Stat-Ease temperature factor plot for arsenic etitnamodel...............ccc........ 296

Stat-Ease initial acid and temperature contour fploarsenic extraction model.

................................................................................................................... 296

Stat-Ease cube plot for arsenic extraction madel..............cccccoeeiiiiiiiin. 297
Stat-Ease Normal Plot of Residuals for arsenicaexion model. ..................... 302
Stat-Ease Residuals vs. Predicted for arsenicaidramodel. ........................ 302

XVi



Figure D.53
Figure D.54
Figure D.55
Figure D.56
Figure D.57
Figure D.58
Figure D.59
Figure D.60
Figure D.61
Figure D.62
Figure D.63
Figure D.64
Figure D.65
Figure D.66
Figure D.67
Figure D.68
Figure D.69
Figure D.70
Figure D.71
Figure D.72
Figure D.73
Figure D.74
Figure D.75
Figure D.76

Figure D.77

Stat-Ease Residuals vs. Run for arsenic extraatiogel...............ccooveevenvennnn.. 303
Stat-Ease Predicted vs. Actual for arsenic exwaatodel. ...........ccccevveveeneen. 303

Stat-Ease Box-Cox Plot for Power Transforms foemis extraction model. ... 304

Stat-Ease Residuals vs. Time for arsenic extractiodel. ................cccccoeeunneee. 304
Stat-Ease Externally Studentized Residuals fomazsxtraction model. ........ 305
Stat-Ease Leverage vs. Run for arsenic extractiotem....................ccceeeeeee. 305
Stat-Ease DFFITS vs. Run for arsenic extractionehad..................ccccevveeeee. 306
Stat-Ease DFBETAS for Intercept vs. Run for arsemitaction model........... 306
Stat-Ease Cook's Distance for arsenic extractiodaio................cccccoeeuvneeeee. 307
Stat-Ease Normal Plot of Residuals for copper tbfiee model. ..................... 312
Stat-Ease Residuals vs. Predicted for copper diffe model. ........................ 312
Stat-Ease Residuals vs. Run for copper differenogef................ccooeeeeeenn. 313
Stat-Ease Predicted vs. Actual for copper diffeeemodel. ... 313

Stat-Ease Box-Cox Plot for Power Transforms forpsopifference model. ... 314

Stat-Ease Residuals vs. Time for copper differenodel. ... 314
Stat-Ease Externally Studentized Residuals for eodgference model.......... 315
Stat-Ease Leverage vs. Run for copper differencgemo...............cccvvveeennnn. 315
Stat-Ease DFFITS vs. Run for copper difference rhode..............cccceeeeee 316
Stat-Ease DFBETAS for Intercept vs. Run for copperence model........... 316
Stat-Ease Cook's Distance for copper differenceahod...............ccovvvvnnnnnnn. 317
Stat-Ease Normal Plot of Residuals for iron extoactmodel. .......................... 322
Stat-Ease Residuals vs. Predicted for iron extvagtiodel. ..............cceevveeennnen. 322
Stat-Ease Residuals vs. Run for iron extractionehad.................ccoeeeeveeennnns 323
Stat-Ease Predicted vs. Actual for iron extractimudel. .............c.oevvvvieviininnnnn. 323
Stat-Ease Box-Cox Plot for Power Transforms fon iextraction model. ........ 324

XVii



Figure D.78 Stat-Ease Residuals vs. Time for iron extractioml@ho..................cccvvvevveeneee. 324
Figure D.79 Stat-Ease Externally Studentized Residuals for éxdmaction model. ............. 325
Figure D.80 Stat-Ease Leverage vs. Run for iron extraction rhode..........ccccooeveeiieeeinnnnn. 325
Figure D.81 Stat-Ease DFFITS vs. Run for iron extraction madel............cccooooeeeeeeinnn. 326
Figure D.82 Stat-Ease DFBETAS for Intercept vs. Run for irotr&stion model. .............. 326
Figure D.83 Stat-Ease Cook's Distance for iron extraction madel..............ccccevvvvvvnnnnnns 327
Figure D.84 Stat-Ease Normal Plot of Residuals for acid congionpnodel....................... 332
Figure D.85 Stat-Ease Residuals vs. Predicted for acid consamptodel. ........................ 332
Figure D.86 Stat-Ease Residuals vs. Run for acid consumptiotheno...............cccevvvvenneeens 333
Figure D.87 Stat-Ease Predicted vs. Actual for acid consumptiodel. ................ccccceennnn. 333
Figure D.88 Stat-Ease Box-Cox Plot for Power Transforms fod @onsumption model. ... 334
Figure D.89 Stat-Ease Residuals vs. Time for acid consumptiodeh......................ooeeee. 334
Figure D.90 Stat-Ease Externally Studentized Residuals for eamumption model. ........ 335
Figure D.91 Stat-Ease Leverage vs. Run for acid consumptioreinod..........ccccoeeveeeeeennn. 335
Figure D.92 Stat-Ease DFFITS vs. Run for acid consumption madel...........cccccoeeeeeeenn. 336
Figure D.93 Stat-Ease DFBETAS for Intercept vs. Run for acidstomption model........... 336
Figure D.94 Stat-Ease Cook's Distance for acid consumption nade................ccceevveenee 337
Figure D.95 Stat-Ease 3-D plot of effect of time and solidsagsenic extraction................. 337
Figure D.96 Stat-Ease perturbation plot for arsenic extractm@uel.................ceoevivvviiiinnnns 338
Figure D.97 Stat-Ease solids factor plot for arsenic extractmadel...............cccvvvvveiieennnnn. 338
Figure D.98 Stat-Ease time factor plot for arsenic extractiadsl. ................ccoeoeiiiiiiiininns 339
Figure D.99 Stat-Ease time and solids contour plot for arserttaction modeil................... 339
Figure D.100 Stat-Ease cube plot for arsenic extraction madel.............ccccoviiiiiiiiiiinnnnn. 340
Figure D.101 Stat-Ease cube plot for arsenic extraction model.............cccvvvvvviiiiiciiennnnn. 340

Xviii



Table 1.1

Table 2.1

Table 2.2
Table 4.1
Table 4.1

Table 5.1

Table 5.2

Table 6.1
Table 6.2
Table 6.3
Table 6.4
Table 6.5
Table 6.6
Table 6.7
Table 6.8
Table 6.9
Table 6.10
Table 6.11
Table 6.12
Table 6.13

Table 6.14

LIST OF TABLES

Copper Smelter SChedule........ ... 4
Goldman Sachs Copper Supply/Demand Balance (“EuMptals & Mining:

Base MetalS” 2012) .......cooeeieieiiiiiiiiiee e e e e ettt s s s e e e e e e e e e e e e e e eee et e nnnnreaaaane 7
Historical Developments in Pressure Hydrometalluiidgtbashi 2004).............. 17
Worldwide Enargite Containing Orebodi€s.....ccccceveveeeeivivevveeiiiiiiie e, 51
CONINUE ...ttt ettt e e e e e aeeeeesne e e e eees 52
Standard Gibbs Free Energy of Formation for Enardiadilla, Rivas, and Ruiz
2008) ...ttt et er et ee et et een e e en e, 61
Standard Free Energy for the Various Species iicthipH Diagrams (Padilla,
Rivas, and RUIZ 2008) .........ccoiiiiiiiiiiiimmmome ettt eeeeeee e 61
Marca Punta CAMP Concentrate ANalySIS.........cceeeeiiiiieeeeeiieieeeeiiiiicene e 68
Phase/Mineral Concentrations for the Marca Puntgpta(wt%) ...................... 70
MLA-Calculated Bulk Elemental ANalySiS (WL0) .. eeeeeeverrrrrniiiiieieeeeeeneenne. 71
(@] 401 =T 1Ko ] o PR 73
Marca Punta FCX XRD Bulk Mineralogy...........ccccvviivieeeuiiiiiiiiiiee e eeeeeeeeee 73
Marca Punta FCX ICP Elemental ANalySIS .....cucuueoiiiiieieiiiiiiiiiiiiiiiiiine e 74
Marca Punta FCX QEMSCAN Bulk Mineralogy ......cccccvvveeveiiiiiiiiiiiniieeeeeeenn, 75
Marca Punta FCX QEMSCAN Liberation ..........ccceeeiviiiiiiiiiiiiiieiieeeeeeeas 76
High Grade Sample ANalYSIS...............vsmmmmmmreeennnnniaseeeeeeeeeeeeeeeenirannnnnn e 78
Modal Mineral Content of the High Grade Enargitenpée (Wt%) ...........ccceenn.. 81
MLA-Calculated Bulk Elemental ANalySiS (WL0) .. eeeeevrerrurriiiiaieieeeeeeneeene. 82
Copper Distribution in the Enargite Sample by Maler................ccccevvvviiiinnnns 83
Iron Distribution in the Enargite Sample by Mineral.............cccvieiieeennnn. 83
Sulfur Distribution in the enargite sample by mader..............cccevviiiiiciiiennn. 83

XiX



Table 6.15
Table 8.1
Table 8.2
Table 8.3
Table 8.4
Table 8.5
Table 8.6
Table 8.7
Table 8.8
Table 8.9
Table 9.1
Table 9.2
Table 9.3
Table 9.4
Table 9.5
Table 9.6
Table 9.7
Table 9.8
Table 9.9
Table 9.10
Table 9.11
Table 9.12
Table 9.13
Table 9.14

Table 9.15

(@] 401 =11 Ko ] o P 84
1/2 Factorial DOE for Atmospheric Pressure LeacstIe........ccccoeeevvvieeeeennnnnn.. 89
Experimental Order of Atmospheric Leach TestS........ooooeeviiiiiiiiiiiiiiiiiiinenn 91
Copper Titration Results on Final PLS.......coceeeiiiiiiiiiee e 95
Free Acid Titration Results on Final PLS.............coooii e 96
ICP by CAMP at Montana TeCh .........cccoovviiiieeee e a7
Solid Leach Residue Assays Performed by Chris @mierson, Inc. ............... 98
Atmospheric Leach ReSultsS SUMMANY .........ocooeeeiiiiiiiiee e 99
Phase/Mineral Concentrations for Leach Residue.#7.............cccccvveeiinnnnee 101
MLA-Calculated Bulk Elemental AnalySis .......ccccuvvuiiiiiiiiieeeeeeeceeeeeeeiiien 102
1/2 Factorial DOE for Pressure Oxidation Leach est............ccccccvvvvvnnnnnen. 105
Experimental Order of Pressure Oxidation Leachslest...........cccceevviieeeeeenn. 107
Copper Titration Results on Final PLS ... 110
Free Acid Titration Results on Final PLS............ocooiiiiieeen n
ICP results ON PLS ... 112
Solid Leach ReSIdUE ASSAYS .........cceevviiememmemeeeeeee et e e e e e e e aeeens 113
POX Leach ReSUltS SUMMAIY ........cuuuuiiiiieeeiiii e 114
Copper Titration Results on Final PLS......coooeeeiiiiiieeeeeeeeii 117
Free Acid Titration Results on Final PLS............cccooi i 17
ICP reSUItS ON PLS ...t eereeet e e e 117
Solid Leach ReSIdUE ASSAYS ........ccoviiiiimmmmmmme ettt a e ee e 117
POX Verification Leach Results SUMMArY ......coceeeiiiiiiiiie e 118
Mineral Grade for POX Head Sample & Leach Residi@ @omposite.......... 119
MLA-Calculated Bulk Elemental AnalySis .......ccccuvvuiiiiiiiieieeeeeeceeeeeiin 120
Arsenic Distribution for #33 COMPOSITE ......ccrc e 201

XX



Table 9.16
Table 9.17
Table 9.18
Table 9.19
Table 9.20
Table 9.21
Table 9.22
Table 9.23
Table 9.24
Table 9.25
Table 9.26
Table 9.27
Table 9.28

Table 9.29

Table 9.30
Table 9.31
Table 9.32
Table 9.33
Table 9.34
Table 9.35
Table 9.36
Table 9.37
Table 10.1

Table 10.2

Copper Distribution for #33 COMPOSILE .....cccreeeiiieiieiieieeeei e 014
Iron Distribution for #33 COMPOSILE...........ccevvviriiiiiiiiiiiie e 121
Leach Conditions for KiNetiC TESIS ......cuvi oo 124
(@] o] o L= gl N1 1= 11 0] o 124
Free ACId TIIAtIONS .....coooiiiiiiee et ee e e e e 124
ICP Results on PLS Performed by Hazen Research...............cccccceeieeennnnn. 125
Solid Leach Residue Assays Performed by Hazen Rédsea...........cccccee... 125
Kinetic Leach ReSUItS SUMMAIY.............. o e e eeeeeeeeeeeeiiiiiiiinnee e eeeeeeaeens 126

Phase/Mineral Concentrations for K-1 through K-adle Residues in wt %... 127

MLA-Calculated Bulk Elemental AnalySis .......ccccuvvuiiiiiiiiieeeeeeeceeeeeeeiiien 128
Arsenic Distribution for #33 COMPOSITE ......uccrci e 281
Copper Distribution for #33 COMPOSILE .......cceeeeeeiieereeeeeer e e e a2
Iron Distribution for #33 COMPOSILE..........ccoviiiiiiiiiiiiiiiiie e 129
Conversion-Time Expressions for Spherical Partjcisinking-Core Model
(Levenspiel 1999) ... mmmmmm e 144
Kinetic CalCUlatioNS...........cooiiiiiiiiiiiee et 146
Leach Conditions for High Grade Enargite TeStS.......ccccoevvviiiiiiiiiiiiiiiiiiiinns 149
(@] o] o L= gl N1 1= 11 0] o 149
Free ACId TIIAtIONS ......oooiiiiiiee e e e e e 150
ICP Results on PLS Performed by Hazen Research................cccceeeieeennnnn. 150
Solid Leach Residue Assays Performed by Hazen Résea...........ccccceen..... 150
High Grade Leach ReSUItS SUMMAIY..........coummmmeeeeeeeeeeeeieireeeeiiiiinnd aL5
Comparative Leach Summary for High Grade vs. PGXste...........cccceeeeees 151
Copper Smelter Limits & Penalties .........cccceeiiiieieiiiiiiieeeeeiee e 154

Marshall & Swift Economic Indicators (“Economic liedtors” 2011; “Economic
o [T0= 100 ] £ 1 1 ) 155



Table 10.3

Table 10.4

Table 10.5

Table 10.6
Table 10.7
Table 10.8
Table 10.9
Table C.1
Table C.2
Table C.3
Table C.4
Table C.5
Table C.6
Table C.7
Table C.8
Table C.9
Table C.10
Table C.11
Table C.11
Table C.12
Table C.12
Table C.13
Table C.13

Table C.14

FCX Pressure Oxidation Process Capital Costs (IbiMarsden and Brewer

2003) .ttt s————— et e e e e bt e et e e e e e annnb e e eanenreeeeeeeannes 155
Pressure Oxidation Process Operating Costs (McElnolyYoung 1999) ........ 156
FCX Pressure Oxidation Process Operating Costs(@otMarsden and Brewer
2003) ittt ————————————t e e e e e bt a e e e e e nnar et e anan—aaaeeeaannnns 156
Operating Cost ASSUMPLIONS ......vvvvueeeimmmmmmm e e eeeeeeeeeeeeeeeereen e e e eeeeenens 156
FCX 2013 Estimated Pressure Oxidation OperatindgsCoS............cccevvevvennnne 157
Scoping Preliminary ECONOMIC ANAIYSIS ......cceuueeiiiiiiieeeeeeeeeeeeeevee e 158
NPV SENSIIVILY ..o ettt e e e e e e eee e e 159
Atmospheric Pressure Final Volumes and Solid Weight.............ccccceeeeen.... 229
Atmospheric Pressure Copper Mass Balance Calcofatio..............cccceeeeennen. 230
Atmospheric Pressure Copper Loss CalculationS.............oevvvveviiiiiieeeeeeennn. 231
Atmospheric Pressure Iron Mass Balance Calculations................ccccceeeenn. 232
Atmospheric Pressure Iron Extraction Calculatians..............ccccceceeiiiiieeeeeenn. 233
Atmospheric Pressure Arsenic Mass Balance Calomgti...................c.......... 234
Atmospheric Pressure Arsenic Extraction Calculaion..............cccceeeeeeeeeennn. 235
Atmospheric Pressure Acid Consumption Mass Bal&ateulations.............. 236
Pressure Oxidation Final VOIUMES ...........coummmmeiiiiiiiiiiiiiiiieeeeeees 238
Pressure Oxidation Final Solid Weights ... ooeeiieeiiiiiiiiiiiiiiieeeeeeee 32
Pressure Oxidation Copper Mass Balance Calculations..............cccccceeeenn... 240
(@] 01 1] 011 1= o [PPSR 241
Pressure Oxidation Copper Loss CalculationS......cccovvvvvvevviiiiiiiiiiiiieeeeeeeee, 242
(@] 01 1] 011 1= o [PPSR 243
Pressure Oxidation Iron Mass Balance Calculations.............cccccceeeeeiiiiinnnn, 244
(@] 01 1] 018 =T o [PPSR 245
Pressure Oxidation Iron Extraction CalCulationS................uuveeeeeiiiiiiiinnnenenn. 246

XXii



Table C.14
Table C.15
Table C.15
Table C.16
Table C.16
Table C.17
Table C.17
Table C.18
Table C.18

Table D.1

Table D.2
Table D.3
Table D.4
Table D.5

Table D.6

Table D.7
Table D.8
Table D.9
Table D.10

Table D.11

Table D.12
Table D.13

Table D.14

CONLINUE ...ttt et e e e aeeeeesnn e e 247
Pressure Oxidation Arsenic Mass Balance Calculgtion................cccccvveeennn. 248
CONLINUE ...ttt et et e e e eeeeeesennereeees 249
Pressure Oxidation Arsenic Extraction Calculations.............ccccceeevviiviennnen. 250
CONLINUE ...t ettt e e e e e e eeee s ee e 251
Pressure Oxidation Acid Consumption Mass BalandeuGdions .................. 252
CONINUE ...ttt e et e e e e eeeeesenee e 253
Pressure Oxidation Oxygen Mass Balance Calculations...............ccccevvvue. 254
CONINUE ...ttt ettt e et e e e aeeeeesennn e e 255
Backward Elimination Regression with Alpha to Exi0.100; Forced Terms:

a1 ST (o] o PRSP PTPPPTRUPPIN 257
Analysis of Variance Table [Partial sum of squarégpe l].............cccee. 257
TPENA DALA .. e 257
Confidence INTEIVAIS ...........eviiiiie e 258
Diagnostics Case STatiSHCS ......coeeieiiiieiiiiiiiiiiiieee e e e e 259

Backward Elimination Regression with Alpha to Exi0.100; Forced Terms:

a1 ST (o] o PP PTPPPTRUPPIN 266
Analysis of Variance Table [Partial sum of squarégpe ] .............cccee. 266
TPENA DALA ... e 267
Confidence INTEIVAIS ...........eviiiiie e 267
Diagnostics Case STatiSHCS ......coeeviiiiieiiiiiiiiiiiee e e e 269

Backward Elimination Regression with Alpha to Exi0.100; Forced Term:

11T (o] o PP PTPPPTRUPPIN 276
Analysis of Variance Table [Partial sum of squarégpe ] .............cccee. 276
TPENA DALA ..t 276
Confidence INTEIVAIS ...........eviiiiiii e 277



Table D.15

Table D.16

Table D.17
Table D.18
Table D.19
Table D.20

Table D.21

Table D.22
Table D.23
Table D.24
Table D.25

Table D.26

Table D.27
Table D.28
Table D.29
Table D.30

Table D.31

Table D.32
Table D.33
Table D.34
Table D.35

Table D.36

Diagnostics Case STAtiSHCS ......ooevieiiiiiiiiiiiiiiiiiiea e 279

Backward Elimination Regression with Alpha to Exi0.100; Forced Terms:

91T (o] o PP PTPPPTRUPPIN 285
Analysis of Variance Table [Partial sum of squarégpe ] .............cccee 286
TEENA DALA ...t 286
Confidence INTEIVAIS ...........eviiiiie e 286
Diagnostics Case STatiSHCS ......coeeveiiiieiiiiiiiiiiiiees e e e 288

Backward Elimination Regression with Alpha to Exi0.100; Forced Terms:

a1 ST (o] o APPSR PTPPPTRUPPIN 298
Analysis of Variance Table [Partial sum of squarégpe ] .............cccee 298
TPENA DALA .. e 299
Confidence INTEIVAIS ...........eviiiiie e 299
Diagnostics Case STatiSHCS ......coeiiviiiieeiieiiiiiiieer e e e eeeeeeae e 301

Backward Elimination Regression with Alpha to Exi0.100; Forced Terms:

01T (o] o TP PUPPPTRUPPIN 308
Analysis of Variance Table [Partial sum of squarégpe ] .............cccee 308
TPENA DALA ...t 309
Confidence INTEIVAIS .........c.eiiiiiie e 309
Diagnostics Case STAtiSHCS ......coeeiviiiieiiiiiiiiiiiiie e e e e 311

Backward Elimination Regression with Alpha to Exi0.100; Forced Terms:

a1 ST (o] o PP PTPPPTRUPPIN 318
Analysis of Variance Table [Partial sum of squarégpe ] .............cccee 318
TPENA DALA ...t 319
Confidence INTEIVAIS ...........eiiiiiie e 319
Diagnostics Case STatiSHCS ......cooeveiiiieiiiiiiiiiiiiee e 321

Backward Elimination Regression with Alpha to Exi0.100; Forced Terms:
a1 ST (o] o APPSO PUPPPTRUPPIN 327



Table D.37
Table D.38
Table D.39

Table D.40

Analysis of Variance Table [Partial sum of squarégpe 1] ................occ..

L]0 D E ) - N

COoNFIAENCE INLEIVAUS .. e e e

Diagnostics Case Statistics

XXV



ACKNOWLEDGEMENTS

I would like to thank Freeport-McMoRan Copper &l@&dnc., especially Mr. Rick
Gilbert, for sponsoring this research and providmgthe purchase of new equipment. | also
extend my appreciation to the members of my thasismittee: Dr. Corby Anderson, Dr.
Patrick Taylor, Dr. Edgar Vidal, Dr. Paul Queneand Dr. Ronald Cohen.

| greatly appreciate Mr. Scott Pawelka for his stssice with all things mechanical that |
know not of and Dr. Scott Shuey for all of his ami Also thanks to Dr. Larry Twidwell for
help with Stat-Ease and Dr. Hsin-Hsiung Huang WTABCAL, who are both at Montana Tech
of the University of Montana.

The assistance of Ms. Evody Tshijik Karumb, who kear with me in the lab, was
critical for completion of the work.

| want to thank the International Precious Metalstitute, Inc. and the IPMI Metro New
York Chapter for their support through a StudentafadvScholarship and the CSM Foundation
and The Copper Club for the Phelps Dodge Legacylachip.

Finally, my biggest thank you goes to my friendd &mily for supporting and
encouraging me during my graduate school endeagpgcially my husband Devin, for his
support and encouragement when | wanted to quit.

To everyone who is not listed, you are not forgotiad thank you so much!

XXVi



CHAPTER 1

INTRODUCTION

Most of the copper produced worldwide comes fraiffide minerals, and a majority of
production is through pyrometallurgy as opposethéouse of hydrometallurgical methods.

As easily-accessed sulfide mineral deposits aoéetkrl, producers must mine the more
complex sulfides, which are more difficult to prese The concentrates from these sulfides
contain various impurities, like arsenic, in coppenerals such as enargite and tennantite.
These minerals are evermore present in many cappbodies.

Copper producers worldwide are required to memeasingly stringent environmental
regulations for gaseous, aqueous and solid wastsiems to the atmosphere. As a result of
these regulations, difficulties may be encounteved conventional smelting technology when
treating minerals with elements such as arsenamvéntional smelting/converting technology
has a limited capacity and capability to treat micseontaminated concentrates because of the
risk of atmospheric pollution and copper cathodality

When treated pyrometallurgically, arsenic minetaisl to react easily forming volatile
oxides or sulfides or an impure copper product.nWiglobally significant copper properties
have copper sulfide mineralogy high in arsenic gméss enargite, GAsS,.. The enargite may
contain significant amounts of contained precioesats.

Development of a selective hydrometallurgical apploto efficiently treat copper
concentrates containing large amounts of arsenuddvaitigate the issue of atmospheric
pollution and may be relatively easily integratetbiexisting pyrometallurgical operations. In
order to evaluate an economic hydrometallurgicatess to treat enargite, a background
understanding of copper processing, arsenic behawib enargite mineralogy is essential and
follows in this dissertation.



1.1 EPA Position on Arsenic

Arsenic occurs naturally throughout the environnimritmost exposures of arsenic to
people are through food. Acute (short-term) higvel inhalation exposure to arsenic dust or
fumes has resulted in gastrointestinal effectsgeaudiarrhea, abdominal pain); central and
peripheral nervous system disorders have occunresrkers acutely exposed to inorganic
arsenic. Chronic (long-term) inhalation exposarenbrganic arsenic in humans is associated
with irritation of the skin and mucous membran€&hronic oral exposure has resulted in
gastrointestinal effects, anemia, peripheral neattop skin lesions, hyperpigmentation, and liver
or kidney damage in humans. Inorganic arsenic &xgoin humans, by the inhalation route, has
been shown to be strongly associated with lungeramdile ingestion of inorganic arsenic in
humans has been linked to a form of skin cancerassalto bladder, liver, and lung cancer. The
EPA has classified inorganic arsenic as a Groupufpan carcinogen.

Arsine, Ash, is a gas consisting of arsenic and hydrogeis dktremely toxic to
humans, with headaches, vomiting, and abdominalspascurring within a few hours of
exposure. The EPA has not classified arsine fanmagenicity. Figure 1.1 shows regulatory
values for inhalation exposure to arsenic (“Arsédmnpounds | Technology Transfer Network
Air Toxics Web Site | US EPA” 2012).

1.2  Copper Smelting

Because copper smelters deal with a variety of featérials from a variety of locations,
they must develop a method of evaluating the vafughat they are processing, also known as a
smelter schedule. A typical industry smelter scieds shown in Table 1.1 and again in Chapter
10. Of note is the low acceptable arsenic limd anbstantial unit penalties if the concentrate is
accepted by the smelter at all.

This smelter schedule shows that this smelter avaatept a maximum of 0.2% arsenic
before penalties occur. For an orebody processingnargite ore with high arsenic, sending

their concentrate to a smelter can be extremeltycos
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ACGIH TLV--American Conference of Governmental dndustrial Hygienists' threshold limit value expged as
a time-weighted average; the concentration of stsuge to which most workers can be exposed withdugrse
effects.

NIOSH IDLH--National Institute of Occupational Safeand Health's immediately dangerous to life caltie
concentration; NIOSH recommended exposure limértsure that a worker can escape from an exposaditiom
that is likely to cause death or immediate or dethyermanent adverse health effects or prevenpedoam the
environment.

NIOSH REL ceiling value--NIOSH's recommended expedimit ceiling; the concentration that should bet
exceeded at any time.

OSHA PEL--Occupational Safety and Health Administrals permissible exposure limit expressed ama-ti
weighted average; the concentration of a substEnadich most workers can be exposed without adveffect
averaged over a normal 8-h workday or a 40-h woekwve

Figure 1.1 Health Data from Inhalation Exposur@ftfanic Arsenic) (“Arsenic Compounds
| Technology Transfer Network Air Toxics Web Sité§ EPA” 2012).



Table 1.1

Copper Smelter Schedule

Element Symbol Penalty Formula

Alumina Al203  $0.50 ea 0.1% >5%

Tron Fe = 15% = increased treatment charge for more flux needed

Arsenic As $0500b> 1% (201b) OR 2%dtea 0.1%>01% Max02%

Barium Ba 0.5 to 1% limit

Beryllium Be < 10 ppm limit

Bk Bi (81.10t0 $7.50) /dtea 0.1% > 01%t0 0.4%) Max04 %

Cyanide CN <10 ppm !

Cadmium cd (3220t $7.50) /dtea 0.1% > 0 03% to 0 2%) Max (4%

Chloride Cl BADPLAYER.DONOT WANT ANY 5% /dtea 0.1% = 2%

Cobalt Co 0.5% limit

Chromium Cr $0.50 dt ez 0.1% > 3% nohex chrome, P4 maxomtivCr | NO Cu CHROMATE!

Fluoride F $5 dtea0.1%> 02% 0.5% max

Mercury Hg (31.85t0 % 2)/dt ea 10 ppm > 10 ppm

Magnesium | MgO Normally 10% limit, desirable element in feed???

Ox

Manganese Mn 2.0% limit

Sodium Na 5.0% limit

Nickel Ni $2 dtea0.1%> 2%

Phosphotus | P 3.0% limit

Lead Ph $1dtea 0.1& > 1% OR $11b=0.5% (more severe)

Antimony Sb BADPLAYER. DONOT WANT ANY ot I dal TR0 s

Selenium Se 0.1% limit

Tin Sn ($1.10to$3)dtea0.1% = (0.2 to 3%) Max 3 %

Tellurium Te 0.01% limit

Thallium Tl 0.01% limt

Zinc In $0.50 dt ea 0.1% > 3%  4.0% limit

Moisture H2O $2.50 wt ea 1% > (15% to 50%)whatis the material?

Manifest $30 ea

Bag $20 ea

containers

Liners ? # & size?

Refining Fees Cu=12¢ to 14¢ per pound paid RecoveryRates Cu=96.5%
Au=1%6.50 to $7.50 per oz paid Au=90% +
Ag=50¢ peroz paid Ag=90% +

10,000 g or ppma =1 %

1.000 =0.1% ppm = opt
100 =0.01 % 31.103481
10 =0.001 %

gmt=%+31.103481 = opt

453 gr=11b.

31.1035 or = 1 trovoz

14.583 trov oz = 1 pound

KegMt=zx 32151 =opt




CHAPTER 2

COPPER PROCESSING

2.1  Background of Copper

The name copper comes from the Latin cuprum, fiteerisland of Cyprus and is
abbreviated as Cu. The discovery of copper dates prehistoric times and is said to have been
mined for more than 5000 years. It is one of tlesthmmportant metals used by man (Haynes
and Lide 2011).

Metallic copper will occur occasionally in natwse it was known to man about 10,000
B.C. It has been used for many things includinggjey, utensils, tools and weapons. Use
increased gradually over the years and in thec2ditury with electricity it grew dramatically
and continues today with China’s industrializat{®chlesinger et al. 2011).

Figure 2.1 shows the dramatic increase in thedyarbduction of copper since 1900. A
comparison of world supply and demand of copperésented in Figure 2.2 and Table 2.1 since
2006 and estimated through 2016, which was compiye@oldman Sachs Global Investment
Group.

2.1.1 Sources of Copper

Copper occasionally occurs in its native form anfbund in many minerals such as
cuprite, malachite, azurite, chalcopyrite and berniLarge copper ore deposits are found in the
U.S., Chile, Zambia, Zaire, Peru and Canada. Tost mportant copper ores are the sulfides,
oxides and carbonates (Haynes and Lide 2011).

World copper mine production is primarily in thestern mountain (Andes) region of
South America. The remaining production is scattearound the world (Schlesinger et al.
2011).
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Figure 2.1 World mine production of copper in tiRand 21st centuries through Nov.
2011 (Kelly and Matos 2011).
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Figure 2.2 Goldman Sachs copper supply/demand @algEurope: Metals & Mining: Base
Metals” 2012).



Table 2.1

Refined copper supply/demand balance

{kt)

Consumption
Developmed Markets
China
Other Emerging Markets
Total global consumption
% change y/y

Production
Mine production
% change y/y
Total refined copper production
% change y/y

Global balance - surplus/({deficit)

Total reported inventory
Reported stocks (days consumption)

Price forecast

uss/t
usc/ib

9,391
3,606
3,970
16,967

19%

15,167
13%
17,232
4.6%

592
12.7

6,735
306

9,067
4,777
4,176
18,020
6.2%

15,699
3.5%
17,853
3.6%

(167)

114

7,139
324

8,475

5,050

4,270
17,795
-1.3%

15,680
-0.1%
18,116
1.5%

321

713
1486

6,957
316

6,967
6,373
3,578
16,918
-4.9%

15,994
2.0%
18,141
0.1%

1,223

978
211

5,145
233

7426
7,200
3,926

18,552
9.7%

16,117
0.8%
18,778
3.5%

17.0

7,532
342

7,321
7,628
4,151
19,100
3.0%

15,841
-1.7%
18,845
0.4%

(255}

B67
16.6

8,829
400

7,219
8,048
4,319
19,586
25%

16,584
4.7%
19,516
36%

T97
148

B, 378
380

7,441
8,651
4,574
20,666
5.5%

17,714
6.8%
20,838
6.8%

17.1

7,496
340

7,636
9,257
4,810
21,703

5.0%

18,647
5.3%
21,934
5.3%

1199
202

7,606
345

7,753
9,905
5,060
22,718
4.7%

19,235
3.2%
22,724
36%

1205
194

7,716
350

Goldman Sachs Copper Supply/Demand Bal@&crope: Metals & Mining: Base Metals” 2012)

7.842
10,598
5,353
23,793
4.7%

20,046
4.2%
23,732
44%

(61)

1144
17.6

7,937
360

CAGRs
'11-'16 '06-'11
1.4% <4.9%
6.8% 16.2%
52% 0.9%
4.5% 2.4%
4.8% 0.9%
4.7% 1.8%
Long-term
{20175 nominal)
7,000
318




The primary copper smelters of the world in 20@fhpared to those in 2002 are shown

in Figures 2.3 and 2.4, respectively.
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Figure 2.3 Primary copper concentrate smeltereefnorld in 2010 (Schlesinger et al.
2011).

2.1.2 Properties of Copper

Copper has an atomic number of 29 on the periadiiletwith an atomic weight of
63.546 grams/mole. It has a freezing point of 1684 and a boiling point of 2562 C. The
specific gravity of copper is 8.96 at 20 C, a valenf +1 or +2, atomic radius of 128 pm and an
electronegativity of 1.90. Copper is reddish cethrtakes on a bright metallic luster, and is
malleable, ductile, and a good conductor of hedtedactricity, second only to silver in electrical
conductivity. It is soluble in nitric acid and hatlfuric acid. Natural copper contains two
isotopes. Twenty-six other radioactive isotopes isomers are known (Haynes and Lide 2011;
Perry and Green 2008).
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Figure 2.4 Primary copper concentrate smeltereefiorld circa 2002 (Davenport et al.
2002).

2.1.3 Applications of Copper

The electrical industry is one of the greatestaisécopper. Its alloys, brass and bronze
have been used for a long time and are still veqyartant. All American coins are now copper
alloys, and monel and gun alloys also contain copppee most important compounds are the
oxide and the sulfate, blue vitriol. Blue vitriohs wide use as an agricultural poison and as an
algicide in water purification. Copper compoundslsas Fehling’s solution are widely used in
analytical chemistry in tests for sugar. High-pudopper (99.999+%) is readily available
commercially. The price of commercial copper Hasttiated widely (Haynes and Lide 2011).
The average price of LME high-grade copper in 2@a% $4.00 per pound (Edelstein 2012).

Figure 2.5 shows the historical copper price.

2.2 Background to Copper Ore Processing and Copper Ex&ction

Copper minerals are approximately 0.5 to 2% Cilnénore and as a result, are not

eligible for direct smelting from an economic pesiive. Ores that will be treated

9
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Figure 2.5 Historical price of copper (23 yearsJtfart Builder | Charts & DataMine” 2012).

pyrometallurgically are usually concentrated resglin a sulfide concentrate containing
approximately 30% copper prior to smelting. By gamson, ores treated hydrometallurgically
are not commonly concentrated since copper is lysexdracted by leaching ore that has only
been blasted or crushed.

Most of the copper present in the earth’s crusitexas copper-iron-sulfides and copper
sulfide minerals such as chalcopyrite (CufjeBornite (CgFeS) and chalcocite (GS$).
Copper also occurs in oxidized minerals as carlesnaixides, hydroxy-silicates, and sulfates,
but to a lesser extent. Copper metal is usuatigpeced from these oxidized minerals by
hydrometallurgical methods such as heap or dunghieg, solvent extraction and
electrowinning. Hydrometallurgy is also used toguce copper metal from chalcocite,,Su
oxides, silicates and carbonates.

Another major source of copper is from scrap copfieys. Production of copper from
recycled used objects is 10 or 15% of mine productiln addition, there is considerable re-

melting/re-refining of scrap generated during feation and manufacture.

10



A majority of the world’s copper-from-ore originaten Cu-Fe-S ores. Cu-Fe-S minerals
are not easily dissolved by aqueous solutions &ghlieig, so most copper extraction from these
minerals is pyrometallurgical. The extraction data

(@ isolating an ore’s Cu-Fe-S (and Cu-S) mineral pkasiinto a concentrate by froth

flotation

(b)  smelting this concentrate to molten high-Cu matte

(c) converting the molten matte to impure molten copper

(d) fire- and electrorefining this impure copper taalpure copper.

The objective of the smelting is to oxidize S amdffom the Cu-Fe-S concentrate to
produce a Cu-enriched molten sulfide phase (maftbg oxidant is almost always oxygen-
enriched air.

Example reactions for smelting are shown in Equati®.1 and 2.2:

— - - - (2.1)
(2.2)

The enthalpies of the reactions above, respectargyshown in Equations 2.3 and 2.4:

! (2.3)

and

T (2.4)

SOx-bearing offgas (10-60% SPis also generated during smelting and is harmaftihe
environment so it must be removed before the offgasleased to the atmosphere. This is
almost always done by capturing the,2@ sulfuric acid.

Many anode impurities from electrorefining are ilte in the electrolyte such as gold,

lead, platinum metals and tin so they are colleaetetlimes’ and treated for Cu and byproduct

11



recovery. Other impurities such as arsenic, biemubn, nickel and antimony are partially or
fully soluble. They do not plate with the coppeodgh at the low voltage of the electrorefining
cell. They must be kept from accumulating in tleeolyte to avoid physical contamination of
the copper cathode by continuously bleeding patth@flectrolyte through a purification circuit
(Davenport et al. 2002).
As mentioned before, most of copper from ore iminled by flotation, smelting and
refining. The rest is obtained though hydrometgilkeal extraction by:
(@) sulfuric acid leaching of copper from broken orstred ore in heaps, stockspiles,
vats, agitated tanks or under pressure to produele@ring aqueous solution
(b)  transfer of Cu from this solution to pure, high-€lactrolyte via solvent
extraction, if necessary
(c) electrowinning pure cathode copper from this pleeteolyte.
Ores most commonly treated this way include ‘oxictgdper minerals such as
carbonates, hydroxy-silicates, sulfates and hyddgrides and chalcocite, g5t
The leaching is performed by sprinkling dilute sulf acid on top of heaps of broken or
crushed ore with a lower copper content than thathvis concentrated and sent to smelting.
The acid trickles through the heap to collectiongsover several months.

Oxidized minerals are rapidly dissolved by sulfia@d by reactions like 2.5:

# s . (2.5)

Sulfide minerals, on the other hand, require oxtashown in Equation 2.6:

: i s : (2.6)

The copper in electrowinning electrolytes is reszr@d by plating pure metallic cathode
copper. Pure metallic copper with less than 20 ppdesirable impurities is produced at the
cathode and gaseous &t the anode (Davenport et al. 2002).

As well, concentrates comprised of chalcopyrite andrgite can be treated by
sulfidation with elemental sulfur at 350-400 C tartsform the chalcopyrite to covellite and

pyrite without transforming the enargite by Equatih7:

12



0 0 3 ") 0 0 0. (2.7)

The results of this work showed that temperatucktha largest effect on the dissolution rate of
copper and arsenic (Padilla, Vega, and Ruiz 2007).

2.2.1 Other Hydrometallurgical Extraction Processes

Pressure oxidation provides another process optien smelting and refining costs are
high and variable, smelting capactity is limitedl gmmovides a better economic alternative to
installing new smelting capacity. When kineticaiheap leach are too slow, the elevated
temperature and pressure affect both the thermaaigsaand kinetics of leaching (Schlesinger et

al. 2011). These processes are discussed furttgzation 2.3.

2.2.2 Copper Metathesis

The leaching of Cu-Ni-Co mattes from pyrometallaegioperations is performed by four
processes: metathetic leaching; sulfuric oxidaaehing; hydrochloric chlorine leaching (CIH
+ Cly); and ammoniacal oxidative leaching. They all@lestive dissolution of nickel sulfide.

Metathetic leaching is represented by the reacdtideguation 2.8:

0 0, (2.8)

The driving force for this reaction is the lowetudmlity of copper sulfide.

This process is used as the first stage of theggsieg of the INCO'’s pressure carbonyl
residue. The residue is leached at an elevatepeteture while under pressure with sulfuric
acid and copper sulfate. The sulfides and Ni,F&ometals are dissolved by the metathetic
reaction and the cementation reactions. Thg&s@uasses through this leaching step unchanged
(Vignes 2011).

The ability of nickel-copper matte to precipitate’Cions is well known. The general

consensus in the modern literature is on the overattion (metathesis) show in Equation 2.9:

13



. # . - (2.9)

The reaction only proceeds when hydrogen ions i@®ept and accelerates with increasing acid

concentration. The generally accepted reactid@yisation 2.10:

. # I : (2.10)

Work carried out at Sherritt Gordon has indicatest the reaction above proceeds stepwise

according to Equations 2.11 and 2.12:

.- # e - (2.11)

. F - - ' (2.12)

Ferrous ion is released into solution and is rgpidtiuced to the ferrous state and assumed to act

as an electron carrier and enhance the leachiadyaEquation 2.13 and 2.14:
- # LA - (2.13)
#3 # LA (2.14)
Copper metathesis ceases at a pH of about 2.pHA®&Ilues above 2-2.5 the reactions of iron
dissolution and its reduction to the ferrous stgipear to cease and the ferrous ion is oxidized to
the ferric ion by the oxygen in air in Equation2.1

S # (2.15)

The ferric ion becomes unstable above a pH of Bdbkeegins to hydrolyze to ferric

hydroxide or basic ferric sulfate by Equations 2ah@l 2.17:

o oy # (2.16)
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# $ ) # (2.17)

Under normal operating conditions iron hydrolyisisompleted at a pH of 4.5-5 and the
residual iron in solution is generally below 10 mgkt a residual iron concentration in solution
below 0.1 g/l, the pH rises above the stabilityhaf cupric ion, which hydrolyzes to form basic
cupric sulfate Cg(OH),SO, by Equation 2.18:

# $ ") # (2.18)

The reaction releases acid into solution, whiatoissumed by the unreacteds8ior NizSs.
Good aeration is required to promote hydrogen @naval and shift the equilibrium in favor of
precipitation.

At a residual copper concentration in solutiorole0.05 g/l, hydrogen ion production by
hydrolysis becomes slower than its removal, angtheapidly rises to maximum of 6.5-6.7. At

this pH, basic nickel sulfates may start to preaigi (Hofirek and Kerfoot 1992).

2.3  Background of Pressure Hydrometallurgy

Habashi divides pressure hydrometallurgy into aneas: leaching and precipitation.
Pressure leaching has been used commercially bakieiabsence of oxygen and in the presence
of oxygen and applied in the copper industry. Bleaching processes involve removing the
metal through oxidation as an ion in solution. dip#ation described by Habashi is a reduction
process. He describes the developments of presgdremetallurgy in detail as shown in Table
2.2 (Habashi 2004).

2.3.1 Copper Concentrate Pressure Oxidation and Leaching

Chalcopyrite (CuFe$is the most abundant of the copper sulfides hadrtost stable
because of its structural configuration havingaefaentered tetragonal lattice, as a result it is

very refractory to hydrometallurgical processirRecovery of copper from chalcopyrite

15



involves froth flotation that produces a concedtaitthe valuable metal sulfides which is
smelted and electrorefined to produce copper. tifgahalcopyrite concentrates
hydrometallurgically has received increasing attenover the last several decades.

The many different processing options are disaigséhe following sections.

2.3.2 Acidic Pressure Oxidation

Freeport-McMoRan Copper & Gold, Inc. (FCX) haseleped a sulfate-based pressure
leaching technology for the treatment of coppefideliconcentrates. The main drivers for the
activity were the relatively high and variable cokexternal smelting and refining capacity, the
limited availability of smelting and refining capgcand the need to cost-effectively generate
sulfuric acid at mine sites for use in stockpiladeing operations. FCX was looking to treat
chalcopyrite concentrates with this technology. Xr{&veloped both high and medium
temperature processes. The chemistry in EquaBidi®sand 2.20 provides detail on chalcopyrite
oxidation in the presence of free acid at mediumpteratures, meaning above 1¢%nd below

200 C, showing that some of the sulfide sulfur is catedto molten elemental sulfur:

# $ 4 (2.19)

but, under these conditions, oxidation may alssuoby:

56 * 5 $ # . (2.20)

It should be noted that the first reaction consuapmoximately 70% less oxygen per mole of
chalcopyrite oxidized that the latter but the secmeaction requires less acid. Pressure leaching
sulfide minerals at temperatures above the mefioigt of sulfur at 119C, but below 20CC, is
complicated by the relationship between sulfur essty and temperature, which can be seen in
Figure 2.6.

The sulfur tends to wet sulfide surfaces and mayaagerate to form “prills” (J. O. Marsden,

Wilmot, and Hazen 2007a).
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Table 2.2 Historical Developments in Pressure Hydrtallurgy (Habashi 2004)

Type Year Location Reaction
Precipttation 1859 NikohiN.Beketoff France 2Ag” +H, — 2Ag+ 2H”
1900 VhdimirN_ Ipateff Russa M° +H, - M+ 2H”
1903 GD.VanArsdak  USA  Cu™ +80,+2H, -
Cu+ 4H* + 50}~
1909 A Jumau France CuSO, +(NH,),S0; + 2NH;
4+H,0 - Cu+ 2(NH,),S0,
1952 HA Pray, et al USA Solubility of hvdrogen in water
at high temperature and
pressure
1952 CHEMICO/Howe  USA  Ni*7 +H, = Ni+ 2H~
Sound, National Lead Co** +H, — Co+2H"
Cu®* + H, - Cu+ 2H"
1952 CHEMICO/Freeport USA  NiT + H,8 — NiS + 2H~
Co** +H,S = CoS+ 2H"
1955 Sherritt-Gordon Canada [Ni(NH;).]*" +H, -
Ni+ 2NH,*
1960 Bunker Hil USA  PbS+ 20, — Pb3O,
ZnS + 20, — ZnsO,
1970 Benilite USA  FeTiO; + 2HCl =
FeCl, + Ti0, + H,0
1970 Anaconda USA  Cu,SO, - (NH,),S0, —
2Cu + SO, + 2NH,* + 505~
Leaching 1892 Karl JosefBayer Russi  Al(OH); + OH™ =
[Al(OH),]”
1903 M. Malrac France MS +20, + nNH; =
[M(NH,),J** + 502~
1927 F.A. Henglein Gemmany ZnS + 20, — Zn*" + S0}~
1940 Mines Branch Canada UO, +3C0I" +1,,0, +H.0
= [U0,(C05)5]* + 20H"
1952 HA. Pray, et al USA Solubility ofhydrogen i water
at high temperature and
pressure
1952 CHEMICO/Calkra USA  CoAsS+7/,0;, + H,0 —
Co®* +807" + As03™ + 24"
1952 CHEMICO/Freeport USA  NiO (in laterite) + H,S0, —
Nickel NiSO, + H,0
1955 Sherritt-Gordon Canada NiS + 20, + 2NH,; =
[Ni(NH.),1** + SO~
1975 Gold ndustry World- 2FeS; + 71,0, + 4H,0 —
wide  Fe,0; + 480" + 8H™
1980 Sherritt-Gordon Canada ZnS+ 2H™ + 1,0, =
Zn** 45 +H,0
2004 Phelps Dodge USA 4CuFeS, + 170, + 4H,0 -

4CuS0, + 2Fe,0, + 4H,50,
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Figure 2.6 Viscosity of molten sulfur as a functmfrtemperature (Bacon and Fanelli 1943),
(J. O. Marsden, Wilmot, and Hazen 2007a).

Work has also been performed by Anaconda Copperp@oynon ores from the Butte,
Montana area to evaluate the possibility of conngrthalcopyrite to digenite at about 200 C to
upgrade and clean the concentrate to the pointenbeould be shipped as a feed to a copper
smelter. They showed that this reaction is possabd a significant amount of the iron and
arsenic (along with other impurities) were remofredn the solid product while retaining the
majority of the copper, gold and silver in the cemitate. The upgrading process also results in
lower mass of concentrate to ship thereby decrestspping costs. Primarily, the process
consists of chemical enrichment that releasesarwhsulfur from the chalcopyrite, followed by
solid-liquid separation with treatment of the lid@ffluent. This is followed by flotation with
recycle of the middling product back to the enriemiprocess and rejection of the tailing. The
resultant product is digenite formed as a reagtiaaduct layer around the shrinking core of each

chalcopyrite grain by Equation 2.21:

54 "4 4 . 54 "4 . (2.21)
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In this work, about 80% of the zinc impurities rejed to the liquor while arsenic, bismuth and
antimony were evenly distributed between the diggdéiquor and the enriched product. Gold,
silver and selenium followed the copper. (Bartittal. 1986; Bartlett 1992). This cleaned
concentrate may also be utilized in a cyanidati&iRS type process. It may also be possible to

perform a similar process on enargite concentiatésver pressure and using less acid.

2.4  Alkaline Sulfide Leaching

Other work has indicated that leaching with sodsutfide in 0.25 molar NaOH at 80-
105 C will dissolve sulfides of arsenic, antimomydamercury. Enargite is solubilized by
Equation 2.22 (Nadkarni and Kusik 1988; C. G. Asder2005; C. Anderson and Twidwell
2008):

.8 8 K .. (2.22)

In the case of gold-bearing enargite concentrégashing with basic N& has been
shown to selectively solubilize the arsenic andesgeid but does not affect the copper. The
copper is transformed in the leach residue to aiep&uy sS and the gold is partly solubilized in
the form of various anionic Au—S complexes. Thiel@md arsenic could then be recovered

from solution (Curreli et al. 2009).

2.5 Example Copper Hydrometallurgical Processes

Many processes have been developed over the \astdeades for the
hydrometallurgical extraction of copper from chglgote. Processes using various lixiviants,
including ammonia, chloride, chloride-enhancedahile sulfide leaching, nitrogen species
catalyzed pressure leaching and sulfate have leeeiving attention and are discussed below.
Problems with these processes for chalcopyritaidehow to overcome a passivating sulfur
layer forming on the mineral surfaces during leaghand how to deal with excess sulfuric acid

or elemental sulfur production (Wang 2005).
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2.5.1 Ammonia

Ammonia leaching was first applied at Kennecotggkla in 1916 on gravity
concentration tailings of a carbonate ore and anity tailings from a native copper ore at
Calument and Hecla, Michigan. By driving off thmraonia through steaming, both recovered
copper oxide (Arbiter and Fletcher 1994). The Amata Arbiter Process, which has been shut
down, and the Sherritt Gordon process treat conastusing low pressure and temperature, but
are expensive. Flowsheets for both processes avensin Figure 2.7 and 2.8, respectively.

The Anaconda Arbiter Process leached using ammioniessels at 5 psig with oxygen to
dissolve copper from sulfide concentrates whiatoiscentrated and then purified using ion
exchange and is then electrowon (Chase and Se&8a).

Sherritt Gordon developed two potential procesdasiwwere successfully piloted at
Fort Saskatchewan. One was based on ammoniacalpeesxidation leaching, followed by
recovery of the copper as powder from solution gisiydrogen with byproduct ammonium
sulfate. The second process leached used sulgidoxidation and produces elemental
sulphur as a byproduct (Chalkley et al.).

NH, Feed Slurry
Nitrogen
oxvoen pLanT 22 .| LEACH
OXYGEN PLANT REACTORS [~ CCD THICKENERS FLOTATION
! i Concentrate
| to Smelter
Combustion Ammonia Vent Gas Residue to
Ga i Disposal
L;m]—-—smm Raffinate | | | CLARIFICATION
- — i FILTERS
Overhead to i
Atmosphere it ' e
: AMMONIA ANMONIA ™
LIQUID ION
VENT RECOVERY - ELECROWINNING
SCRUBBER | EXCHANGE
o —
Gypsum Slurry —_— 100-TPD
to Disposal Spent Electrolyte Copper Cathodes

Figure 2.7 Anaconda Arbiter process flowsheet (#&rtand McNulty 1999).
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2.5.2 Chloride

Using a chloride system provides the possibilitaafirect leach at atmospheric pressure
and recovery of sulfur, gold and PGMs. Many mekdbrides are considerably more soluble
than their sulfate salts allowing the use of manecentrated solutions and there can be effective
recycling of leachant. Electrowinning can be perfed in diaphragm cells theoretically
requiring less energy but with low copper recovery.

Only chlorides of metals in a higher valence stsieh as ferric or cupric chloride, will
leach metals from their sulfides because oxidasarecessary. Of the many chloride routes,
ferric chloride (FeG)) leaching of chalcopyrite concentrates receivgdificant attention. The
processes developed by Duval Corporation (CLEARpdrial Chemical Industries, Technicas
Reunidas and the Nerco Minerals Company (Cupreyr Metallurgical Processes
Corporation (Cymet), as well as Intec Limited (kjtand Outotec (HydroCopper) have
demonstrated significant potential for the produttof copper by the chloride leaching process
(Wang 2005).

Acidified cupric chloride-bearing brine solutionave been used as a leachant for copper
sulfides, complex metal sulfides, and metal scra@p#iow chart is shown in Figure 2.9.

This process is based on four basic steps. Tétegiteaching at 105 C and ambient pressure to

dissolve copper and iron in Equation 2.23:

# #ooo# (2.23)

The second is treatment of the residue for elenhsattur recovery and purification of leach
liquor by precipitating impurity elements as hydides. The third step is electrolysis in a
diaphragm cell to deposit copper from the cathodkragenerate the leachant in the anolyte.
The fourth and final step is recycling of the anelgs a leaching agent. Success is highly
dependent on achieving a high leaching efficienii wiinimum reagent consumption and
conversion of most of the cupric chloride to cugrahloride (Gupta and Mukherjee 1990).

The principal chemical reactions in the ferric ¢hde leaching of chalcopyrite
concentrate are shown in Equations 2.24 and 2.25.
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FLOW SHEET OF AMMONIA PRESSURE
LEACHING PROCESS FOR TREATING NICKEL-
COPPER-COBALT GONGENTRATE
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Figure 2.8 Sherritt Gordon process flowsheet (“Usesnonia Leach for Lynn Lake Ni-Cu-
Co Sulphides” 1953).
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CuClp /NaCl
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AQUEOUS NaOH

L SULFUR
_ '1 PURIFICATION ]

CONCOMITANT = T
METAL HYDROXIDES r ELECTROLYSIS —}—-- m—l

|

COPPER POWDER

Figure 2.9 Generalized flowsheet for the processingppper sulfide ores by cupric chloride
leaching.

! ! ! (2.24)

! ! ! (2.25)

The corresponding reactions for Cy@ttack are shown in Equations 2.26 and 2.27.

! ! ! (2.26)

11 11 11 (2.27)

The Intec process involves a four-stage countezatiteach with chloride/bromide
solution at atmospheric pressure. Leach residfikesed and discharged from stage 4 to waste,
while copper-rich pregnant liquor leaves stag&bld and silver are solubilized along with
copper. Gold is recovered from solution througtadbon filter, and silver is cemented along
with mercury ions to form an amalgam. Both of thase then further treated. Impurities in the
liquor are precipitated with lime and removed byrdition. The purified copper solution is
electrowon to produce pure copper metal and tonegee the solution for recycling in leaching.
An extremely important feature of the process & tieat is provided by the exothermic leach

reactions. This, along with the flow of air in ¢déng, evaporates water and keeps the water
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balance close to neutral so no liquid effluentr@doiced from the plant. Another equally
important note is that all impurities including roery are either recovered or stabilized (Wang
2005).

The chloride/bromide chemistry in the Intec progaswides a strong oxidant at nearly
ambient (85 C, atmospheric pressure) conditionisis Pprocess for has been run at demonstration
plant scale for copper. The Intec process flowsiseghown in Figure 2.10 (Milbourne et al.
2003).

lmmr dendrites S athode Coppar
T

ICathohyie

Copper =
First stagn lmach R
i
—i | Elactrowinning " " §‘
._,_i'— S, S
" gagents
Liquid/Solid Impurity Removal {
Sepanion ] jCu, Fe, &. eic. products
Flolation concaniraty ~ Jpickel Cghoda
e Second Stage Leach Sutlur Removal Nickel Electrowinning
L SN ofiow [ iasoe l l’
o Sl Sulfur PGM
Product  Concentrale
= i AR
Third Stags Laach Anoclyto
OFlow 1 Liquid/Sold
Separation

Leach Raesidus to Tails
Figure 2.10 Intec process flowsheet (Milbournel e2@03).

The CLEAR process was developed by Duval Corpana®a new approach to copper sulfide
concentrate processing. CLEAR is an acronym femptlocessing steps — Copper Leach
Electrolysis And Regeneration. It is designeddioilsilize copper in a recycling chloride
solution; to electrolytically deposit metallic caapwith any associated silver; to discharge a
residue of elemental sulfur, iron and all else esdged with the copper minerals and to do so
without solid, liquid or gaseous pollution. Theuaqus solutions of certain metal chloride salts
will chemically attack most metal sulfides takimga solution the metals and leaving behind a
residue of elemental sulfur. CLEAR has the cajigtwf completely leaching copper and silver

values from copper concentrate consisting of amglsoation of copper sulfide and/or copper-
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iron-sulfide mineralization. A process flowsheeshown in Figure 2.11 (Atwood and

Livingston 1980).
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Figure 2.11 CLEAR process flowsheet (Atwood andnggton 1980).

The Cuprex process leaches chalcopyrite concerdtainospheric pressure with ferric
chloride solution in two stages. The pregnantdigeontaining copper, iron, and minor
impurities, mainly zinc, lead, and silver, is samthe extraction stage of the SX circuit. The
copper is selectively transferred to the organigsghand the aqueous solution of copper chloride

is then sent to the electrolysis section as catbplyhich is fed to the cathode compartment of an
25



EW cell to produce granular copper. Electrowinmigopper from takes place in a diaphragm
cell. Chlorine generated at the anode is recovaneldused to reoxidize the cuprous chloride
generated in the catholyte during EW (Wang 2005).

The Cyprus Copper Process, or Cymet, converts cagmeentrates into copper metal.
Copper concentrates are dissolved in a ferric aldor copper chloride solution in a
countercurrent two-stage leach as shown in thest@®t in Figure 2.12. The pregnant solution
from the first leach is high in cuprous ion concatibn. This solution is cooled and cuprous
chloride crystals are precipitated. These crystedswvashed, dried and fed to a fluid-bed reactor,
where hydrogen reduction takes place. Copper mesdare produced which are suitable for
melting, fire-refining and casting into wirebarghe fluidized bed also produces HCI, which is
recycled to the wet end of the process wherentixed with the mother liquor from the
crystallizer, reacted with oxygen to regerate éeamd cupric lixiviant, and recycled to the
leaching section (McNamara, Ahrens, and Franek 1978

The Outotec HydroCopper process involves countezatiteaching of chalcopyrite

concentrates using air and chlorine as oxidanshawn in Equation 2.28.

.9 | 59 (2.28)

After leaching, the cuprous bearing solution isdmed by chlorine to cupric that is recycled

back in leaching as shown in 2.29.

I 59 | ! (2.29)

The remaining cuprous solution, after purificatfonsilver and impurity removal is treated with
sodium hydroxide to precipitate cuprous oxide thahen reduced to metal. The process
produces, in a standard chloro-alkali cell, and/es all of the chlorine, sodium hydroxide, and
hydrogen needed to operate as shown in Equati@0s@2.32 (Wang 2005).

I -8 59 81 59 (2.30)

59 59 59 (2.31)
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Figure 2.12  Cymet process flowsheet (McNamara, Asrand Franek 1978).
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-8! -8 ! (2.32)
A process flowsheet for the process is shown inifei@.13.
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— — —_ # Cu,0

|

Silver Metal Carbonate

Figure 2.13  Outotec’s HydroCopper process flows(i€autotec - Application -
HydroCopper®” 2012).

2.5.3 Chloride-Enhanced

Chloride-enhanced processes use chlorine to enleadeing in another medium. The
process must be able to tolerate the chlorineearsyistem but none have been demonstrated
commercially long term.

The Activox process is a mild pressure leaching@ss employing fine grinding (P80 5-

15 micron, 100-110 C, 1000 kPa oxygen). This pssdeas been demonstrated at the continuous
pilot plant level (Milbourne et al. 2003). The pess uses 4 g/L addition of chlorides as sodium

chloride salt solution (Palmer and Johnson 20@6)lowsheet is shown in Figure 2.14.

28



WA SH WA TER

I COPMPER SOLWVENT
= ‘ EXTRACTION
- ACTIVON™
l VL TRA-FINE
GRINDING S0OLIO LIQUID SEPFARATOR
—

BOLMY RESAIT T FLA TALIS
R L W RECOEIY

ﬁ ] R
COPPER RAFFINATE

COPPER BLECTROWINNING

T . M_
COPPER
FRODUCT |
FIRST STAGE IRON REMOVAL AWM ONIA
STRIFPING
| 5 =

ECOND STAGE IRON REMOVAL

AMMONtA

QLT R

COMALT J
PRECIPITATION
.......
NICKEL ELEC TROWINNING
CORALT SOLVENT MICHEL SOLVENT
EXTRACTION EXTRACTION " ]I ! ! ! ! ! ! I I II l

SCHINAM COBALT

CARBONATE  propuct MICHEL
it M

Figure 2.14  Activox process flowsheet (Palmer astthdon 2005).

The CESL process is a low-severity pressure oxadgirocess where a high portion of
sulfide sulfur remains in the elemental form in bach residue. The process also employs a
chloride-enhanced oxidative pressure leach in &ralbed amount of acid to convert the copper
to a basic copper sulfate salt, the iron to hemadibd the sulfur to elemental sulfur. The CESL
process is composed of two leaching stages. iBiespressure oxidation leach and leaching

residue is fed to the second atmospheric leachlynaynthe Equations 2.33 and 2.34.

6 (2.33)

), . ) (2.34)

Part of the first leach solution is recycled irfte tautoclave while the rest is mixed with the
second leach solution and fed to SX. After SXpping, and EW, the process produces high-
quality copper cathodes (Wang 2005). The prodessheet is shown in Figure 2.15. CESL
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has patented a process for the recovery of gohd free leach residue, which includes the
following steps:

removal of elemental sulfur using a hot perchldmgkne (PCE) leach,

total oxidation of the remaining sulfides to releasfractory gold,

neutralization, and

cyanide leaching of the solids for gold recovery.
This process has been extensively tested for cappbgmonstration plant scale, but not for

copper-nickel (Milbourne et al. 2003).
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Figure 2.15 CESL process flowsheet (Milbourne e2@03).

2.5.4 Nitric/sulfuric acid

The Sunshine plant used nitrogen species cataly¥®@) sulfuric acid where copper
was produced by SX-EW, silver recovered by preath as silver chloride, then reduced to
silver metal. It offers a non-cyanide approachdold recovery as well.
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In the NSC process, Figure 2.16, is a sulfatehegstem augmented with 2 g/L sodium
nitrite. Both total and partial oxidation proces$ave been proposed. It operates with mild
conditions of 125 C, 400 kPa total pressure. Taeig oxidation process was commercialized
as a batch operation at the Sunshine Mine in ldahchalcocite-tetrahedrite minerals
(Milbourne et al. 2003).
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Figure 2.16  NSC process flowsheet from Sunshin&€Anan and Bucans 1986).

2.5.5 Sulfate

Sulfate processes are well established for coppesentrates and ores but tend to require
higher temperature and fine grinding. Final comeeovery is by SX-EW and precious metals
can be recovered by cyanidation.

The Dynatec process involved oxidative leachinghaflcopyrite concentrate at 150 C
using coal at a modest dosage (25 kg/t of condentag an effective anti-agglomerant. The
sulfide oxidation chemistry is similar to the CEflocess and produces elemental sufur in a

sulfate medium. Coal is used as a source of darfator elemental sulfur dispersion. Itis
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likely to dissolve less PGMs than the chloride-erdeal CESL process. A high extraction of
copper (98+%) is achieved by either recycling theeacted sulfide to the leach after flotation
and removal of elemental sulfur by melting anddtiion or pretreating the concentrates with a
fine grinding of P90 ~25 um. This process showhigure 2.17 has been piloted but not
demonstrated; its operating conditions have a g@aligree in zinc leaching (Wang 2005;
Milbourne et al. 2003).
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Figure 2.17  Dynatec process flowsheet (Milbournal €2003).

The Chelopech mine in Bulgaria proposed the ug&®X at 225°C and pressure of
3,713 kPa. The autoclave discharge goes to a G€litdor solid-liquid separation, allowing
subsequent treatment of the solution that contapger, zince and other base metals. The gold
values are in the solid phase. Solution from théafeer goes to solvent extraction then
electrowinning for copper. Impurities such as aisezinc, iron and others are removed in a
separate circuit. The pressure oxidation is ang&:ment for the ore which is then sent to a CIL

circuit for gold recovery. The proposed process/fiheet is shown in Figure 2.18.
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Figure 2.18 Proposed Chelopech POX process flowgGdadwick 2006).
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The Mt. Gordon process in Figure 2.19 is a whotg bot acid ferric leach process
developed to treat chalcocite ores in Australtauses low temperature pressure oxidation to
leach copper from the ore followed by SX/EW. Chbalte is leached to form covellite, and then
leached to form soluble copper and elemental sulkutotal pressure of 7.7 bars and oxygen
partial pressure of 4.2 bars are used in an ameeléth about 60 minutes of residence time
(Dreisinger 2006; Arnold, Glen, and Richmond 2003).

Kansanshi uses a high pressure leach (HPL) todoggder concentrates in two
autoclaves operating at 225°C. Using sulfuric arid oxygen, chalcopyrite is oxidized to
copper sulfate and ferric sulfate. The autoclaseldrge is cooled and pumped to an oxide
leach circuit where high temperature and ferricdome the leaching reaction. This is followed
by SX/EW as shown in Figure 2.20 (Chadwick 2011).

The Albion, or Nenatech process is another sulbaised process employing fine
grinding (10-15 micron) at mild conditions (85-90a@mospheric leach, 24 hours residence
time). Oxygen and air sparging are used for oladat The process has been demonstrated at
the continuous pilot plant level. Mount Isa Mind® process owners, have said they wish to
keep the technology internal for use in their owmjgxts. A flowsheet is shown in Figure 2.21
(Milbourne et al. 2003).

The Sepon Copper Project in Laos is primarily dadate ore. The autoclave circuit is
designed to oxidize a high-grade pyrite concent@fgoduce iron and acid. A flowsheet is
shown in Figure 2.22.

The Galvanox process is a galvanically-assiste@spimeric leach (~80°C) of
chalcopyrite concentrates in a ferric/ferrous galfaedium to extract copper. The process
consumes approximately a stoichiometic amount gger and generates mostly elemental
sulfur. It operates below the melting point offguto eliminate the need for surfactants. A
flowsheet is shown in Figure 2.23.

Phelps Dodge, now Freeport-McMoRan Copper & Gald, (FCX), constructed a
concentrate leaching demonstration plant in Bagdadpna to demonstrate the viability of the
total pressure oxidation process developed by BHatmlge and Placer Dome (J. O Marsden,
Brewer, and Hazen 2003). It treats about 136 ttdayncentrate to produce about 16,000 t/y of
copper cathode via conventional SX/EW. After 1&ths of continuous operation, the Bagdad

Concentrate Leach Plant has demonstrated thaighedmperature process is suitable for
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Figure 2.21  NENATECH process flowsheet.
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Figure 2.22  Sepon process flowsheet (Baxter, Drgesi and Pratt 2003).
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applications where the dilute acid can be usedfimaléy. Recently, PD has started its
development of medium-temperature pressure leachisglfate media at 140-180 C. With its
MT-DEW-SX process (Wilmot, Smith, and Brewer 200zf)alcopyrite concentrate is first
super-finely ground and then pressure leached diumetemperature in an autoclave. After
solid-liquid separation, the leach solution is dilgelectrowon to produce copper and the
electrolyte, with a relatively low content of coppis either recycled in the autoclave or mixed
with stockpile returned leach solution and fed ¥o She SX raffinate is sent to stockpile leach
and the stripped solution is then electrowon foalficopper cathode production (Wang 2005).

The subsequent commercial scale process flowst@rtMorenci is shown in Figure 2.24.
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Figure 2.24  Phelps Dodge Morenci POX flowsheet ¢ Gwld Wilmot 2009).
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2.5.6 Competing Technologies

One competing technology to copper pressure ariala Outotec’s Partial Roasting
Process. Outotec has developed a two-stage padisting process to remove impurities such
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as arsenic, antimony and carbon from copper ardl gwicentrates as a pre-treatment to actual
extraction processes. They are currently buildiregworld’s largest arsenic-removing roasting
furnace at Codelco’s Mina Ministro Hales mine inil€hwhich will use this process. More than
90 % of the arsenic in the concentrate can be rechty produce clean copper calcine.
Depending on the composition of the concentrateti@glant’s capacity, the process can either
be run in a stationary fluidized bed or in a ciatidg fluidized bed. The partial roasting process
for copper concentrates is a single-stage roaptiogess. The impurities are volatilized and the
process produces calcine, which is rich in copp#ide but has a low impurity content. The
calcine is mixed and can be further processedppeosmelters. The partial roasting process is
also combined with post-combustion of process gashvert all volatile compounds into
oxides. The roasting process for refractory galdoentrates contaminated with arsenic and
carbon is a two-stage process. Arsenic is remaovéuk first roasting stage while carbon and
remaining sulfur are removed in the second stadlesulfur, iron and carbon are fully oxidized

in the process and calcine suitable for actual ggddhing is produced (“Outotec Launches a

New Partial Roasting Process to Purify Contamin&edper and Gold Concentrates” 2011).

2.6 Namibia Custom Smelter

The Namibia Custom Smelter (NCS), owned by Dundeeifus Metals, Inc. (DPM), is
located in Tsumeb, Namibia which is approximate89 4m north of the capital, Windhoek.

The smelter is one of only a few in the world aoléreat arsenic and lead bearing copper
concentrate. The Chelopech mine, also owned by D¥elds their concentrate to be processed
by this smelter. For the year of 2011, NCS proeg$8,514 mt of Chelopech concentrate and
91, 889 mt of concentrate from third parties fdotal of 180,403 mt.

Since acquiring NCS in 2010, DPM has embarked oexpansion and modernization
program designed to bring the smelter into the @tury from a health, safety and
environmental perspective. The first phase ofpifegect is designed to address arsenic handling.
They are expanding the Ausmelt furnace, a sup&rraace from an environmental point of
view, enabling them to perform all primary smeltthgough the Ausmelt, allowing the older
reverbatory furnace to be used as a holding furnaceew baghouse is also being installed and

all the existing systems designed to manage tleni@rare being upgraded. When this phase is

39



completed, expected in December of 2012, the smeiliebe one of the most modern in the
world with respect to the safe management and dadpd arsenic.

When the two phases of the project are complebedspecialty smelter at Tsumeb will
be repositioned to be one of the most unique smsahliehe world, with the ability to treat DPM
and third party complex concentrates in a respémsibd sustainable manner that meets
Namibian as well as global health, safety and emwirental standards.

In December 2011, an independent team of techaxgadrts was retained by the
Namibian Government to ensure that both the Govenmtand DPM had properly identified the
issues with respect to concerns raised regardimgigposal and management of arsenic in
concentrate processed at NCS. The review was &betpin January 2012 and the report is
expected to be issued in the near future (“Annwali®v 2011” 2012).
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CHAPTER 3

ARSENIC PROCESSING AND FIXATION

3.1  Background of Arsenic

The name arsenic comes from the Latin arsenicueelkzarsenikon, and yellow
orpiment identified with arsenikos, meaning matenf the belief that metals were different
sexes. Arabic Az-zernikh was the orpiment fromsRer zerni-zar for gold. It is abbreviated as
As and it is believed that Albert Magnus obtaineskaic as an element in 1250 A.D. In 1649
Shroeder published two methods of preparing theeht (Haynes and Lide 2011).

3.1.1 Sources of Arsenic

Elemental arsenic occurs in two solid forms: yellend gray or metallic. Several other
allotropic forms of arsenic are reported in therbture. Arsenic is found in its native form, in
the sulfides realgar and orpiment, as arsenidesalf@senides of heavy metals, as the oxide,
and as arsenates. Mispickel, arsenopyrite, (FelSABE most common mineral, from which on

heating the arsenic sublimes leaving ferrous seilffflaynes and Lide 2011).

3.1.2 Properties of Arsenic

Arsenic has an atomic number of 33 on the peritabte with an atomic weight of
74.92160 grams/mole. It can have a valence d,-33, or +5. Yellow arsenic has a specific
gravity of 1.97 while gray, or metallic, is 5.7&ray arsenic is the ordinary stable form. It has a
triple point of 817 C, sublimes at 616 C and hasitical temperature of 1400 C. The element
is a steel gray, very brittle, crystalline, semiatiét solid; it tarnishes in air, and when heated i
rapidly oxidized to arsenous oxide ¢&8s) with the odor of garlic. Arsenic and its compdan

are poisonous. Exposure to arsenic and its comysostmould not exceed 0.01 md/as
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elemental arsenic during an eight hour work dagtulal arsenic is made of one isotdps.

Thirty other radioactive isotopes and isomers @@\ (Haynes and Lide 2011).

3.1.3 Applications of Arsenic

Arsenic trioxide and arsenic metal have not baedyced as primary mineral
commodity forms in the United States since 198%weler, arsenic metal has been recycled
from gallium-arsenide semiconductors. Owing toiemmental concerns and a voluntary ban
on the use of arsenic trioxide for the productibolomate copper arsenate wood preservatives
at year end 2003, imports of arsenic trioxide ayets6,100 tons annually during 2006-10
compared with imports of arsenic trioxide that aged more than 20,000 tons annually during
2001-02. Ammunition used by the United Statestariiwas hardened by the addition of less
than 1% arsenic metal, and the grids in lead-aoicge batteries were strengthened by the
addition of arsenic metal. Arsenic metal was aised as an antifriction additive for bearings, to
harden lead shot, and in clip-on wheel weightsseilc compounds were used in fertilizers,
fireworks, herbicides, and insecticides. High-puarsenic (99.9999%) was used by the
electronics industry for allium-arsenide semicoridtgthat are used for solar cells, space
research, and telecommunication. Arsenic wasudsd for germanium-arsenide-selenide
specialty optical materials. Indium-gallium-arsivas used for short-wave infrared
technology. The value of arsenic compounds an@lnnehsumed domestically in 2011 was
estimated to be about $3 million (Brooks 2012).

Arsenic is used in bronzing, pyrotechny, and faxdeaing and improving the sphericity
of shot. The most important compounds are wheerac (AsOs), the sulfide, Paris green
3Cu(AsQ); - Cu(GHs0,),, calcium arsenate, and lead arsenate. The last llave been used
as agricultural insecticides and poisons. Marstss makes use of the formation and ready
decomposition of arsine (AsH which is used to detect low levels of arsenspeeially in cases
of poisoning. Arsenic is available in high-puritym. It is finding increasing uses as a doping
agent in solid-state devices such as transist@edlium arsenide is used as a laser material to
convert electricity directly into coherent lightrsenic (99%) costs about $75 for 50 grams.
Purified arsenic (99.9995%) costs about $50 pendkaynes and Lide 2011).
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3.2  Arsenic Extraction Processes

The removal of arsenic from process solutions dfidemts has been practiced by the
mineral industries for many years. Removal bytexgshydrometallurgical techniques is
adequate for present day product specificationsHaustability of waste materials for long term
disposal will not meet the regulatory requiremagitthe future. The aqueous inorganic
chemistry of arsenic as it relates to the hydrothetacal methods that have been applied
commercially for arsenic removal, recovery, angdsal, as well as those techniques which
have been used in the laboratory or otherwise sigdeas a means of eliminating or recovering
arsenic from solution. The various separation washwhich are then referenced include:
oxidation-reduction, adsorption, electrolysis, golvextraction, ion exchange, membrane
separation, precipitate flotation, ion flotationmdebiological processes. The removal and
disposal of arsenic from metallurgical processastre will become a greater problem as minerals
with much higher arsenic content are being proackssthe future.

It is mostly the arsenic sulfide minerals which saimpurity levels in
hydrometallurgical processes. The main sulfidearahto cause arsenic impurity problems in
arsenopyrite, FeAsS, but in certain locations etgrGwAsS,, tennantite, C13As,S;3, cobaltite,
CoAsS, rammelsbergite, NiAsskutterudite, (Co, Ni, Fe)Assafflorite, (Co, Fe)As
pararammelsbergite, NiAsand seligmannite, PbCuAg%re the major source.

After smelting of sulfides or in wholly hydromeétaigical treatment, arsenic appears in
solution as either arsenic (iii) or arsenic (v) batasionally as arsenic (-iii).

Speciation in uncomplexed solution is describedtrnosveniently by means of the
potential-pH diagram in Figure 3.1.

Oxidation-reduction reactions between arsenic ) arsenic (iii) is possible using
sulfur dioxide or sulfite. On an industrial scéiés process is used to precipitate arsenic trioxid
from arsenic acid solutions as a commercial comtgodihere appears to be little likelihood of
applying more powerful reductants in hydrometalicagprocessing due to the concern of
producing arsine, Asil Arsine gas is produced commercially, howevegrasmtermediate to

pure arsenic metal for semiconductor use.
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Figure 3.1 Eh-pH equilibrium diagram for the AséHsystem at 25 C and unit activity of all
species (Robins 1988).

Arsenate complexes are very similar to those osphate, and there is a fairly extensive
literature on the metal phosphate complexes whashideen reviewed by Robins, Twidwell and
Dahnke. A model for ferric arsenate complexing lbesn proposed by Khoe and Robins which
has significant effect on free energies of formaitnhich have been used previously to describe
the solubility of ferric arsenate (FeAs@H,O) a compound of low solubility which is used
extensively for removing arsenate from hydrometglkal process solutions (Robins 1988).

Arsenic can be leached specifically from enarg#ieg various methods such as alkaline
sulfide leaching, acidic sulfate and chloride medidified ferric sulfate, and others, which will

be discussed in the next chapter.

44



3.3 Arsenic Fixation Processes

Because arsenic is most hazardous when mobileyst be fixed as a solid precipitate to
get it in a stable form for long-term storage. Tpveferred stable forms include ferrihydrite and

scorodite which are discussed in the sectionsllovio

3.3.1 Ferrihydrite

Ferrihydrite is a ferric oxyhydroxide precipitatet forms very small particles with a
large surface area.

In treating hydrometallurgical solutions and wastteams for the removal of arsenic, the
use of coprecipitation with Fe (lll) has been spediby the US EPA as the Best Demonstrated
Available Technology (BDAT). This technology haeseln widely adopted over the last century,
and developments have been well reviewed (L. GdWell, Robins, and Hohn 2005). This
technology has also been selected as one of theABasable Technologies (BAT) for
removing arsenic from drinking waters (L. Twidwafld McCloskey 2011).

R.G. Robins was the first investigator to recogrind to alert the gold industry that
arsenic storage as calcium arsenate was inappt@pifavidwell & McCloskey have continued
work until the present and a number of researcinsames are available from the EPA Mine
Waste Technology Program (MWTP), e.g. arsenicges® selenium cementation using
elemental iron and catalyzed elemental iron, forome&nd stability of arsenatephosphate
apatites, ferric and ferrous treatment of mine v&a{Berkeley Pitlake and Acid Drainage mine
water), ferrihydrite/arsenic co-precipitation aridrainum-modified-ferrihydrite (AMF)/arsenic
treatment of waste water and long-term storagkjente of anion species on ferrihydrite/arsenic
co-precipitation and long-term storage, and fediitg/AMF/metals co-precipitation and long-
term storage.

Twidwell quoted two other authors; one says arsgiigrinydrite can be considered
stable provided that: the Fe/As molar ratio is tgethan 3, the pH is slightly acidic, and it does
not come into contact with reducing substances asaleactive sulfides or reducing conditions
such as deep water, bacteria or algae. AnothBpagays that there is no clear experimental

evidence that either process is better for safgogal of arsenic. Local storage conditions will
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greatly affect stability of arsenic product. Sofaetors influencing arsenic removal include
initial arsenic concentration, valence state, Fafide ratio, presence of associated solution
ions, structural modifications to ferrihydrite, neodf precipitation (co-precipitation, post-
precipitation, adsorption), pH, temperature ancetiriio form ferrihydrite different reagents can
be used; usually ferric nitrate, ferric chloridadderric sulfate. The adsorption capacity is
related to the method of preparation (L. G. Twidwiebbins, and Hohn 2005).

Important reviews detailing conditions for formattiand the stability of ferrihydrite are
presented by Schwertmann and Cornell, who havaghda a “recipe” book that presents details
of how to prepare iron oxides in the laboratorgjunling ferrihydrite, hematite and goethite.
Many of the experimental studies reported in thexditure reference this publication (L.

Twidwell and McCloskey 2011).

Two ferric precipitation arsenic removal techno&syare presently practiced by industry:
ambient temperature ferrihydrite/arsenic co-preatpn and elevated temperature precipitation
of ferric arsenate. The ambient temperature tdolgyas relatively simple and the presence of
commonly associated metals such as copper, leadiandnd gypsum have a stabilizing effect
on the long term stability of the product. Theadigantages of the adsorption technology are the
formation of voluminous waste material that isidiift to filter, the requirement that the arsenic
be present in the fully oxidized state as arseraaié the question as to long term stability of the
product in the presence of reducing substances.didadvantages of the ferric arsenate
precipitation are that the treatment process iersapital intensive, the compound may dissolve
incongruently if the pH is >4, and it may not batdé under reducing or anaerobic bacterial
conditions (L. G. Twidwell, Robins, and Hohn 2005).

Ferrihydrite is characterized by x-ray diffractias having a two-line or six-line
structure, which relates to the number of broakg@aesent. Two-line ferrihydrite is formed by
rapid hydrolysis to pH 7 ambient temperature. IBig-ferrihydrite is formed by rapid hydrolysis
at elevated temperature and is generally morealtyst than two-line ferrihydrite (L. Twidwell
and McCloskey 2011). However, Schwertmann and €bhave demonstrated that either can
be formed at ambient temperature by controllingrétte of hydrolysis (i.e., less crystalline two-
line forms at rapid hydrolysis rates whereas, sig-forms if the precipitation is conducted at
lower rates, and lepidocrocite forms if the ratedélition of sodium hydroxide is slow enough)

(Schwertmann and Cornell 2012).

46



The rate of transformation of ferrihydrite to heiteabr goethite has been discussed in
great detail by Cornell and Schwertmann in theokoThe rate of transformation is a function
of time, temperature and pH (e.g., conversion afliwe ferrihydrite to hematite at 25°C is half
complete in 280 days at pH 4 but is completely eotad at 100°C in four hours) (Cornell and
Schwertmann 2003). It has been pointed out by nrargstigators that ferrihydrite converts
rapidly and that the conversion results in a sigaift decrease in surface area. However, the
ferrinydrite conversion rate may be mitigated (apethfrom days to perhaps years) by the
presence of other species and solution conditianagl precipitation and subsequent storage (L.
Twidwell and McCloskey 2011). General factors thate been shown to decrease the rate of
conversion of two-line ferrihydrite to more crysita¢ forms include: lower pH, lower
temperatures, presence of silicate, aluminum, aseranganese, metals, sulfate, and organics
(L. Twidwell and McCloskey 2011; Cornell and Schtmegnn 2003).

3.3.2 Scorodite

Scorodite, FeAs®2H,0, is a naturally occurring mineral formed in oxelil zones of
arsenic-bearing ore deposits. Its wide occurreamcemparison to other secondary arsenate
minerals has led many to advocate it as an acdeptalrier for the immobilization of arsenic
released during pyrometallurgical or hydrometaliceprocessing of arsenic-containing ores
and those of gold, copper, and uranium.

The production of scorodite, especially from arsetgh and iron-deficient sulfate
solutions offers a number of operational advantages as high arsenic content, stoichiometric
iron demand, and excellent dewatering charactesisti

There are two process options of industrial releeathe hydrothermal option that
involves autoclave processing at elevated tempergt50 C) and pressure and the
atmospheric process based on supersaturation-tedtprecipitation of scorodite at 90-95 C.

In addition to hydrothermal production of scorodhe work done by Demopoulos has
determined that it is feasible to produce scordojtstep-wise lime neutralization at 90°C. The
atmospheric scorodite possesses the same struatutabolubility characteristics with the

hydrothermally produced scorodite. Thermodynaraicudations determined that scorodite is
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stable in the presence of ferrihydrite under oxinditions up to pH 6.75 at 22°C or higher pH at
lower temperature and gypsum-saturated solutioesn@oulos 2005).

Crystalline scorodite has been prepared many wBgse and Rimstidt prepared
scorodite by mixing ferric chloride and sodium aae solutions and equilibrating the resultant
slurry for two weeks at ~100°C (Dove and Rimsti@g3).

3.4  Stability of Arsenic-Bearing Residues

A review of methods for the environmentally acedyi¢ disposal of arsenic-bearing
residues, such as those produced from hydromegadalroperations, indicated that chemical
precipitation as a metal arsenate offered thedmation, not only of precipitating arsenic from
process liquors, but also of producing a residdiecgently stable (giving <5 mg As/L in
solution) for disposal. Since published thermodyitadata suggested that metal arsenates were
not as stable as had previously been thought, tmarida Research Centre undertook a
comprehensive laboratory study of the stabilitynagftal arsenates, such as might be precipitated
from typical hydrometallurgical process solutioas,a function of time and pH. The results
indicate that (i) the presence of excess ferrin {(fee/As molar ratio >3) co-precipitated with
ferric arsenate coners a high degree of stabdiyrsenical residue at pH, (ii) the presence of
small quantities of base metals (Zn, Cu, Cd) insoh, in addition to excess ferric iron, at the
time of precipitation confers stability on the s in the pH range 4-10, and (iii) naturally-
occurring crystalline ferric arsenate (scorodita l solubility some two orders of magnitude

lower than the chemically-precipitated amorphousf@Harris and Monette 1988).
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CHAPTER 4

ENARGITE

4.1  Background of Enargite

High arsenic-containing enargite concentratesbeasmelted directly but most copper
smelters limit their total arsenic inputs for bethvironmental and economic reasons. The
average arsenic level in custom copper concentha@eslso been increasing, further limiting the
potential market for high-arsenic enargite con@at (Peacey, Gupta, and Ford 2010).

4.1.1 Properties of Enargite

Enargite, CyAsSS,, is a blackish gray mineral with a metallic lustdiohs hardness of 3,
and a density of 4.5 g/ém It is a semiconductor. Copper is nominallylie tnonovalent state,
and arsenic in the pentavalent state. In mostralabgcurrances, enargite is associated with
pyrite, and other copper and/or arsenic and/or beetal sulfides (chalcopyrite, chalcocite,
covellite, digenite, tennantite, sphalerite, gajerfanargite may contain minor amounts of other
elements (Sh, Ag, Fe). The presence of Sb (upntb%) is quite common, and environmentally
relevant; enargite is frequently associated witkh8&aring minerals (Lattanzi et al. 2008).

Enargite is a complex copper-arsenic sulfide minénat typically contains significant
gold and silver values, and poses many proceskeaolal. Large enargite deposits are found in
Chile as well as other countries and the increadergand for copper and gold have spurred
research into developing more effective methodsxériacting value metals from enargite
concentrates (Peacey, Gupta, and Ford 2010). dimpaund Cy(As,Sb)S occurs naturally in
two crystallographic forms: orthorhombic and tetnagl. The orthorhombic form is enargite
(CusAsSy) and the tetragonal forms are luzonite {/&8s86,;) and famatinite (Cs8bS;) (Springer
1969). It has been suggested that enargite ighatemperature modification of luzonite (Maske
and Skinner 1971).

49



4.1.2 Enargite Orebodies

There are numerous properties around the worldctiretain enargite mineralization.

The Table 4.1 lists many of them.

4.2  Enargite Concentrate Treatment Options

The only process used commercially in the recest foa treating large quantities of
enargite concentrate is partial roasting at tempega in the range 600-750 C to produce a low-
As calcine and arsenic trioxide for sale or storageasters and fluid bed reactors have been
used to treat high arsenic concentrates at Basriekindio mine in Chile, Lepanto in the
Philippines and Boliden in Sweden. The resultmg-As calcine was sold to Cu smelters. Sale
of significant amounts of arsenic trioxide is, haee no longer possible but the scrubbing of
arsenic trioxide from copper smelter gases anfiikigion in an environmentally acceptable
manner is well-proven by various methods at sewsmallters. A key issue in selecting the
preferred roasting process flowsheet is minimizhngcost of arsenic fixation and disposal to
satisfy the environmental regulations (“Outotec hehes a New Partial Roasting Process to
Purify Contaminated Copper and Gold Concentratég1), (Peacey, Gupta, and Ford 2010).

In the early 1900'’s arsenic kitchens were usedherecovery of arsenic and the
production of arsenic trioxide. The plant at Anada originally consisted of a Brunton roasting
furnace for treating the flue dust and a small reggatory furnace for treating crude arsenic
produced in the roasting operations. The kitclveei® connected to the main flue system to
condense the gases and capture th®Awhich was then prepared for market. The ASARCO
Tacoma Smelter used this technology and was naregherfund Site due to arsenic and lead
contamination (Bender and Goe 1934; “Asarco SmelRarston” 2013).

Several new hydrometallurgical processes have deeeloped to treat copper sulfide
concentrates and most are suitable for the tredtofeamargite concentrates. These
hydrometallurgical processes include atmospheacHmg and pressure oxidation.
Hydrometallurgical processes have a major advardageroasting options as the arsenic is
usually precipitated directly within the leach reaas ferric arsenate, which is generally

regarded as environmentally acceptable for disp@s=dcey, Gupta, and Ford 2010).
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Table 4.1

Worldwide Enargite Containing Orebodies

Orebody

Company

Location

Resource

Grade

Tonnes Cu (%)

Au (g/t)

Ag (g/t)

As (%)

Marca Punta
(“Memoria Anual
2011”7 2012)

El Brocal

Peru

37,916,386 1.8

0.2

885.

0.56

Tampakan
(“Annual Report
2011”7 2012),
(“Xstrata Copper:
Operations:
Tampakan” 2012)

Xstrata

Philippines

5 2,940,000,00@.51

Mount Carlton

Evolution Mining

Australia

14.7¢

198.

846.86

4.2

Chelopech
(“Annual Review
2011” 2012)

Dundee Precious Metals, Ing.

Bulgaria

.551

4.17

8.46

Frieda River
(“Xstrata Copper
Announces
Mineral Resources
Increase for the
Frieda River
Copper-gold
Project in Papua
New Guinea”
2011)

Xstrata

New Guine

a 1,900,000,0000.45

0.22

0.7

Lepanto

Lepanto Consolidated Mining

Co.

Philippines
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Table 4.1

Continued

Orebody

Company

Location

Resource
Tonnes

Grade

Cu (%)

Au (g/t)

Ag (g/t)

As (%)

Caspiche (“Exeter
Resource
Corporation
Caspiche Project
Pre-Feasibility
Study” 2012)

Exeter Resources

Chile

1,646,000 0.

18 0.47

1.09

La Coipa (“Annual
Report 2011”)

Kinross Gold

Chile

21,334,00

1.28

137

Golpu (“Integrated
Annual Report”
2011)

Harmony Gold/Newcrest

New Guin

ea

868,700,0001.03

0.69

Canariaco
(“Consolidated
Financial
Statements of
Candente Copper
Corp. December
31, 2011 and
2010” 2012)

Candente Copper Corp.

Peru

910,100,

00M.44

Yanacocha

Newmont Mining

Peru

El Indio

Barrick

Chile

El Galeno

China Minmetals

Peru

Andina

Codelco

Chile

Chuquicamata

Codelco

Chile

Mina Ministro
Hales

Codelco

Chile
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The Outotec neutral roast may also be a possiliised on the company’s press release
from December 27, 2011 stating that the processreamove impurities such as arsenic,
antimony and carbon from copper and gold concergras a pre-treatment to actual extraction
processes” (“Outotec Launches a New Partial Rogigtnocess to Purify Contaminated Copper
and Gold Concentrates” 2011).

As there has not been a commercial hydrometallatgipplication to primarily treat
enargite-bearing copper concentrates, there isvgtik to be done to understand the chemistry,
thermodynamics and kinetics of a process to sufidBsgeat concentrates containing arsenic
minerals. Further, the demand for clean coppeceainates containing silver and gold as feed
to a smelter is considerable. Therefore, thisaredewill focus on the selective dissolution and
fixation of arsenic while leaving behind a cleapper-precious metals bearing solid suitable as
a smelter feed. This will minimize the on-site italjpnvestment hydrometallurgically producing
copper cathode on site, while taking advantagewét smelting treatment and refining charges

and precious metal recovery credits.

4.3  Enargite Literature Review

The following sections discuss work that has besfiopmed in the areas of enargite

processing and pressure oxidation.

4.3.1 Enargite Surface Properties

In a flotation study of the surface properties whmgite as a function of pH, it was
observed that the sign and magnitude of enargiets potential is governed by the adsorption of
the hydrolysis products of the As-Cu-S@Hsystem formed at the mineral/solution interface.
The zeta potential of enargite was found to beegséinsitive to changes in pH, probably due to
several simultaneous ionization and disassociagantions (Castro and Baltierra 2005).
Electrochemical oxidation and reduction of enargieze performed in 0.1 M HCI solution. The
presence of Cii, sulfate and chloride were detected at poterdiats/e 0.2V, while at potentials
below 0.6V the oxidation of arsenic was detectBisolved sulfur increased under reducing

conditions forming HS and at oxidizing conditions forming sulfoxy speci The sulfur was
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believed to be responsible for the observatiomadctive-passive transition at 0.3V (SCE)
(Asbjérnsson et al. 2004).

Selective flotation of enargite from chalcopyriteder varied pulp potentials was
conducted to investigate the feasibility of enargegmoval from a chalcopyrite concentrate. The
test results indicate that chalcopyrite began idip& quickly at a much lower potential than
enargite. Selective flotation revealed that enargan be successfully removed from
chalcopyrite through controlling the pulp potenaslbve +0.2V and below +0.55V (SCE) (Guo
and Yen 2005). The electrochemical behavior afiraienargite in an alkaline solution was
studied under conditions pertinent to those usdhbiation of sulfide minerals.
Photoelectrochemical experiments confirmed thas#raples studied were p-type
semiconductors. The potential range where thequootent was noticeable (below -0.4 £0.2V
vs. SCE) is more negative than the potential raridiotation (near 0.0V vs. SCE). Itis
believed that a surface layer forms over the pa@krdnge studied, and the law for the growth of
this layer corresponds to two processes: the foomaind dissolution of the layer (Pauporté and
Schuhmann 1996).

The oxidation of synthetic and natural samplesnairgite and tennantite were compared
through dissolution and zeta potential studiese dlianges in zeta potential with pH and
oxidizing conditions are consistent with the preseof a copper hydroxide layer covering a
metal-deficient sulfur-rich surface. The amountopper hydroxide coverage increases with
oxidation conditions. Arsenic dissolution was mimier than copper and does not appear to
contribute to the mineral oxidation. The work sleolvthat the natural samples of tennantite and
enargite oxidize more than the synthetic sampledkialine conditions, and tennantite oxidizes
more than enargite (Fullston, Fornasiero, and Bal§999a). The surface oxidation of synthetic
and natural samples of enargite and tennantite meretored by X-ray photoelectron
spectroscopy (XPS). The XPS results showed tleabxidation layer on the mineral surface is
thin and the products are comprised of copper aseh& oxide/hydroxide, sulfite, and a sulfur-
rich layer of metal-deficient sulfide and/or polifgle (Fullston, Fornasiero, and Ralston 1999b).

The extended milling of enargite concentrate iaygen atmosphere at elevated
temperature led to increased solubility of enardite to the formation of Cug@nd AsOs,
both of which are soluble in the leachant (Welh&@1).
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4.3.2 Enargite Treatments

The study of the separation of enargite and tetitednom non-arsenic copper sulfide
minerals by selective oxidation or dissolution skadwhat it is difficult to use flotation to
separate chalcocite, covellite or chalcopyrite fremargite or tennantite under normal oxidation
conditions. Improved separation occurred at pHaBt€r selective oxidation withJ@,, or at pH
11.0 after oxidation with pO- followed by EDTA addition to selectively removerfaice
oxidation products (Fornasiero et al. 2001).

Hydrometallurgical oxidation of enargite in airaslow process. At acidic to neutral pH,
oxidation/dissolution is slow but is acceleratediy presence of ferric iron and/or bacteria.
When sulfuric acid and ferric iron are present, ahdigh potentials, +0.74 V vs. SHE, copper
dissolves and there is a formation of sulfur, wmtdly be subsequently partially oxidized to
sulfate (Lattanzi et al. 2008).

Several new hydrometallurgical processes have deeeloped to treat copper sulfide
concentrates and may be suitable for enargite direduatmospheric leaching, bio-oxidation and
pressure oxidation. The advantage of hydrometallorver roasting is that the arsenic can be
precipitated directly within the leach reactor esit arsenate (Peacey, Gupta, and Ford 2010).

One commercial process for treating large quastiifeenargite concentrates is the
Outotec Partial Roasting Process. It includesgladasting at 600-750 C to produce a low-
arsenic calcine and arsenic trioxide for sale oragfe. The low-arsenic calcine was sold to
copper smelters. The sale of significant amouhtgsenic trioxide is no longer possible but
scrubbing from copper smelter gases and fixaticamienvironmentally acceptable manner is
well-proven (Lattanzi et al. 2008; Peacey, Gupial &ord 2010).

4.3.3 Pyrometallurgical Processing

Pyrometallurgical processing of enargite conceegréias been shown to remove arsenic,
but the problem is handling of the arsenic-contajrépecies and long term stability (Kusik and
Nadkarni 1988). Decomposition of enargite in @aagien atmosphere at 575-700 C proceeded in
two sequential steps forming tenantite as an interate compound (Padilla, Fan, and
Wilkomirsky 2001). Sulfidation of chalcopyrite-egéte concentrate at 350-400 C resulted in
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rapid conversion of the chalcopyrite to covellitelgyrite. This was followed by pressure

leaching in sulfuric acid with oxygen (Padilla, \&e@nd Ruiz 2007).

4.3.4 Bio-Oxidation

Enargite was leached faster by bacteria in sulfacid with ferric sulfate than by chemical
leaching at the same or higher ion concentrati@e@Bar, Huenupi, and Wiertz 1997). Arsenic-
bearing copper ores and concentrates could bedddnhSulfolobus BC, a strain of bacteria that
can oxidize aresnite to arsenate, in the presenfegr iron due to precipitation of ferric
arsenate (Escobar et al. 2000). In evaluatingkidation of a gold concentrate prior to
cyanidation of high pyrite and enargite conteng, Itlacterial attack was directed toward pyrite
with minimal effect on the enargite (Canales, Aakeand Gentina 2002). The electrochemical
study of enargite bioleaching by mesophilic andrtiagphilic microorganisms showed that
enargite dissolution increased at higher tempegafwar thermophilic conditions (Munoz et al.
2006). Leach tests on composited sulfide oresatoing enargite and covellite achieved higher
copper extraction at thermophilic conditions thagsophilic conditions (Lee et al. 2011).
Arsenic-tolerant acidithiobacillus ferrooxidans ested oxidation dissolution of enargite by
forming elemental sulfur, arsenate and oxidizetus@pecies (Sasaki et al. 2009). The study of
CO, supply on the biooxidation of an enargite-pyritddgconcentrate showed a marked effect on
the kinetics of growth and bioleaching. Four pataarbon dioxide resulted in the best
suspended cell population as well as maximum etxwraof Fe, Cu and As (Acevedo, Gentina,
and Garcia 1998).

4.3.5 Hydrometallurgical Processing

Arsenic dissolved from concentrates by leachinggtewith sodium hypochlorite under
alkaline oxidizing conditions where the enargiteasiverted into crystalline CuO and arsenic
dissolves forming As¢y. The reaction rate was very fast and chemicalhtrolled (Curreli et
al. 2005; Vinals et al. 2003).

The dissolution of enargite in acidified ferric fauié solutions at 60-95 C yielded

elemental sulfate and sulfate with dissolved copperarsenic. The dissolution kinetics were
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linear and copper extraction increased with indrepkerric sulfate and sulfuric acid
concentration (Dutrizac and MacDonald 1972). Leaglof enargite in acidic sulfate and
chloride media resulted in complete dissolutioteatperatures above 170 C (Riveros, Dutrizac,
and Spencer 2001). At <100°C, enargite dissolleglgin either Fe(SQ) s or FeC} media,

and the dissolution rate obeys the shrinking candeh The rate increases with increasing
temperature and the apparent activation energeeS@&64 kJ/mol. The rate increases slightly
with increasing FeGlconcentrations in 0.3M HCI media. The leachingmérgite at elevated
temperatures and pressures was also investigB@entially useful leaching rates are achieved
above 170°C, at which temperature sulfate, ratiean sulfur, is produced. Lower temperatures
(130-160°C) lead to fast initial leaching rates, the dissolution of the enargite is incomplete
because of the coating of the enargite particlesl&yental sulfur (Riveros and Dutrizac 2008).

Enargite dissolution in ammoniacal solutions wasvshnd 60% of copper was extracted
after 14 hours (Gajam and Raghavan 1983).

In the case of gold-bearing enargite concentrégashing with basic N& has been
shown to selectively solubilize the arsenic, antiesgold, but does not affect the copper. The
copper is transformed in the leach residue to aisp&uy sS and the gold is partly solubilized in
the form of various anionic Au-S complexes. Th&lgmd arsenic could then be recovered from
solution (Curreli et al. 2009). Other work hadigaded that leaching with sodium sulfide in 0.25
M NaOH at 80-105°C will dissolve sulfides of arsgrantimony and mercury (Nadkarni and
Kusik 1988; C. G. Anderson 2005; C. Anderson anadvuell 2008). The selective leaching of
antimony and arsenic from mechanically activat&éhbedrite, jamesonite and enargite in
alkaline solution of sodium sulfide is temperataensitive. (Balaz and Achimovicova 2006).
The treatment of copper ores and concentratesimdtistrial nitrogen species catalyzed pressure
leaching and non-cyanide precious metals recovasy/effective in leaching copper and
oxidizing the sulfide to sulfate in a minimum ambohtime while keeping the arsenic out of
solution through in-situ precipitation (C. G. Anden 2003).

Bornite, covellite and pyrite were reacted hydeothally with copper sulfate solutions at
pH 1.1-1.4 to produce digenite which was then fiansed to djurleite, chalcocite, and
chalcocite-Q and trace djurleite respectively. Bbenite reaction is diffusion controlled while
the covellite and pyrite are chemically controlledl . Chilean copper concentrate was

hydrothermally treated at 225-240 C with coppefatel solutions to remove impurities. The
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mineral phases behaved in a similar manner asidedabove. Arsenic was described as being
moderately eliminated (20-40%) (Fuentes, Vinalsl Hierreros 2009a; Fuentes, Vinals, and
Herreros 2009b). Hydrothermally reacting sphageniith acidified copper sulfate solution by
metathesis reaction at 160-225°C resulted in digeatilower temperature and chalcocite at
higher temperature. Copper sulfide formed in agachlayer around a core of sphalerite
retaining the same size and shape of the origiasdighe. The work shows that sphalerite could
be removed from a digenite or chalcopyrite coppecentrate (Vinals, Fuentes, Hernandez and
Herreros 2004).

Complete dissolution of enargite at 220 C, 100ipgi20 minutes was achieved and it
was found that a sulfuric acid content over 0.2anblkd a negligible effect on dissolution
(Padilla, Rivas, and Ruiz 2008). Leaching of eitang sulfuric acid, sodium chloride, and
oxygen media found arsenic dissolution was verwsl®nly about 6% of the arsenic dissolved
in 7 hours at 100 C (Padilla, Giron, and Ruiz 200Bphargite dissolved faster when pressure
leaching in the presence of pyrite at 160-200 Qiithee dissolution of pure enargite which is
thought to be the result of ferric ions (Ruiz, V,eaad Padilla 2011).

4.3.6 Other Processing Technologies

A pyro-hydrometallurgical approach is the acidd#ach, or Anaconda-Treadwell
process, which achieved approximately 90% copptaetion when baking at 200 C with less
than 1% of arsenic reporting to the gas phaseul®eshow that upon baking with 5 grams
concentrated sulfuric acid per gram of containgupbeo, the enargite, chalcopyrite, sphalerite
and galena will be converted to their correspondulfptes (Safarzadeh, Moats, and Miller
2012a; Safarzadeh, Moats, and Miller 2012b).

4.3.7 Pressure Oxidation

Many companies have been investigating hydrometatal treatment methods for the
leaching of copper concentrates as an alternatigeriventional smelting technology by
pressure oxidation. Freeport-McMoRan Copper & Gbid. (FCX) has developed a sulfate-
based pressure leaching technology for the tredtofaropper sulfide concentrates. The main
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drivers for the activity were the relatively highdavariable cost of external smelting and
refining capacity, the limited availability of sntielg and refining capacity and the need to cost-
effectively generate sulfuric acid at mine sitesuse in stockpile leaching operations. FCX was
looking to treat chalcopyrite concentrates witls tleichnology and developed both high and
medium temperature processes (J. O. Marsden, WikndtHazen 2007a); (J. O. Marsden,
Wilmot, and Hazen 2007b).

Anaconda Copper Company performed work on orems fte Butte area to evaluate the
possibility of converting chalcopyrite to digengeabout 200°C to upgrade and clean the
concentrate to the point where it could be shipged feed to a copper smelter. They showed
that this reaction is possible and a significanbant of the iron and arsenic (along with other
impurities) were removed from the solid product ielmetaining the majority of the copper, gold
and silver in the concentrate. The upgrading meedso results in a lower mass of concentrate
to ship, thereby decreasing shipping costs. Pryna#ne process consists of chemical
enrichment that releases iron and sulfur from theaopyrite, followed by solid-liquid
separation with treatment of the liquid efflueftnis is followed by flotation with recycle of the
middling product back to the enrichment processrajettion of the tailing. The resultant
product is digenite formed as a reaction produarnaround the shrinking core of each
chalcopyrite grain. About 80% of the zinc impwegireported to the liquor, while arsenic,
bismuth and antimony were evenly distributed betwibe discharge liquor and the enriched
product. Gold, silver and selenium followed the@per (Bartlett 1992); (Bartlett et al. 1986).
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CHAPTER 5

THERMODYNAMIC MODELING

5.1 Enargite Thermodynamics

The thermodynamics associated with enargite haee btudied by several people. The
starting point for this evaluation is with the chieat reactions that might be occurring.
Reactions related to the pressure leaching of érarga sulfate-oxygen media and their
associated Gibbs Energies are shown in Equatidn®%.6 (Padilla, Rivas, and Ruiz 2008; Seal
et al. 1996; Knight 1977).

*( 246 . #o *( $ (5.1)
=0¢ B 45'4 C! (5.2)

= B 616 C! (5.3)

X ‘6 1 #  # *( 5 (5.4)
= 5 666 C! (5.5)

=ve B 16' C!I (5.6)

These reactions and the resultant Gibbs Energeeigb a strong thermodynamic
possibility of enargite oxidation with resultanifate or sulfur production.

The Gibbs free energy of formation for enargite walsulated in Padilla’s work from
data published by Seal & Knight, shown in Table 5.1
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Table 5.1 Standard Gibbs Free Energy of Formatoihargite (Padilla, Rivas, and Ruiz

2008)
Compound G, kcal/mole Temperature Range, K
CuwAsS, -45.002 + 0.00707T +0.19 298-944

Table 5.2 shows the standard free energy for énews species used in Padilla’s Eh-pH
diagrams in Figures 5.1 and 5.2.

Table 5.2 Standard Free Energy for the Various i8paa the Eh-pH Diagrams (Padilla,
Rivas, and Ruiz 2008)

Species G ¢ (kd/mol) G 20cc (kJ/mol)
As 0.000 0.000
Cu 0.000 0.000
CuwAsS, -177.462 -174.359
CuH; 283.576 289.333
CuO -128.380 -112.273
Cu,0 -147.982 -134.597
CuS -53.507 -53.135
CwS -86.524 -90.493
S 0.000 0.000
AsH;(a) 80.642 94.701
CU* (a) 65.599 66.072
Cu' (a) 50.020 35.533
CuQ? (a) -172.576 -77.598
HsAsO; (a) -640.061 -574.856
H,AsO; (a) -587.328 -506.519
HAsO;® (a) -524.171 -401.154
AsO: (a) -447.577 -279.875
H3AsSO; (a) -766.515 -685.283
H,AsO, (a) -753.620 -655.707
HAsO. (a) -714.942 -588.019
AsO.* (a) -648.669 -482.181
H.S (a) -27.281 -25.083
HS (a) 12.087 35.496
S (a) 86.026 129.087
HSO, (a) -756.182 -672.731
SQOZ (a) -744.865 -631.876

(a) refers to aqueous
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En (Volts)

Figure 5.1 Eh-pH diagram of the éAs$-H,O system at 25 C where the activities of soluble &s1and S are equal to 0.1. The
dashed lines represent S€Hequilibria and short dashed lines are A®Hquilibria (Padilla, Rivas, and Ruiz 2008).
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Figure 5.2 Eh-pH diagram of the ¢4sS,-H,0 system at 200 C where the activities of soluble & and S are equal to 0.1. The
dashed lines represent S@Hequilibria and short dashed lines are A®Hquilibria (Padilla, Rivas, and Ruiz 2008).
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Additional Eh-pH stability diagrams for the Cu-S As-H0, and S-HO systems are
shown individually in Appendices A and B. Appendi>shows how the diagrams change by
increasing temperature in 25°C increments. AppeBdhows how the diagrams change by
increasing species molality in 0.1 mol/kg incrensent

Padilla’s diagrams were recreated using Stabcsées in Figures 5.3 and 5.4. The
enargite data utilized is from Craig & Barton (Grand Barton 1973).

The most important item to note from the aboverig is that at the acidic conditions,
proposed by CSM for the pressure oxidation of a@teag positive oxidation potentials, enargite
can be transformed to solid copper sulfide phasdi{gy region surrounding enargite region),
which would stay in the solid concentrate, andlalde arsenic species. Padilla focused on the
upper left corner of the diagram, acidic oxidizrmanditions, showing Cii as stable. At pH<2,
the species would be €yHs;AsO, and HSQ; at pH between 2 and 2.3, the species will be
CU?*, HsAsO,, and SG; and at a pH between 2.3 and 4.3?CH,AsO, and SG* will be
stable (Padilla, Rivas, and Ruiz 2008). Basederditagrams, it appears that there is a region
where Cd@' is no longer the stable form of copper, but ratbes or CuS, while there is still a
soluble arsenic phase at a pH less than 2 at anddBRpproximately 0.3 volts. This is a
metathesis-like reaction path.

It is important to keep in mind that a thermodynaewaluation only predicts whether

such reaction is possible, not whether the readtiogtics are viable.

5.2  Metathesis Reaction Thermodynamics

A metathesis reaction is a double-replacement atedmeaction. Metathetic leaching
may be represented by Equation 5.7 (Vignes 2011):

0 0, (5.7)

Metathesis is an exchange of bonds. The coppkdesuh Reaction 5.7 above is insoluble in the
system and is precipitated.

Metathesis has long been used for copper cememtaisopart of the nickel-copper matte
leach (Hofirek and Kerfoot 1992), at Stillwater (My Halbe, and Barratt 2002), and to
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Eh (volts)

PH

Figure 5.3 Stabcal Eh-pH diagram of the;&s65,-H,0 system at 25 C where the activities of soluble &uand S are equal to
0.1. The blue lines represent $&Hequilibria and As-BD equilibria.
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Figure 5.4 Stabcal Eh-pH diagram of the;&365,-H,0 system at 200 C where the activities of soluble & and S are equal to
0.1. The blue lines represent $&Hequilibria and As-BD equilibria.
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transform sphalerite to copper sulfide particlem@s et al. 2004). For copper minerals, it has
been used to convert chalcopyrite to digenite (B&rt992). The chalcopyrite metathesis

reaction is shown in Equation 5.8.

1 . (5.8)

Metathesis has also been successful for the patiiiic and enrichment of Chilean copper
concentrates using pressure oxidation. Bornitecanwdllite were successfully treated for
impurities, including a moderate (20-40%) extractud arsenic (Fuentes, Vinals, and Herreros
2009a; Fuentes, Vinals, and Herreros 2009b).

For our work, based on the enargite Eh-pH diagram&xample metathesis reaction
between copper and arsenic with corresponding (Giolesgy may be represented by Equations
5.9 and 5.10:

< 'O ") ‘sf) ') (5.9)
0 *( '8D0) '8[)

=0 B  16E56 (! (5.10)

Using this reaction, assuming 5 grams of concentiatfeed to the reactor at 38% enargite, there
are 0.0012 moles, or 27.27 tat STP, of oxygen needed for complete reactiodyming

0.0048 moles of BAsO; and 0.0192 moles of CuS. So the disappearaneeanfjite, selective
dissolution of arsenic, formation of covellite, amdention of copper in the leached solid would
be clear indicators that this reaction could bauomeg. In addition, based on the above
stoichiometry and the Eh pH diagrams, it is obvitha limiting the available oxygen and the
solution potential are the keys to successfulllaisag this reaction. Only about 0.0012 moles of
oxygen is needed, at most, and the reactor hea spidized is about 1000 ml, containing

mostly oxygen at a pressure of 100 psig. So stgrihie reaction of oxygen is not likely using
ordinary operating overpressures, as was donesinegearch.
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CHAPTER 6

FEED SAMPLE CHARACTERIZATION

Two enargite samples were collected for experiateori. The samples consist of a

Peruvian concentrate (Marca Punta) and a high gaagntent mineral specimen.

6.1 Marca Punta Sample

The first sample analyzed was from Marca Puntey.P€he feed concentrate was
analyzed using various methods shown below.

This sample was analyzed both by The Center faaAded Mineral and Metallurgical
Processing (CAMP) at Montana Tech of the Universftiontana in Butte and by FCX’s

Mineralogy group.
Total sulfur and carbon were analyzed on the LEG&laer. Arsenic, copper and iron
were analyzed on the digested sampled by ICP-A&ES8d and silver values were determined by

fire assay. These values are shown in Table 6.1.

Table 6.1 Marca Punta CAMP Concentrate Analysis

Cu,% | 20.64
Fe, % 28.3
As, % 5.89
Au, g/t 1.93
Ag, o/t [ 1.65
TS, % 40.1

The sample was examined by XRD to determine themmaijneral phases present as

shown in Figure 6.1.
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Figure 6.1 XRD qualitative analysis on Marca Punthcates that the primary minerals are
enargite, CgAsS, and Villamaninite, Cu, FeS

The MLA-determined particle size distribution the sample is presented in Figure 6.2
below. The particle size was biased high due gdamgeration of the material from drying; the
P80 was approximately 30 pm.

The prepared sample was analyzed by the MLA X-ragkBcatter Electron (XBSE)
method. The XBSE method uses the variation irgtag level of mineral phases based on the
backscatter electron (BSE) image to differentiasg(nent) the particles and mineral phases.
After segmentation of the BSE image is completeXEpectra are collected at the “center” of
each phase. The collected X-ray spectra are cadpara mineral X-ray database for
identification. The phases present are shown bieTé.2.

The MLA-calculated bulk elemental analysis is showiiable 6.3.

Figure 6.3 is a classified MLA image from a setelcframe obtained during analysis of
the sample. The image is of agglomerate that islgnpyrite and enargite. Enargite (pink)

constituted approximately one-third of the samplevan in the MLA image.
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Figure 6.2

Table 6.2

Particle Size Distribution

Cumulative Passing (A% )

10

a"—r**rw-?ﬂrm’r""m'r—"ﬂr‘m‘Lﬂrmn-!—rmn

00001 0001

MLA-determined particle size distributtitor the Marca Punta Sample.

Phase/Mineral Concentrations for the M&wanta sample (wt%)

0.07
Sieve Size (um)

10

100

Con
Phase/Mineral Formula Feed
Pyrite FeS, 61.4
Enargite Cu;AsS, 38.0
Quartz S0, 0.27
Chalcocite Cu,S 0.20
Chalcopyrite CuFeS, 0.04
FeO Fe,0, 0.03
Sphalerite ZnS 0.02
Galena PbsS 0.01

P - mmeral present, found at less than 0.01%
ND - mmeral not detected
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Table 6.3 MLA-Calculated Bulk Elemental Analysist%s)

Element wt (%)
Sulfur 45.3
Iron 28.6
Copper 18.6
Arseni 7.23
Oxygen 0.15
Silicon 0.12
Zmc 0.01
Lead 0.01

P - element present at less than 0.01%
ND - ekement not detected
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Figure 6.3 Classified MLA false color image of Mareunta Sample. Particle inset units are
in pixels (upper right) and concentration paletues are in surface area percentage for the
overall sample (upper left).
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The BSE image shown in Figure 6.4 is from the sanaytical frame as the MLA image
shown in the figure above. It is difficult to desa by casual observation, but the enargite (En)
grain is slightly brighter than the pyrite (Py)thre image.

The BSE image in Figure 6.5 taken at a lower magatibn than in Figure 6.4 shows a
relatively large enargite compared to those thairathe agglomerate and comprise the majority
of the sample.

A comparison between the MLA calculated and aradl/assays are shown in Table 6.4.

As mentioned above, FCX also performed analysithisnsample. XRD bulk
mineralogy is shown in Table 6.5

ICP from FCX shows a full elemental sweep in Téh

FCX QEMSCAN bulk mineralogy compared to chemicalgsis shows elements and
minerals present in Table 6.7 followed by QEMSCA¢tation analysis in Table 6.8 and Figure

6.6 based on copper sulfides and arsenic sulfides.

— bl T

Figure 6.4 BSE image of the Marca Punta Sample entirgite (En) and pyrite (Py) grains
in the agglomerate.
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Figure 6.5 BSE image of the Marca Punta Sample.

Table 6.4 Comparison

Element| MLA Calculated |Head Assay
Cu 18.6 20.64
Fe 28.6 283
As 1:23 5.89

S 45.3 40.1

Table 6.5 Marca Punta FCX XRD Bulk Mineralogy

Quartz 2.50
Pyrite 52.96
Enargite 31.44
Poitevmnite 5.02
Swellng Clays 8.09

73



Table 6.6

Marca Punta FCX ICP Elemental Analysis

Ag ppm 56.5 Nb ppm <5.0
Al % 0.04] |Nd ppm 1
As % 59/ |[Ni ppm 34
Ba % 0.00155| |P ppm 34.7
Bi ppm 36.6 Pb % 0.05
Ca % 0.25 Pr ppm <0.5
Cd ppm 4] |Rb ppm <0.5
Ce ppm 26| |Re ppm <0.5
Co % 0.00444| |8 % 40.31
Cr % 0.0049| |(Sb ppm 678.8
Cs ppm 0.5 Se ppm 11.2
Cu % 193 Si 0.57
Dy ppm <0.5 Sm ppm <2.0
Er ppm <0.5 Sn ppm 2849
Eu ppm <0.5 Sr % 0.00244
Fe % 2739 |Th ppm <0.5
Ga ppm 6.9 Te ppm 166.5
Gd ppm <0.5 Th ppm 0.7
Hf ppm 1.8 Ti % 0.03
Ho ppm <0.5 T1 ppm 14.1
K % =<0.1 Tm ppm <0.5
La ppm 1.3 b ppm <1.0
Li ppm <10.0| |W ppm 14.8
Lu ppm 0.5 [¥ ppm <2.0
Mg % <0.0[ |Yb ppm <0.5
Mn % 0.00995 Zn % 0.17
Na % <0.1 Ir ppm 9.1
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Table 6.7 Marca Punta FCX QEMSCAN Bulk Mineralogy

Particle Size 11.91
As (QEMSCAN) 6.51
As (Chemical) 5.90
Cu (QEMSCAN) | 20.59
Cu (Chemical) 19.30
Fe (QEMSCAN) 26.52
Fe (Chemical) 27.39
Pb (QEMSCAN) 0.08
Pb (Chemical) 0.05
S (QEMSCAN) 42.45
S (Chemical) 40.31
Sb (QEMSCAN) 0.68
Sb (Chemical) 0.07
Zn (QEMSCAN) 0.19
Zn (Chemical) 0.17
Chalcopyrite 0.29
Chalcocite 0.94
Covellte 4.18
Bomite 1.45
Cuw/As/SbGroup 4.78
Enargite 30.41
Cu bearmg chys 1.96
Other (Cu) 0.06
Pyrite 54.27
Arsenopyrie 0.34
Galena 0.09
Sphalerite 0.30
Quartz 0.57
Other 0.35
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Table 6.8 Marca Punta FCX QEMSCAN Liberation

B Liberated (90-100%)  Middling (30-90%)

70.00 -~
60.00
50.00

40.00 -

30.00

20.00
10.00
0.00 -+

Cu Sulfides

As Sulfides

Cu Sulfides As Sulfides
Locked (0-30%) 39.45 19.73
Middling (30-90%) 47.83 63.31
Liberated (90-100%) 12,72 16.95

QEMSCAN Liberation

B Locked (0-30%)

Figure 6.6 Marca Punta FCX QEMSCAN Liberation.

6.2 High Grade Enargite Sample

The second sample analyzed was a high grade emnapgtimen from the Leonard Mine

from Butte, Montana. Photographs of the specintberfisre testing are shown in Figure 6.7.

The feed sample was pulverized at CAMP and analysety various methods.

Total sulfur and carbon were analyzed on the LEG&laer. Arsenic, copper and iron

were analyzed on the digested sampled by ICP-AESd and silver values were determined by

fire assay. Concentrate analysis is shown in Tél8le
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Figure 6.7 High grade enargite specimens from Bitantana.
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Table 6.9

High Grade Sample Analysis

Cu % 29.7
Fe, % 9.97
As, % 10.7
Au oziton| 0.16
Ag oz/ton| 26.5
TS, % 34.1
TC, %% 0.19

The enargite sampled was examined by XRD to cwontire presence of major mineral

phases as shown in Figure 6.8.
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of enargite, quartz, sphalerite and pyrite.
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XRD gualitative analysis on High Gradeafgite Sample indicated the presence

The acquired diffractogram for enargite is showmed in Figure 6.9 with the whole

powder patter fitted (WPPF) calculated plot showblue. The residual graph, which is the

difference between acquired and calculated, is shawink. The WPPF plot was calculated
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using the phases shown in the figure above. ikt observation of the peak positions on the
diffractogram above and the candidate phases sti@mwgnargite and quartz are responsible for

the majority of observed peaks.
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Figure 6.9 Measured and WPPF-calculated diffractogrand residual plot for the High
Grade Enargite Sample.

Figure 6.10 is a classified MLA image from a stdddrame obtained during analysis of
the enargite sample. The highlighted particle shthwe association of the three most abundant
phases found in the sample, enargite (red), pfgéa foam green) and quartz (grey). A small
grain of the copper arsenic-antimonide sulfide,anabeite (pink) is located at the grain
boundary between enargite and pyrite.

The BSE image in the Figure 6.11 is from the sanaty#ical frame as the MLA image
shown in Figure 6.10. The watanabeite (Wtb) isisesea small sliver, slightly brighter than
enargite (En) which is brighter than pyrite (PQuartz is the darkest phase in the highlighted

particle.
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Figure 6.10 Classified MLA image of the High Grdeleargite Sample. Particle inset units
are in pixels and concentration palette valuesraseirface area percentage.

Figure 6.11 BSE image of the High Grade Enargita3e.
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Enargite was the main phase in the sample at @gfite was significant at 25% with
minor quartz at 5% and bornite at 2%. Numerousrathinor and trace phases were found and
are listed in Table 6.10. A trace, but noteablageh was watanabeite that contained tellurium

and bismuth.

Table 6.10  Modal Mineral Content of the High Gra&tiergite Sample (wt%)

Mineral Formula Wt %
Enargite *( 65.4
Pyrite 24.9
Quartz 5.18
Bornite 2.04
Chalcocite 0.90
Mica F*ot ) ) 0.58
Chalcopyrite 0.35
Sphalerite GH 0.33
Hubnerite HI 0.05
Berlinite *1J 0.05
Watanabeite "*( 1K) 0.04
Hinsdalite JKL)TI ) ) o 0.06
Pyroxene 8 0 0.02
Plagioclase '-8,8)' %, ) 4 0.02
K_Feldspar F*! 7 0.11
Biotite Fo) )Y ) 0.01
Rutile M P
lImenite M P
FeO P
Vermiculite Yo ) ) ) P
Galena JK P
Monazite "'N&  )J P
Calcite 8 P

P — mineral present, found at less than 0.01%
ND — mineral not detected
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The MLA-calculated bulk elemental analysis is shawTable 6.11. Sulfur was 35.5%,

copper was almost 33.8%, arsenic was 12.4% andniasnll1.9%.

Table 6.11 MLA-Calculated Bulk Elemental Analysigt%b)

Arsenic was found only in enargite and watanabdiige to the relatively large content
of enargite, the input of arsenic from watanabe@s minimal, making enargite effectively
responsible for all of the arsenic in the sam@@pper was found in several minerals in the

sample. Enargite was responsible for 94% of thppeowith bornite and chalcocite contributing
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slightly more than 5% to the overall copper balaasseen in Table 6.12. The distributions of

iron and sulfur are shown in Tables 6.13 and &dgpectively.

Table 6.12  Copper Distribution in the Enargite Skniyy Mineral

Table 6.13  Iron Distribution in the Enargite SamipjeMineral

Table 6.14  Sulfur Distribution in the enargite séeripy mineral
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A comparison between the MLA calculated and aradl/assays are shown in Table
6.15.

Table 6.15  Comparison
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CHAPTER 7

RESEARCH PROGRAM

The goal of this project is to develop a procedsd integrated into an existing
hydrometallurgical operation for the treatment whigite concentrates and the operational
parameters for this treatment. For this projecigarous experimental program was required to
evaluate the processing technique. The experimhprdgram is summarized in the following

sections.

7.1  Sample Preparation

Sample preparation before testwork is very impurta ensure that a representative
sample is taken from the original feed sample.d@ahis, each solid sample was blended and

split prior to testing.

7.2  Chemical Analysis Methods

In order to evaluate elemental distribution thromgthexperimentation, it is crucial to
establish accurate and precise quantitative arsagshniques. Liquid samples were sent to
outside labs for assay by ICP for copper, iron arsgnic. Additional techniques are described

in the following sections.

7.2.1 Copper Titration Procedure

To analyze PLS solutions for copper content asealchor the ICP results from the
outside labs, the Short lodide Method for CopperTdration was used. Two titrations were
performed on a pre-mixed known solution before daatich of samples to verify the accuracy of

the results. The titration procedure is as follows
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Pipette 1 or 2 ml of sample into an Erlenmeyerkflas
Dilute the sample to the 50 ml mark on the flasthwiistilled water

Add 5 ml of 20 g/l ammonium bifluoride solution ngia plastic syringe

w0 NP

Pipette 5 ml of 30 wt % potassium iodide solutisalgtion will turn a reddish amber

color)

5. Titrate using 0.05 N sodium thiosulfate solutiortilum light yellow color is obtained
(about the color of orange juice)

6. Pipette 5 ml of 20 g/l thiodene indicator (solutiwitl turn black)

7. Titrate using 0.05 N sodium thiosulfate solutionilsolution changes from black to
clear or milky-white

8. The concentration of copper present is found bytipiying the number of ml's of

sodium thiosulfate titrated by 3.177 and dividingtbe volume of sample used as seen in

Equation 7.1

! PPL8 Q .'566 (7.1)
I (80!

OOL "' 9N

7.2.2 Free Acid Titration Procedure

To determine the free acid content in the solutitims Determination of Free Acid in the
Presence of Iron Titration was used. Two titragiarere performed on a pre-mixed known
solution before each batch of samples to verifyat®uracy of the results. The titration

procedure is as follows:

Pipette 5 ml of sample into an Erlenmeyer flask
Dilute the sample to the 50 ml mark on the flasthwiistilled water
Add 2 drops of 20 wt % sodium thiosulfate solution

P w0 P

Pipette 1 ml of 0.5 g/l methyl orange indicatoruimn (when acid is present, solution
turns red)
5. Titrate with 1.0 N sodium carbonate solution uatpH of 3.8 is reached or until the

disappearance of all red color (solution will tamange)
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6. The concentration of free acid present is foundnojtiplying the number of ml's of
sodium carbonate titrated by 49 and dividing bywbkime of sample used as shown in

Equation 7.2

-L8'PR SPPLBQ E Q! SPPL8 (7.2)

L "o I (80!

7.3  Data Analysis

Once assay results were received, all data wasfoud mass balance and extractions
were calculated. The mass balances are shownperix C.

7.3.1 Analyzing Results Using Stat-Ease Design Expert

Stat-Ease Design Expert 8.0 software was usedrtorpestatistical analyses including
analysis of the variance (ANOVA). The Stat-Easaleidit summaries and ANOVA are shown
in Appendix D.

Analysis consisted of the following:

1. Compute effects. Use half-normal probability gtoselect model. Click the biggest
effect (point furthest to the right) and continight-to-left until the line runs through
points nearest zero. Alternatively, on the Padtart pick effects from left to right,
largest to smallest, until all other effects fadldow the Bonferroni and/or t-value limit.

2. Choose ANOVA and check the selected model:

a. Review the ANOVA results.
i. Model should be significant based on F-test:
1. (Prob > F)is < 0.05 is significant (good).
2. (Prob >F) is > 0.10 is not significant (bad).
ii. Curvature and Lack of Fit (if reported) should bsignificant:
1. (Prob > F)is <0.05 is significant (bad).
2. (Prob > F) is > 0.10 is not significant (good).
b. Examine the F tests on the regression coefficiebtgk for terms that can be

eliminated, i.e., terms having (Prob > F) > 0.B& sure to maintain hierarchy.
87



c. Check for “Adeq Precision” > 4. This is a signalnbise ratio.
d. Verify the ANOVA assumptions by looking at the ehsal plots (Handbook for
Experimenters, Version 08.1 2009).

Design Expert provides prediction equations in geghactual units and coded units. In
the case of mixture designs, the options are gghsalido and real units. The coded equations
are determined first, and the actual equationsiar@ed from the coded. Experimenters often
wonder why the equations look so different, eveth&point of having different signs on the
coefficients.

To get the actual equation, replace each termartdidled equation with its coding

formula as seen in Equation 7.3:

- Twyzy T (7.3)
RS R ST

Subsituting the formula into each linear term wault in a new linear coefficient and a
correction to the intercept.

Substituting the formula into each quadratic terithn@sult in a new quadratic
coefficient and a correction to the intercept.

Substituting the formula into each interaction tevith result in a new interaction
coefficient, a correction to each main effect ia thteraction, and a correction to the intercept.
These corrections from the interactions can beelargl opposite in sign from the linear terms

and can change the sign on the linear terms (‘Esdake Design Expert 8.0 Help” 2011).
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CHAPTER 8

ATMOSPHERIC PRESSURE LEACHING

Before starting experiments on the pressure axidatf enargite, a series of atmospheric
pressure leach tests were performed to evaluatthetthere was a response in arsenic
extraction. A Design of Experiments (DOE) matriasrgenerated using Stat-Ease Design
Expert 8.0 software. This DOE matrix is shown able 8.1 where -1 is the low, 0 is a center

point, and 1 is the high.

Table 8.1 1/2 Factorial DOE for Atmospheric Presdugach Tests
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The experimental equipment setup can be seen urd-8y1 below.

Figure 8.1 Atmospheric pressure agitated leachrexpatal equipment setup.

The setup consisted of a 2 liter Pyrex resin kettbstant temperature circulating water bath,

agitator and a water cooled condenser to crediesadsystem.

8.1 Leaching Tests

The actual order in which these tests were peddrdiffered slightly from the DOE so
Table 8.2 shows the experimental order and alsesiioe actual numerical values of the test

variables.
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Table 8.2 Experimental Order of Atmospheric Leaest$

Two additional leach tests, 7-2 and 13-2 were peréal to verify the results from the tests
above. This will be discussed in more detail i tsults section of this chapter below.

8.1.1 Leach Test Procedure

The procedure for the atmospheric pressure agitassth tests was consistent throughout

all 19 designed experiments.

1. Mix 1 liter of leach feed solution according toéeind copper ion concentrations as
specified in the DOE matrix
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Split and weigh out solid feed sample accordingdiads weight as specified in the DOE
matrix

Pour solids and leach solution into Pyrex resitlé&eset agitation at level 4 and record
leaching start time

4. Turn off agitator 5 minutes before taking hourlyngdes to allow solids to settle

5. After each hour, take a sample using glass pig&€@enl for 6 hour test or 20 ml for 2

and 4 hour tests), replace rubber stopper, andagitation back to level 4
When samples return to room temperature, analyzeHand ORP

7. When leaching is complete, rinse contents of rksttie into #40 Whatman filter paper

8.
9.

in funnel with distilled water to drip filter (rect weight of filter paper before filtering)
Collect solution and record final volume

Rinse solids with distilled water and allow to dfilper again

10. Place filter paper containing solids in drying owernight at 90°C

11.Remove dry filter and solids from oven and recandlfweight

12.Filter hourly samples according to above proceduct add dry solids to final weight

from above

The two additional tests, 7-2 and 13-2 were peréatriollowing this procedure except no

hourly samples were taken.

8.2

Analysis

The following sections discuss the results of asialperformed on both solids and

liquids from the leach tests outlined above.

8.2.1 Pregnant Leach Solution Analysis

Hourly PLS samples were analyzed for pH and ORRguasn Ag/AgCl electrode as

shown in Figures 8.2 and 8.3.
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Figure 8.2 Plot of hourly pH readings on PLS sasjfilem Tests 1-19.
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Figure 8.3 Plot of hourly ORP readings on PLS sasfiom Tests 1-19.
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A response is shown in the first hour in both @& #bove plots for leach tests 3, 4, 8, 9, 10, 12,
15, 16 and 19, which correspond to zero acid iddheh solution, except for test 8. Hourly
readings were not taken for test #1. This is iatihg some kind of response taking place at
atmospheric pressure.

Copper and Free Acid were analyzed by titration thedesults are shown in Tables 8.3
and 8.4.

Table 8.3 Copper Titration Results on Final PLS
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Table 8.4 Free Acid Titration Results on Final PLS

ICP was performed by Montana Tech/CAMP on leachtswis for copper, iron and arsenic.
The results of this analysis are shown in Table /e copper numbers compare well to the

copper titrations.

8.2.2 Solid Leach Residue Analysis

Solid leach residues were sent to Idaho for asgaytis Christopherson, Inc for copper,

iron and arsenic and shown in Table 8.6.
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Table 8.5 ICP by CAMP at Montana Tech
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Table 8.6 Solid Leach Residue Assays PerformedhrsChristopherson, Inc.
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8.2.3 Atmospheric Leach Results Summary
The Atmospheric Leach summary shown in Table 8tiAagesult of the mass balances
performed based on the assays from above. Thelm&sse calculations are shown in

Appendix C.

Table 8.7 Atmospheric Leach Results Summary

The best arsenic extraction was for Test #7 withuaB1% arsenic extracted at 10 gpl

sulfuric acid, 10 grams of solids, 10 gpl€wand 75°C for 2 hours.
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8.2.4 Stat-Ease Modeling

Stat-Ease Design Expert software was used for rmaflef the atmospheric leach results
to determine significant factors and to perform saptimization. Initial acid content was
determined to be the most significant effect on Rks®nic content. Temperature also had a
slight positive effect. A 3-D surface plot of tiesffects on the arsenic response is shown in
Figure 8.4.

Figure 8.4 Stat-Ease Design Expert 3-D surfaceqgilatsenic extraction as a function of
initial acid concentration and temperature.

This modeling resulted in the following Final Egoatin Terms of Actual Factors shown
in Equation 8.1 with an R-squared of 0.72935 aadddrd deviation of 2.73061:
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As Extraction = (8.1)
+4.75269

+0.85291 * Initial Acid

+0.055236 * Temperature

Additional statistical data, including the 95% ddehce intervals, for this model are shown in
Appendix D.

8.3 Leach Residue Characterization

MLA was performed at Montana Tech/CAMP on the #tleresidue sample. The
sample was dried overnight and prepared by coldnatiog in epoxy resin.

The major phase in the residue sample was pyrit&%twith the minor phase as
enargite at 23%. Combined, the remaining minexaie less than 1% of the residue mineralogy

as shown in Table 8.8.

Table 8.8 Phase/Mineral Concentrations for LeacsidRe #7

Head Residue
Mineral Formula Wt % Wt %
Pyrite 61.4 76.7
Enargite *( 38.0 23.0
Quartz 0.27 0.14
Chalcocite 0.20 0.10
Chalcopyrite 0.04 0.03
FeO Co 0.03 P
Sphalerite GH 0.02 0.03
Galena PbS 0.01 ND
Rutile M ND 0.01
Molybdenite ND P

P — mineral present, found at less than 0.01%
ND — mineral not detected
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Copper was 18%, arsenic 6.8% and iron was 30% dicapto the MLA-calculated bulk
elemental analysis shown in Table 8.9.

The elemental distribution for arsenic, copper @od is due to the distribution of
essentially two minerals. Copper and arsenicénsdimple are due to the enargite while the iron
can be attributed to the pyrite.

Table 8.9 MLA-Calculated Bulk Elemental Analysis

Figure 8.5 is a classified MLA image from the des. Pyrite is shown as the green
phase, the light blue is enargite, and the gralglsk-fines are a fine-grained mixture of pyrite
and enargite that is composed of approximately p2fite and 8% enargite by weight.

The backscatter electron image (BSE) image in Ei§u8 is from the same analytical
frame as the MLA image shown in the above figugaargite (En) is the brightest phase and
pyrite (Py) is slightly darker. It can be seemirthe BSE image that much of the fine grained
material is relavitely bright and is classifiedeamargite. It is more difficult to discern the gray
level of the fine patrticles as the background betwthe fine particles makes them appear darker.
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Figure 8.5 Classified MLA false color image froneth7 residue sample. Concentration
palette values are in surface area percentage.

Figure 8.6 BSE image from the #7 leach residue gamp
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CHAPTER 9

AUTOCLAVE LEACHING

Before starting pressure oxidation experimentsrardesign of Experiments (DOE)
matrix was generated using Stat-Ease Design Eg8p@software. This DOE matrix is shown in
Table 9.1 where -1 is the low, 0 is a center pa@nt 1 is the high.

The experimental equipment setup can be seen urd-y1. The equipment consisted of
a 2-liter titanium Grade 2 autoclave from Autocl&mgineers with a Universal Reactor
Controller which monitors Magnedrive agitation,cta temperature, heating jacket over-

temperature, and process pressure.

9.1  Autoclave/Pressure Oxidation Leaching Tests

Based on the results from the atmospheric pressach tests, it was decided to keep the
initial leach solution copper concentration the sarhe amount of solids was cut in half to
conserve sample since the previous leach testseshow effect of solids. The initial acid
concentration was increased as it was the lardfest dased on Stat-Ease modeling of the
previous tests. Based on the literature, complsolution of enargite was achieved at a
sulfuric acid content below 0.2 molar (but at higteamperature); higher concentration had a
negligible effect on dissolution (Padilla, RivaadaRuiz 2008). Only a stoichiometric amount of
oxygen without continuous flow was required forlcbayrite to convert to digenite (Bartlett et
al. 1986; Bartlett 1992).

The actual order in which these tests were perfdrdikéered slightly from the DOE so
Table 9.2 shows the experimental order and alswshite actual numerical values of the test

variables.
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Table 9.1 1/2 Factorial DOE for Pressure Oxidatieach Tests
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Figure 9.1 Pressure oxidation autoclave experinhegi@apment setup.
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Table 9.2 Experimental Order of Pressure Oxidateach Tests
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9.1.1 Autoclave Leach Test Procedure

The procedure for the autoclave leach tests wasistent throughout all 35 designed

experiments.

9.2

. Mix 1 liter of leach feed solution according toceind copper ion concentrations as

specified in the DOE matrix

. Split and weigh out solid feed sample accordingdiads weight as specified in the

DOE matrix

3. Charge the autoclave with liter of leach solutiodl @reheat to 90°C

4. Once at this temperature, enargite concentratelsampadded and the autoclave is

sealed

. Turn on and set agitator at 500 rpm

6. The oxygen is admitted, if used, the pressuredn fixed to the desired value, and

oxygen is turned off

. Record leaching start time and the system is aliolwaeact to the temperature and

time specified in the DOE

. At the end of the experiment, the autoclave isdiggiooled by circulating cold water

through the cooling coil

. Rinse the contents of autoclave into #40 Whatmigar fpaper in funnel with distilled

water to drip filter (record weight of filter papeefore filtering)

10. Collect solution and record final volume
11.Rinse solids with distilled water and allow to dfilper again
12.Place filter paper containing solids in drying owrnight at 90°C

13.Remove dry filter and solids from oven and recandlfweight

Analysis

The following sections discuss the results of asialperformed on both solids and

liquids from the leach tests outlined above.

108



9.2.1 Pregnant Leach Solution Analysis

Copper and Free Acid were analyzed by titration thedresults are shown in Tables 9.3
and 9.4, respectively.

ICP was performed by Montana Tech/CAMP and Hazese&eh on leach solutions for
copper, iron and arsenic. The results of thisyammslare shown in Table 9.5. The copper

numbers compare well to the copper titrations.

9.2.2 Solid Leach Residue Analysis

Solid leach residues were sent to Chris Christagarerinc and Hazen Research for
copper, iron and arsenic. Assays are shown ineTaal.

Hazen also analyzed the sulfur species on the éBpasite solid residue. Most of the
sulfur species are in the sulfide form in the sodisidues and very little as elemental sulfur,

which indicates the lack of a sulfur product lagerrounding the solid particles.

9.2.3 Pressure Oxidation Leach Results Summary

The POX Leach summary shown in Table 9.7 is theltre$ the mass balances
performed based on the assays from above. Thelm&sse calculations are shown in
Appendix C. The best arsenic extraction was fat #83 with about 47% arsenic extracted at

30 gpl sulfuric acid, 5 grams of solids, 10 gpfGand 160°C for 1 hour.
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Table 9.3 Copper Titration Results on Final PLS
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Table 9.4 Free Acid Titration Results on Final PLS
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Table 9.5 ICP results on PLS

112



Table 9.6 Solid Leach Residue Assays
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Table 9.7 POX Leach Results Summary
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9.2.4 Stat-Ease Modeling

Stat-Ease Design Expert software was used for nmagef the POX leach results to
determine significant factors and to perform somp#naization. Time appeared to have the most
significant effect on PLS arsenic content. A 3ilface plot of these effects on the arsenic

response is shown in Figure 9.2.

Figure 9.2 Stat-Ease Design Expert 3-D surfaceqgilatsenic extraction as a function of
time and solids.

This modeling resulted in the following Final Egoatin Terms of Actual Factors
shown in Equation 9.1 with an R-squared of 0.604® standard deviation of 0.018 after
excluding points from Tests 12, 16, 17 and 18:
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1/(As Extraction) =

-0.021622
+0.021050
+5.56403E-004
-5.28853E-004
+8.36188E-004
+6.52218E-003
-2.60371E-003
-1.33188E-005
-3.75247E-005
+1.81562E-005

* Time

* Temperature
* Cu2+

* Acid

* Solids

* Time * Solids

* Temperature * Acid

* Temperature * Solids

* Cu2+ * Acid

(9.1)

Additional statistical data, including the 95% ddehce intervals, for this model are shown in

Appendix D.

9.3  Verification Tests

Four pressure oxidation tests were peformed atetdteconditions that resulted in the

highest arsenic extraction from above, which wasdsl@unta POX Test #33. The results of

these tests are as follows.

Copper and Free Acid were analyzed by titration thedesults are shown in Tables 9.8

and 9.9, respectively.

ICP was performed by Hazen Research on leach eptutor copper, iron and arsenic.

The results of this analysis is shown in Table 9.TBe copper numbers compare well to the

copper titrations.

A composite solid leach residue was sent to Hazse&ch for copper, iron and arsenic

and results are shown in Table 9.11.

The POX Verification Leach summary shown in TahtE29s the result of the mass

balances performed based on the assays.
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Table 9.8

Table 9.9

Table 9.10

Table 9.11

Copper Titration Results on Final PLS

Free Acid Titration Results on Final PLS

ICP results on PLS

Solid Leach Residue Assays
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Table 9.12 POX Verification Leach Results Summary

9.4 Leach Residue Characterization

MLA was performed at Montana Tech/CAMP on the T3stomposite sample. The
sample was disaggregated by passing the samplghtzoR00 mesh sieve prior to cold-mounting
in epoxy resin.

Pyrite was the most abundant phase. The ena@itert was inversely related to the
pyrite concentration. Covellite was present atanievels. Quartz was present at trace levels
and the sulfides sphalerite and chalcopyrite weoad in the sample. The leach residue modal
mineralogy as determined by MLA is shown in TahlE3compared to the head sample.

The MLA-calculated elemental values show in Tablet%re based on the MLA-
determined modal mineralogy and assigned chenocaiiflas as presented above as well as the
estimated mineral phase density.

Enargite was identified as the only mineral coritagrarsenic as shown in Table 9.15.
Copper behaved similarly to arsenic as enargitetivasnain mineral source of copper with only
minor contribution from covellite as shown in TaBld6. The primary source of iron in the
samples was from the mineral pyrite, so the iromeat was directly related to it as seen in
Table 9.17. Based on enargite being the soureesehic, the MLA—based arsenic extraction
comes out to 0.1559 grams of arsenic leached cadparthe 0.13 grams of arsenic calculated
in the mass balance, as seen in Appendix C.

Referring back to the postulated enargite metatheaction in Equation 5.9 from the Eh-
pH thermodynamic study, the MLA mineralogical reésuf POX Test #33 qualitatively confirm
this has occurred. As seen, while the enargiteeralrphase is decreasing the covellite phase is
created in Table 9.13. As well, the overall teasmbalance points to a gain of copper mass in
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Table 9.13

Mineral Grade for POX Head Sample & lbeResidue #33 Composite

Head Residue
Mineral Formula Wt % Wt %
Pyrite 61.4 67.8
Enargite *( 38.0 31.2
Covellite 0.46
Quartz 0.27 0.32
Chalcocite CiS 0.20
Chalcopyrite 0.04 0.08
Sphalerite GH 0.02 0.03
Galena PbS 0.01
Zircon GL 0.03
Chromferide 0.02
K_Feldspar F* 7 0.01
Sulfur S 0.01
Rutile M 0.01
Almandine * ) P
Alunite F* ! )" Do P
Calcite 8 P
Albite -8%1 7 P
FeO 0.03 P
Andradite 8 ‘ ) ND
Copper Cu ND
Pyroxene 8 0 ND

P — mineral present, found at less than 0.01%

ND — mineral not detected

119




Table 9.14 MLA-Calculated Bulk Elemental Analysis

Table 9.15  Arsenic Distribution for #33 Composite

Table 9.16  Copper Distribution for #33 Composite
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Table 9.17 Iron Distribution for #33 Composite

the leached solids. However, more focused testmg larger scale would be necessary to
confirm this as the mass of sample treated in P@3t #33 was only 5 grams.

Figure 9.3 is a classified MLA image from a selddi@ame obtained during analysis of
the #33 composite leach residue with an enargitigcfgmhighlighted. Note the appearance of a
covellite phase after leaching.

Figure 9.3 Classified MLA false color image frone 33 composite leach residue. Particle
inset units are in pixels (upper right) and coniamin palette values are in surface area
percentage for the overall sample.
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The backscatter electron image (BSE) image in Ei§@u is from the same analytical
frame as the MLA image shown in the above figurthwhe particle highlighted in the MLA
image, circled in the BSE image. Enargite (En}iplas appear slightly brighter than the pyrite
(Py) patrticles in the BSE image.

Figure 9.4 BSE image from the #33 composite leasidue with enargite (En) and pyrite
(Py).

The particle size distribution and grain sizerdlisitions for pyrite and enargite are
shown in Figure 9.5. The particle size distribnt80 is 40 um and the grain size P80’s for
both pyrite and enargite are near 40 also. THiecause the grind size is smaller than the “true”

grain size for the minerals and they are the megoistituents of the samples. It follows that
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liberation should be good for both minerals as sedfigure 9.6 is 72 to 87% liberated, with

enargite being less liberated, which is due teihg less abundant than pyrite.

Figure 9.5 Particle size distribution (left) andnemial grain size distributions (right) of
enargite and pyrite for the #33 composite leacliues

Figure 9.6 Mineral locking for pyrite and enardive the #33 composite leach residue.

9.5 Kinetic Tests

Based on the maximum arsenic extraction couplel thit evidence of a metathesis
reaction, kinetic tests were performed using tmeesautoclave in 15 minute increments for POX
Test #33. The Table 9.18 shows the experimentaditons at which the tests were performed.
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Table 9.18 Leach Conditions for Kinetic Tests

9.5.1 Kinetic Analysis

Copper and Free Acid were analyzed by titration thiedesults are shown in Tables 9.19
and 9.20.

Table 9.19  Copper Titrations

Table 9.20 Free Acid Titrations
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ICP was performed by Hazen Research on leach aotutor copper, iron and arsenic. The
results of this analysis are shown in Table 9.2he copper numbers compare well to the copper

titrations shown above.

Table 9.21 ICP Results on PLS Performed by Hazese&teh

Solid leach residues were sent to Hazen Researdopper, iron and arsenic and results

are shown in Table 9.22.

Table 9.22  Solid Leach Residue Assays Performdddnen Research

The summarized results based on mass balanceshes® kinetic tests are shown in
Table 9.23. In general, the arsenic extractioneiased as expected as time progressed, with the
exception of Test K-5. These tests actually exedeale recovery for Test #33 at about 47% by
about 8% at the 1 hour point. These tests wengealbrmed at 30 gpl sulfuric acid, 5 grams of
solids, 10 gpl Cti, and 160°C.
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Table 9.23  Kinetic Leach Results Summary

9.5.2 Kinetic Leach Residue Characterization

MLA was performed on the solid residues from eacketic test at Montana
Tech/CAMP. The sample was disaggregated by pasistngample though a 200 mesh sieve
prior to cold-mounting in epoxy resin.

Pyrite was the most abundant phase. The enawgitert was inversely related to the
pyrite concentration. Covellite was formed but \wassent at minor levels. Quartz was present
at trace levels and the sulfides sphalerite anttcpgrite were found in the sample. The modal
mineralogy was determined by MLA is shown in Ta®l24.

The MLA-calculated elemental values show in Tab&b%re based on the MLA-
determined modal mineralogy and assigned chenocaiiflas as presented above as well as the
estimated mineral phase density. Enargite wadifcezhas the only mineral containing arsenic
as shown in Table 9.26. Copper behaved similargrsenic as enargite was the main mineral
source of copper with only minor contribution frmmvellite as seen in Table 9.27. The primary
source of iron in the samples was from the mingyate, so the iron content was directly related
to it as seen in Table 9.28. This deportment veagrovided for the feed sample.

A pyrite particle is highlighted in the classifisfLA image from the K-1 leach residue in Figure
9.7.

The BSE image of the K-1 leach residue shows ttoded pyrite particle that displays its
crystalline form in Figure 9.8.

The particle and grain size distributions and lagkior pyrite and enargite are shown in

Figure 9.9 and Figure 9.10, respectively. Theiglarand grain size is similar to the previous
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Table 9.24

Phase/Mineral Concentrations for K-bulgh K-5 Leach Residues in wt %

Mineral Formula Feed K-1 K-2 K-3 K-4 K-5
Pyrite 61.4 62.4 64.1 67.7 73.9 69.4
Enargite *( 38.0 35.3 33.8 31.0 25.2 29.2
Covellite 1.73 1.33 0.76 0.24 0.56
Quartz 0.27 0.26 0.49 0.27 0.41 0.58
Chalcocite CiS 0.20 ND ND ND ND ND
Chalcopyrite 0.04 0.09 0.13 0.12 0.07 0.14
Sphalerite GH 0.02 0.20 0.13 0.07 0.03 0.02
Galena PbS 0.01 ND ND ND ND ND
Zircon GL ND P ND ND ND ND
Chromferide ND 0.02 0.02 0.02 0.01 0.02
K_Feldspar F*! 7 ND P 0.01 0.01 0.01 0.01
Sulfur S ND ND ND ND 0.06 0.05
Rutile M ND 0.02 0.02 0.02 0.03 0.03
Almandine * ) ND P P P P ND
Alunite L ) ), ND P P P P

Calcite 8 ND ND ND P P

Albite -8*1 7 ND ND 0.01 ND P

FeO 0.03 ND ND P P

Andradite 8 ' ) ND ND P ND 0.01 ND
Copper Cu ND ND P 0.01 P ND
Pyroxene 8 0 ND P 0.01 P ND ND

P — mineral present, found at less than 0.01%
ND — mineral not detected
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Table 9.25  MLA-Calculated Bulk Elemental Analysis

Table 9.26  Arsenic Distribution for #33 Composite
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Table 9.27 Copper Distribution for #33 Composite

Table 9.28  Iron Distribution for #33 Composite

sample with a P80 of 38 um. Liberation is 73 t888ith pyrite being slightly more liberated
than enargite, which is also similar to what wasewbed with the previous sample.

The highlighted particle in Figure 9.11 shows thesogiation between pyrite and enargite
in the MLA image from the K-2 sample. The contifastween enargite (En) and pyrite (Py) can
be seen in the BSE image in Figure 9.12.

The particle size, grain size and liberation datkigure 9.13 and Figure 9.14 are similar
to the previous samples. The particle size P80abasit 45 um with the grain size P80’s around
40 to 45 um and liberation was 73 to 83%.

Covellite is highlighted in the leach residue freemple K-3 in Figure 9.15. This
particle shows enargite mineralization on the oatiges of a covellite particle, which may be
due to due to particle orientation or removal @ tiovellite outer product layer during sample
preparation for MLA. However, more importantlyetimage clearly shows that the covellite

phase is occurring in conjunction and direct asgam with enargite, as was predicted by the
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Figure 9.7 Classified MLA image from the K-1 leaesidue.

Figure 9.8 BSE image from the K-1 leach residue.
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Figure 9.9 Particle size distribution (left) andnemial grain size distributions (right) of
enargite and pyrite for the K-1 leach residue.

Figure 9.10  Mineral locking for pyrite and enardibe the K-1 leach residue.
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Figure 9.11 Classified MLA image from the K-2 leaelsidue.

Figure 9.12 BSE image from the K-2 leach residue.
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Figure 9.13  Particle size distribution (left) andheral grain size distributions (right) of
enargite and pyrite for the K-2 leach residue.

Figure 9.14  Mineral locking for pyrite and enardibe the K-2 leach residue.
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thermodynamic Eh-pH analysis. To wit, covellitgpagrs to be a direct decomposition product
of selective dissolution of arsenic from enargite.

The BSE image from the K-3 leach residue in Figuié has a particle of covellite
(Cov) circled. The mottled appearance is causeithdypresence of some attached silicate.

The particle and grain size distributions and ingKor pyrite and enargite are shown in
Figure 9.17 and Figure 9.18, respectively.

The MLA image in Figure 9.19 highlights a pyritarficle with a quartz inclusion. The
BSE image shows the pyrite particle with a quartzusion in Figure 9.20.

The particle size distribution for the K-4 reside@0 was 50 pum while the grain size P80
was 45 um for enargite and about 50 um for pysteeen in Figure 9.21. Overall liberation was
slightly lower in this sample than in the othershnabout 53% liberation for enargite and 77%
liberation for pyrite as seen by the locking datdigure 9.22.

A classified MLA image from the K-5 leach residaeshown in Figure 9.23. Particles of
quartz (Qtz), enargite (En), and pyrite (Py) aeniified in the BSE image from the K-5 residue
in Figure 9.24.

Particle size and pyrite and enargite grain se@d%were all near 50 pm for the K-5
leach residue as seen in Figure 9.25. Enargieedilon was 63% and pyrite liberation was 78%

according to the liberation data in Figure 9.26.

9.5.3 Kinetic Modeling

The Shrinking Core Model for spherical particlesuathanging size in a heterogeneous
system can be applied to the system. The modegksts)five steps that occur in succession
during the reaction:

1. Diffusion of reactant A through the film around tharticle to the solid surface.

2. Penetration and diffusion of A though the ash layfdhe particle to the surface of the
unreacted core.

3. Reaction of A with the solid at this reaction suda

4. Diffusion of products through the ash back to tkieeor surface of the solid.

5. Diffusion of products through the film back inteetimain fluid.
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Figure 9.15 Covellite is highlighted in the MLA ig@ from the K-3 leach residue.

Figure 9.16 BSE image from the K-3 leach residue.
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Figure 9.17  Particle size distribution (left) andheral grain size distributions (right) of
enargite and pyrite for the K-3 leach residue.

Figure 9.18 Mineral locking for pyrite and enardibe the K-3 leach residue.
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Figure 9.19 MLA image from the K-4 leach residu¢hnquartz in pyrite.

Figure 9.20 BSE image from the K-4 leach residue.
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Figure 9.21  Particle size distribution (left) antcharal grain size distributions (right) of
enargite and pyrite for the K-4 leach residue.

Figure 9.22  Mineral locking for pyrite and enardibe the K-4 leach residue.
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Figure 9.23 MLA image from the K-5 leach residue.

Figure 9.24 BSE image from the K-5 leach residue.
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Figure 9.25 Particle size distribution (left) antcharal grain size distributions (right) of
enargite and pyrite for the K-5 leach residue.

Figure 9.26  Mineral locking for pyrite and enardie the K-5 leach residue.
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The step with the highest resistance, being theest is considered the rate-controlling step.
Figure 9.27 below shows the shrinking core moddligmassociated concentration profile where

the fluid is a gas, rather than a liquid.

Figure 9.27 Representation of concentrations afteeds and products for the reaction A(g) +
bB(s) solid product for a particle of unchanging size\enspiel 1999).

When diffusion through the fluid film is controltinthe rate is controlled by the
concentration gradient in the fluid as shown in &apn 9.2 and Figure 9.28. The gradient can be

minimized by increasing agitation in the system.

- > be K Pe h K i H(PSHI
w DF de bF de bF 18 x  x txt 1 H(

(9.2)

When diffusion through the ash layer controls, ipbatsize and surface area will

determine the rate as shown in Equation 9.3 angr&ig.29.

b- x , : : ,
F dL J x dL I x: d LYJ X: |H(P8HI (93)
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Figure 9.28 Representation of a reacting partidlemdiffusion through film is the
controlling resistance (Levenspiel 1999).

Figure 9.29 Representation of a reacting partidlemdiffusion through the ash layer is the
controlling resistance (Levenspiel 1999).
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When the chemical reaction controls, the rate ishasvn in Equation 9.4 and Figure 9.30
below. Increasing the temperature will increaserttte of reaction according the the Arrhenius

relationship as seen in Equation 9.5.

5 b-y K b-yx
dL, bf dL, bf

k
K2 i (9.4)

$l .
x  Pno) (9.5)

Figure 9.30 Representation of a reacting partidlewchemical reaction is the controlling
resistance, the reaction being A(g) + bB(sproducts (Levenspiel 1999).

The chemical step is usually much more temperatensitive than the physical steps so
tests at varying temperatures with derivation efdltivation energy should distinguish between
ash or film diffusion as compared to chemical rigacas the controlling step. Physical
processes tend to have low activation energy valaethose of chemical reactions, i.g<b
kcal vs. 10-25 kcal, respectively (L. G. Twidweélluang, and Miller 1983).
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Assuming the Shrinking-Core Model and sphericatiplas, Table 9.29 shows
conversion-time expressions for the various colitigpinechanisms, wheregXs conversion
(Levenspiel 1999).

Figures 9.31 and 9.32 show the conversion of sphlgparticles when chemical reaction,
film diffusion, and ash diffusion control. By comrming the results of kinetic runs to these
curves, the rate-controlling step could be deteeshinUnfortunately, there is not a considerable
difference between ash diffusion and chemical rea@s controlling steps and may disappear in
the scatter in experimental data (Levenspiel 1999).

The calculated arsenic extractions from each kirtest were converted to a fractional
conversion value, i and substituted into the #xpressions in Table 9.29 for each of the

possible controlling mechanisms as shown in Tal36 Below.

Table 9.29 Conversion-Time Expressions for SpheReaticles, Shrinking-Core Model
(Levenspiel 1999)

Film Diffusion

Controls Ash Diffusion Controls Reaction Controls
F F
- T - 5 .'5 T,)° '5 T) |- 5 '5 T.)°
Sphere S S S
ly s t.e . t.e . t.e
Te 5 e Kot x 1Kuy xf KWy

The data from Table 9.30 was plotted like Figu@2%bove to compare mechanisms. Figure
9.33 shows that fluid film resistance is contralilndicating that the system may be oxygen
starved. According to the calculated stoichiomefrthe proposed metathesis reaction, only a
small amount of oxygen (i.e. 0.0012 mole of oxygemeeded while the amount of oxygen used
appeared to be well in excess. This may be thédtrelsa physical mass transfer reaction
boundary layer barrier caused by a lack of agitatimdeed, in the research, stirring rate was not
maximized as the autoclave controller was diffitalmaintain and operate. Future work should

be done from a fundmental kinetic aspect to addtess
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Figure 9.31  Progress of reaction of a single sphéparticle with surrounding fluid measured
in terms of time for complete reaction (Levens(ii@99).

Figure 9.32  Progress of reaction of a single spheparticle with surrounding fluid measured
in terms of time for complete conversion (Levensp#99).
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Table 9.30 Kinetic Calculations

Figure 9.33  Progress of POX kinetic reactions.
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The K-5 point appears to be where no additionalHe®ay occurs so to compare the
mechanisms graphically another way, this point @aduded. The graphical comparisons are
shown in Figures 9.34 to 9.36.

Based on these kinetic results, it cannot be détexias of yet what the controlling
mechnanism is. There is also the possibility ofechanism change as the process progresses.
Additional studies at varying temperatures wouldch® be performed in order to calculate a

rate constant, activation energies, etc.

9.6 High Grade Enargite Leaching

Leach tests were performed using the same autoolaeeprepared high grade enargite
specimen sample to test reproducability based eptbssure oxidation leach tests with the three
highest recoveries, #24, 32 and 33 from sectioraBbdve. The Table 9.31 shows the

experimental conditions at which the tests weréopered.

9.6.1 High Grade Leach Analysis

The high grade tests were analyzed and the rem@ltas follows. Copper and Free Acid
were analyzed by titration and the results are shiovl'ables 9.32 and 9.33, respectively.

ICP was performed by Hazen Research on leach sntutor copper, iron and arsenic.
The results of this analysis are shown in Tabld.9.Bhe copper numbers compare well to the
copper titrations.

Solid leach residues were sent to Hazen Researdopper, iron and arsenic and results
are shown in Table 9.35.

The high grade leach summary in Table 9.36 isébalt of the mass balances performed
based on the assays from above.

The summary leach results for the Marca Punta R€3 tcompared to their

corresponding high grade test are shown in Tal3@.9.
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Figure 9.34  Kinetic data plotted for fluid film cial.

Figure 9.35 Kinetic data plotted for chemical cohtr
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Figure 9.36  Kinetic data plotted for pore diffusicontrol.

Table 9.31 Leach Conditions for High Grade Enarggsts

Table 9.32  Copper Titrations
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Table 9.33 Free Acid Titrations

Table 9.34  ICP Results on PLS Performed by Hazese&teh

Table 9.35  Solid Leach Residue Assays Performdddaen Research

Table 9.36 High Grade Leach Results Summary

150



Table 9.37  Comparative Leach Summary for High Greedd>OX tests

This data shows some reproducibility but the copparease is not as apparent. The
arsenic extractions and acid consumptions havasonable correlation. The copper gain in the
solids and iron extraction do not correlate wehjeth may be due to mineralogical effects or due

to using a concentrate sample versus a high graestansen.
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CHAPTER 10

PROPOSED PROCESS & ECONOMIC EVALUATION

In an attempt to determine the preliminary scopawgl economic feasibility of enargite
pressure oxidation, a process flowsheet basedisnedearch was developed as shown in Figure
10.1 below. The process entails pressure oxidatmmhleaching of the arsenic from the
concentrate, performing solid/liquid separatiorfitigring, followed by arsenic precipitation by
ferrinydrite or scorodite resulting in an upgradegper concentrate to send to a smelting or

copper concentrate leach operation.

Figure 10.1  Schematic of proposed enargite pressadation flowsheet.
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It has been assumed that the concentrate willdaged in a standard copper smelter for copper
and precious metals recovery. An apparent separafiarsenic from copper was achieved but
not definitively confirmed.
The key assumptions used in the preliminary ecac®mare as follows:

Used typical industry smelter schedule

Used updated Bagdad capital costs

Low severity pressure oxidation

Operating costs do not include arsenic fixation acid costs are adjusted upward to

reflect actual industry costs

157 tons/day concentrate feed as per Bagdad

Operating 350 days/year

Arsenic removal acceptable to smelter

0.44 g acid/g concentrate acid consumption

10 year cash flows used

8% discount rate

No by-product credits were accounted for

Smelter pays for 96.5% of copper

10.1 Smelter Treatment

A typical industry smelter schedule is shown ib[€al0.1 below showing the smelter
limits and penalties. It should be noted thatran content above 15% results in an unknown
increased treatment charge for more flux being eééathe process. A reduction in arsenic
content from 5.89 wt % to 4.39% results in a pgnsdivings of approximately $2920/day for a

plant treating 157 tons/day of concentrate.

10.2 Capital Costs

Capital costs were estimated based on a 1999 Hatgraonstration plant cost of $40
million brought to 2013 using Marshall & Swift Ecamic Indicators as $57 million (McElroy
and Young 1999; “Economic Indicators” 2011; “Econoimdicators” 2013). Table 10.2 shows
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Table 10.1 Copper Smelter Limits & Penalties
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the Marshall & Swift Indices and Table 10.3 show®Fs 2003 capital cost drivers updated
using the Index to $US in 2013.

Table 10.2 Marshall & Swift Economic Indicators ¢@&homic Indicators” 2011; “Economic
Indicators” 2013)

Table 10.3 FCX Pressure Oxidation Process Capdats3John O. Marsden and Brewer
2003)

10.3 Operating Costs

Shown below are the operating costs for the PXg®s. The rate of inflation was
considered using the Consumer Price Index fronBtiveau of Labor Statistics (“Inflation
Calculator: Bureau of Labor Statistics” 2013). ab0.4 shows 1999 $US updated using the
CPIto $US in 2013 by McElroy and Young.

Oxygen costs shown above are based on chalcopyidation oxygen consumption.
Equations 5.1 and 5.4 for enargite oxidation coregao Equations 2.18 and 2.19 for
chalcopyrite oxidation show that the oxygen reqlim®uld be lower for the enargite process,
thus lowering oxygen costs. For chalcopyrite ottadaat lower temperatures (below 200°C),
five moles of oxygen are required vs 2.75 molesxyfgen for enargite. Table 10.5 shows 2003
operating costs by FCX updated using the CPI to BlLED13.

155



Table 10.4 Pressure Oxidation Process Operatintgs @g€EIroy and Young 1999)

Table 10.5 FCX Pressure Oxidation Process Oper@toggs (John O. Marsden and Brewer
2003)

The information in Table 10.5 was converted toalsllper ton of concentrate using the
additional assumptions from Table 10.6 to calcuast@verage (midpoint) operating cost in
Table 10.7 to be used in the NPV analysis in Sect@4.

Table 10.6  Operating Cost Assumptions
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Table 10.7 FCX 2013 Estimated Pressure Oxidatioer@mg Costs

10.4 NPV Analysis

Table 10.8 shows an NPV analysis for a projectdasea pressure oxidation plant
similar to Bagdad expected to process 157 tonsl@g(John O. Marsden and Brewer 2003).
Operating costs were assumed to be at the lowtsikien from Table 10.7 above. Table 10.9
shows the NPV sensitivity for each factor assunfifip copper. The operating cost must be

carefully monitored to keep the project feasible.
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Table 10.8  Scoping Preliminary Economic Analysis
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Table 10.9 NPV Sensitivity
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CHAPTER 11

RESULTS

A comprehensive survey of copper processing, atsdr@mistry and enargite technology
was completed.

The thermodynamic study illustrated a region wleep®tential metathesis reaction of
selective dissolution of arsenic could occur.

The best arsenic extraction during the atmosplpeassure leaching was for Test #7 with
about 21% arsenic extracted at 10 gpl sulfuric,akidgrams of solids, 10 gpl €uand

75°C for 2 hours. This test also shows an appa@pper and arsenic separation with a 7%
copper gain in the solid indicating the possibibfya copper-arsenic metathesis reaction
occurring.

With regard to mineralogy, the #7 atmospheric leasidue had an increase in pyrite content
from 61.4 wt% to 76.7% and enargite decreased 88% to 23%. Arsenic decreased from
5.89% to 5.67%. Mineralogical analysis did notwhew copper phases appearing after
leaching.

Atmospheric leach modeling using Stat-Ease Desipel showed initial acid content as
the most significant factor on PLS arsenic conteittt temperature also showing a slight
positive effect.

The best pressure oxidation arsenic extractionfaragest #33 with about 47% arsenic
extracted at 30 gpl sulfuric acid, 5 grams of sglith gpl Cé', and 160°C for 1 hour.
Mineralogically, the #33 pressure oxidation compsample increased in pyrite content
from 61.4 wt% to 67.8%, enargite from 38% to 31.204d covellite, which was not detected
in the feed appeared at 0.46% in the residue. domtent increased from 27.55% to 34.15%,
copper decreased from 16.70% to 11.53% and arfenic6.80% to 4.39%.

Stat-Ease was also used for modeling of the POehleasults. Time had the most
significant effect on PLS arsenic content.
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The preliminary kinetic results did not define wkia controlling mechnanism was and
additional testing needs to be performed to dehiginformation. It may be fluid film
control and likely caused by limited agitation mtihan a lack of oxygen based on the
calculated stoichiometry.

High grade enargite mineral tests did show readenaproducibility to POX work on
enargite concentrates.

A scoping level preliminary assessment based oatepdoublished cost data indicates
positive economics for the proposed process.

Covellite formation is highlighted in the leachickse from sample K-3 in Figure 9.15. This
particle shows enargite mineralization on the oatiges of a covellite particle, which may
be due to particle orientation or removal of theedlite outer product layer during sample
preparation for MLA. However, more importantlyetimage clearly shows that the covellite
phase is occurring in conjunction and direct asgar with enargite, as was predicted by
the thermodynamic Eh-pH analysis. To wit, covelippears to be a direct decomposition

product of selective dissolution of arsenic fronasmgite.
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CHAPTER 12

CONCLUSIONS

From the literature survey, the world’s next majopper and gold orebodies will contain
and increasing amount of enargite. There aredanmdustrial metallurgical technologies
available to treat enargite on an industrial scdlee use of hydrometallurgical teachnologies for
arsenic removal can also more directly producdetaibms of arsenic compounds such as
ferrinydrite and scorodite.

The concentrate and pure mineral specimen chaizatiens performed were
comprehensive and definitive.

Atmospheric leach testing was undertaken but diccanfirm a desireable degree of
arsenic from copper separation via a metathesesrblaction. Qualitatively, a pressure oxidation
leach separation of arsenic from copper solidsacaseved via a presumed metathesis-like
reaction. Thermodynamically, this proposed mettheeaction pathway was shown to be
possible. Moreover, both the pressure oxidatisitpe mass balances along with the MLA
mineralogical analysis showing the disappearan@nafgite and the directly associated
appearance of covellite confirming that an appanegtathesis-like event was happening.

Both atmospheric and pressure oxidation testingwaccessfully modeled using
Design-of-Experimentation testing coupled with $ate software.

Focused kinetic and mineralogical testing of anmzed pressure oxidation test
confirmed testing reproducibility and a perceiveetathesis arsenic separation reaction. Testing
of a higher purity enargite sample showed goodetation with previous pressure oxidation
work done on the complex enargite concentrate.e®as overall test mass balances treating
high purity enargite, copper retention to leachadls was achived while the selective arsenic
dissolution was accomplished. Initial kinetic minig was undertaken but additional work is
needed for better definition now that a region @spmed metathesis-like arsenic separation has
been found.

A preliminary scoping-level economic assessmentpasstive.
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CHAPTER 13

SUGGESTIONS FOR FURTHER WORK

With the severe delays that equipment shipmentnelome, and malfunctioning
components caused, there was a significant amduasearch time that was lost. In outlining a
thoroughly-researched pressure oxidation procheseg are many areas for process design and

optimization. Areas where further investigatiomsla be conducted include:

1. Sample. A complex enargite concentrate was exammtally. While some tests were
performed with a high grade mineral sample, thei$aaf those tests was to determine if the
same arsenic extractions could be achieved. S&gaathew experimental program with a
pure enargite sample coupled with mineralogicalysmacould prove valuable in
determining, optimizing and confirming the chemigzdction of enargite alone in this
system before adding competing effects such asotheron plays in leaching.

2. Test Factors. Particle size was not evaluatedfastar in the experimental design. Fine
grinding had a significant impact in research penked by FCX, so the effect of particle size
and liberation should be further evaluated. Theeapance of a fluid film control mechanism
in POX tests and subsequent kinetic modeling suggesre work is needed on the
optimizingstirring rate and oxygen additions aslwel

3. System Chemistry. The actual chemical reactiocsioing can be delineated further and

stoichiometric oxygen requirements can be propgetgrmined if work is done on a larger
scale.

4. Kinetics. Further kinetic evaluation at differeéaimperatures would enable generation of an
Arrhenius plot. This plot would determine k andi\eation energies delineating the
controlling mechanism.

5. Separation. An apparent separation of arsenic tropper via a metathesis-like reaction was

gualitatively achieved with mass balances and smmeralogical analysis but not
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definitively confirmed or fully evaluated. More woneeds to be performed on a larger scale

to better define this positive separation phenomena
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APPENDIX A

Eh-pH DIAGRAMS BY TEMPERATURE

The Eh-pH stability in 25 C increments evaluatethgdHSC Chemistry 7.1 for the Cu-S-

H,O system are shown in Figures A.1 through A.7, A®Mystem in Figures A.8 through A.14,
and S-HO system are show in Figures A.15 through A.21.

Eh (Volts) Cu - S-H20 - System at 25.00 C
1.0 T T T ‘ ‘ ‘ ‘
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Figure A.1  HSC 7.1 Eh-pH stability diagram for the-S-HO system at 25 C.
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Figure A.2  HSC 7.1 Eh-pH stability diagram for tBe-S-HO system at 50 C.
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Figure A.3  HSC 7.1 Eh-pH stability diagram for tBe-S-HO system at 75 C.

Cu - S - H20 - System at 50.00 C
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Eh (Volts) Cu - S - H20 - System at 100.00 C
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Figure A.4  HSC 7.1 Eh-pH stability diagram for tBe-S-HO system at 100 C.
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Figure A5 HSC 7.1 Eh-pH stability diagram for the-S-HO system at 125 C.
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Eh (Volts) Cu - S - H20 - System at 150.00 C
1.0 T

08| !
Cu(+2a) Cu(OH)2

06| 1

0.4k I

0.2 Cu02(-2a;|

Cu
0.0
-0.2|
-0.4 |
-0.6 |
H20 Limits
-0.8
0 2 4 6 8 10 12 14
C:\HSC7\EpH\CuS150.iep pH
ELEMENTS Molality Pressure
Cu 1.000E-01 4.625E+00
S 1.000E-01 4.625E+00

Figure A.6 HSC 7.1 Eh-pH stability diagram for tBe-S-HO system at 150 C.
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Figure A.7  HSC 7.1 Eh-pH stability diagram for the-S-HO system at 175 C.
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HSC 7.1 Eh-pH stability diagram for the-H,O system at 50 C.
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Figure A.10 HSC 7.1 Eh-pH stability diagram for the-H,O system at 75 C.
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Figure A.12 HSC 7.1 Eh-pH stability diagram for the-H,O system at 125 C.
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Figure A.13 HSC 7.1 Eh-pH stability diagram for the-H,O system at 150 C.
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Figure A.14 HSC 7.1 Eh-pH stability diagram for the-H,O system at 175 C.
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Figure A.15 HSC 7.1 Eh-pH stability diagram for 84,0 system at 25 C.
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Figure A.16 HSC 7.1 Eh-pH stability diagram for 8,0 system at 50 C.
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Figure A.17 HSC 7.1 Eh-pH stability diagram for 84,0 system at 75 C.
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Figure A.18 HSC 7.1 Eh-pH stability diagram for $é¢+0 system at 100 C.
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Figure A.19 HSC 7.1 Eh-pH stability diagram for $é¢+,0 system at 125 C.
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Figure A.20 HSC 7.1 Eh-pH stability diagram for $¢+0 system at 150 C.
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Figure A.21 HSC 7.1 Eh-pH stability diagram for $é¢+,0 system at 175 C.
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APPENDIX B

Eh-pH DIAGRAMS BY MOLALITY

The Eh-pH stability in 0.2 molal increments at 2®@luated using HSC Chemistry 7.1

for the Cu-S-HO system are shown in Figures B.1 through B.4, A&-Blystem in Figures B.5
through B.8, and S4D system in Figures B.9 through B.12.
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Figure B.1 = HSC 7.1 Eh-pH stability diagram at 2%0€the Cu-S-HO system at 0.1 molal.
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Figure B.2  HSC 7.1 Eh-pH stability diagram at 2%0€the Cu-S-HO system at 0.3 molal.
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Figure B.3  HSC 7.1 Eh-pH stability diagram at 2%0€the Cu-S-HO system at 0.5 molal.
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Figure B.4  HSC 7.1 Eh-pH stability diagram at 2%0€the Cu-S-HO system at 0.7 molal.
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Figure B.5 HSC 7.1 Eh-pH stability diagram at 250€the As-HO system at 0.1 molal.
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Figure B.6
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HSC 7.1 Eh-pH stability diagram at 250Cthe As-HO system at 0.3 molal.
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HSC 7.1 Eh-pH stability diagram at 250€the As-HO system at 0.5 molal.
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Figure B.8  HSC 7.1 Eh-pH stability diagram at 250€the As-HBO system at 0.7 molal.
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Figure B.9 HSC 7.1 Eh-pH stability diagram at 250Cthe S-HO system at 0.1 molal.
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Figure B.10 HSC 7.1 Eh-pH stability diagram at 250€the S-HO system at 0.3 molal.
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HSC 7.1 Eh-pH stability diagram at 250€the S-HO system at 0.5 molal.
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Figure B.12 HSC 7.1 Eh-pH stability diagram at 250€the S-HO system at 0.7 molal.
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APPENDIX C

MASS BALANCES

Mass balance calculations were performed for thrspheric pressure and pressure

oxidation tests to account for weights, importdatreents and compare extractions.

C.1  Atmospheric Pressure Leach Mass Balance

Tables C.1 to C.8 show the mass balance, extraatidrconsumption calculations for the

atmospheric pressure tests.
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Table C.1

Atmospheric Pressure Final Volumes and Sdeights

VOLUME SOLIDS
ml ml ml grams grams % Difference
Test ID Initial Volume | Sample Vol | Final Volume Initial Solids | Final Solids Solids
MP Leach Test #1 1000 80 978 20.03 16.34Y 18.39
MP Leach Test #2 1000 80 975 20.02 16.050 19.82
MP Leach Test #3 1000 40 1038 10.08 8.560 15.08
MP Leach Test #4 1000 40 1053 29.99 25.48p 15.05
MP Leach Test #5 1000 40 1046 10.02 8.499 15.14
MP Leach Test #6 1000 40 954 30.05 23.665 21.24
MP Leach Test #7 1000 40 939 10.03 7.497 25.27
MP Leach Test #8 1000 80 924 20.09 15.892 20.89
MP Leach Test #9 1000 40 975 30.08 24.78Y 17.58
MP Leach Test #10 1000 40 989 10.04 8.531 15.07
MP Leach Test #11 1000 40 990 30.03 23.88b 20.45
MP Leach Test #12 1000 60 981 30.04 25.99b 13.46
MP Leach Test #13 1000 60 971 10.03 8.23( 17.92
MP Leach Test #14 1000 60 980 30.05 22.94D 23.67
MP Leach Test #15 1000 60 980 10.00 8.037 19.65
MP Leach Test #16 1000 60 1045 30.02 25.19p 16.08
MP Leach Test #17 1000 60 992 10.08 7.817 22.42
MP Leach Test #18 1000 60 1012 30.00 24.96[L 16.80
MP Leach Test #19 1000 60 979 10.00 9.055 9.50
MP Leach Test #7-2 1000 0 1291 10.00 7.462 25.37
MP Leach Test #13-2 1000 0 1303 10.01 7.455 25.51
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Table C.2

Atmospheric Pressure Copper Mass Bal@atmilations

COPPER
grams grams grams grams grams % Cu
Test ID Culn Solid Culn Soln Cu Out Solid| Cu Out Soln| Diff Solids Loss
MP Leach Test #1 3.35 25.00 2.83 22.37 0.51 15.31
MP Leach Test #2 3.34 25.00 2.79 22.46 0.55 16.46
MP Leach Test #3 1.68 10.00 1.42 10.06 0.26 15.38
MP Leach Test #4 5.01 40.00 4.24 36.97 0.76 15.25
MP Leach Test #5 1.67 40.00 1.46 37.39 0.21 12.7(
MP Leach Test #6 5.02 10.00 4.01 10.15 1.00 20.01
MP Leach Test #7 1.68 10.00 1.31 9.40 0.36 21.60
MP Leach Test #8 3.35 25.00 2.70 21.87 0.66 19.61
MP Leach Test #9 5.02 10.00 4.24 9.76 0.78 15.5]
MP Leach Test #10 1.68 40.00 1.51 38.49 0.16 9.83
MP Leach Test #11 5.01 40.00 4.24 37.43 0.77 15.35
MP Leach Test #12 5.02 40.00 4.55 35.69 0.47 9.32
MP Leach Test #13 1.67 40.00 1.44 37.02 0.24 14.04
MP Leach Test #14 5.02 10.00 3.99 9.65 1.03 20.47
MP Leach Test #15 1.67 10.00 1.36 9.34 0.32 18.88
MP Leach Test #16 5.01 10.00 4.03 9.96 0.99 19.65
MP Leach Test #17 1.68 10.00 1.33 9.61 0.35 20.7(
MP Leach Test #18 5.01 40.00 4.21 36.81 0.80 15.9]
MP Leach Test #19 1.67 40.00 1.50 36.55 0.17 9.93
MP Leach Test #7-2 1.67 10.00 1.31 9.64 0.36 21.24
MP Leach Test #13-2 1.67 40.00 1.26 38.71 0.41 24.53
Sold assay g CuS0O45H20  Solid assay Cu titration
X inttial solids added x63.55  x final solids X firll

1249.68
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Table C.3

Atmospheric Pressure Copper Loss Calonkat

COPPER
grams grams % Copper | % Cu Loss/| % Cu Loss Average
Test ID Culn Cu Out Lostin soln | Initial Solid | Final Solid Loss
MP Leach Test #1 28.34 25.20 10.50 2.56 3.13 2.84
MP Leach Test #2 28.34 25.25 10.17 2.75 3.43 3.09
MP Leach Test #3 11.69 11.48 -0.56 2.57 3.02 2.80
MP Leach Test #4 45.01 41.21 7.58 2.55 3.00 2.77
MP Leach Test #5 41.67 38.85 6.54 2.12 2.50 2.31
MP Leach Test #6 15.02 14.17 -1.53 3.34 4.24 3.79
MP Leach Test #7 11.68 10.71 6.03 3.61 4.83 4.22
MP Leach Test #8 28.35 24.57 12.52 3.28 4.14 3.71
MP Leach Test #9 15.02 14.00 2.45 2.59 3.14 2.87
MP Leach Test #10 41.68 40.00 3.77 1.64 1.93 1.79
MP Leach Test #11 45.01 41.67 6.43 2.56 3.22 2.89
MP Leach Test #12 45.02 40.23 10.79 1.56 1.80 1.68
MP Leach Test #13 41.67 38.46 7.45 2.34 2.86 2.60
MP Leach Test #14 15.02 13.64 3.49 3.42 4.48 3.95
MP Leach Test #15 11.67 10.70 6.61 3.15 3.93 3.54
MP Leach Test #16 15.02 13.99 0.41 3.28 3.91 3.60
MP Leach Test #17 11.68 10.95 3.89 3.46 4.46 3.96
MP Leach Test #18 45.01 41.03 7.97 2.66 3.19 2.92
MP Leach Test #19 41.67 38.05 8.63 1.66 1.83 1.75
MP Leach Test #7-2 11.67 10.95 3.63 3.55 4.76 4.15
MP Leach Test #13-2 41.67 39.97 3.23 4.10 5.50 4.80
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Table C.4

Atmospheric Pressure Iron Mass Balandéeu@dions

232

IRON
grams grams grams grams grams
Test ID Fe In Fe Out Solid| Fe Out Soln Fe In Fe Out
MP Leach Test #1 5.52 4.82 0.59 5.52 5.41
MP Leach Test #2 5.52 4.72 0.61 5.52 5.33
MP Leach Test #3 2.78 2.62 0.10 2.78 2.73
MP Leach Test #4 8.26 7.90 0.37 8.26 8.27
MP Leach Test #5 2.76 2.51 0.26 2.76 2.78
MP Leach Test #6 8.28 7.06 0.87 8.28 7.93
MP Leach Test #7 2.76 2.16 0.36 2.76 2.53
MP Leach Test #8 5.53 4.53 0.60 5.53 5.12
MP Leach Test #9 8.29 7.29 0.55 8.29 7.84
MP Leach Test #10 2.77 2.52 0.18 2.77 2.7
MP Leach Test #11 8.27 6.96 1.25 8.27 8.2(
MP Leach Test #12 8.28 7.47 0.59 8.28 8.04
MP Leach Test #13 2.76 2.33 0.42 2.76 2.78
MP Leach Test #14 8.28 6.52 1.21 8.28 7.74
MP Leach Test #15 2.76 2.27 0.22 2.76 2.49
MP Leach Test #16 8.27 7.33 0.37 8.27 7.7
MP Leach Test #17 2.78 2.28 0.32 2.78 2.59
MP Leach Test #18 8.27 7.19 0.86 8.27 8.04
MP Leach Test #19 2.76 2.65 0.13 2.76 2.78
MP Leach Test #7-2 2.75 2.13 0.43 2.75 2.54
MP Leach Test #13-2 2.76 2.18 0.43 2.76 2.6]
Solid assay Sold assay CAMP ICP Total Total
x intial solids  x final solids x final vol



Table C.5

Atmospheric Pressure Iron Extraction @atons

Mass in

Mass in
233

IRON
Solid Fe Liquid Fe Final Liquid Average Calculated
Test ID Extr % Extr % Fe Extr % | Extraction % Head
MP Leach Test #1 12.67 10.78 10.98 11.48 27.03
MP Leach Test #2 14.44 11.10 11.49 12.34 26.63
MP Leach Test #3 5.52 3.76 3.83 4.37 27.07
MP Leach Test #4 4.35 4.43 4.43 4.40 27.57
MP Leach Test #5 8.95 9.54 9.49 9.32 27.71
MP Leach Test #6 14.75 10.52 10.98 12.08 26.38
MP Leach Test #7 21.72 13.20 14.43 16.45 25.2(
MP Leach Test #8 18.22 10.81 11.68 13.57 25.5]
MP Leach Test #9 11.99 6.59 6.97 8.52 26.06
MP Leach Test #10 8.99 6.46 6.63 7.36 26.85
MP Leach Test #11 15.92 15.10 15.23 15.42 27.33
MP Leach Test #12 9.76 7.14 7.33 8.08 26.83
MP Leach Test #13 15.74 15.24 15.32 15.43 27.41
MP Leach Test #14 21.21 14.64 15.67 17.17 25.74
MP Leach Test #15 17.61 8.06 8.92 11.53 24.92
MP Leach Test #16 11.39 4.51 4.84 6.91 25.65
MP Leach Test #17 18.03 11.48 12.29 13.93 25.7%
MP Leach Test #18 12.97 10.43 10.70 11.37 26.8%
MP Leach Test #19 3.81 4.75 4.71 4.42 27.81
MP Leach Test #7-2 22.64 15.48 16.68 18.27 25.5§
MP Leach Test #13-2 20.91 15.68 16.55 17.71 26.11
(Mass in- 1-(Mass in-  Soln mass out/ Total g out/

Solid mass out)/ Soln mass out))  Mass out g inttilds0



Table C.6

Atmospheric Pressure Arsenic Mass Bal@ateulations
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ARSENIC
grams grams grams grams grams
Test ID As In As Out Solid| As Out Soln As In As Out
MP Leach Test #1 1.36 1.11 0.11 1.36 1.22
MP Leach Test #2 1.36 1.04 0.11 1.36 1.15
MP Leach Test #3 0.69 0.59 0.00 0.69 0.59
MP Leach Test #4 2.04 1.77 0.00 2.04 1.78
MP Leach Test #5 0.68 0.54 0.06 0.68 0.60
MP Leach Test #6 2.04 1.42 0.17 2.04 1.59
MP Leach Test #7 0.68 0.43 0.07 0.68 0.50
MP Leach Test #8 1.37 0.90 0.12 1.37 1.01
MP Leach Test #9 2.05 1.44 0.02 2.05 1.45
MP Leach Test #10 0.68 0.46 0.01 0.68 0.47%
MP Leach Test #11 2.04 1.60 0.20 2.04 1.80
MP Leach Test #12 2.04 1.74 0.01 2.04 1.75
MP Leach Test #13 0.68 0.55 0.07 0.68 0.64
MP Leach Test #14 2.04 1.50 0.22 2.04 1.74
MP Leach Test #15 0.68 0.54 0.00 0.68 0.54
MP Leach Test #16 2.04 1.69 0.00 2.04 1.7¢
MP Leach Test #17 0.69 0.50 0.06 0.69 0.54
MP Leach Test #18 2.04 1.60 0.16 2.04 1.76
MP Leach Test #19 0.68 0.59 0.01 0.68 0.60
MP Leach Test #7-2 0.68 0.48 0.08 0.68 0.54
MP Leach Test #13-2 0.68 0.47 0.08 0.68 0.54
Solid assay Sold assay CAMP ICP Total Total
x intial solids  x final solids x final vol



Table C.7

Atmospheric Pressure Arsenic Extractiaft@ations

ARSENIC
Solid As Liquid As Final Liquid Average Calculated
Test ID Extr % Extr % As Extr % Extraction % Head
MP Leach Test #1 18.63 8.39 9.35 12.12 6.10
MP Leach Test #2 23.95 8.08 9.60 13.88 5.72
MP Leach Test #3 14.58 0.27 0.31 5.05 5.83
MP Leach Test #4 13.18 0.21 0.24 4.54 5.92
MP Leach Test #5 20.88 8.46 9.66 13.00 5.96
MP Leach Test #6 30.51 8.15 10.50 16.39 5.28
MP Leach Test #7 37.69 10.67 14.62 20.99 4.96
MP Leach Test #8 34.27 8.46 11.41 18.05 5.05
MP Leach Test #9 29.70 0.80 1.12 10.54 4.83
MP Leach Test #10 32.80 1.00 1.47 11.76 4.64
MP Leach Test #11 21.62 9.88 11.20 14.23 6.00
MP Leach Test #12 14.99 0.71 0.83 5.51 5.83
MP Leach Test #13 19.85 10.40 11.48 13.91 6.16
MP Leach Test #14 26.48 10.74 12.74 16.65 5.73
MP Leach Test #15 20.95 0.45 0.56 7.32 5.41
MP Leach Test #16 17.07 0.16 0.20 5.81 5.65
MP Leach Test #17 27.10 9.26 11.28 15.88 5.59
MP Leach Test #18 21.70 7.93 9.19 12.94 5.86
MP Leach Test #19 13.49 1.01 1.16 5.22 5.95
MP Leach Test #7-2 29.21 12.02 14.52 18.58 5.63
MP Leach Test #13-2 31.64 11.64 14.55 19.28 5.44
(Mass in- 1-(Massin-  Soln mass out/ Total g out/
Solid mass out)/  Soln mass out)/ Mass out g inttilds0
Mass in Mass in
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Table C.8

Atmospheric Pressure Acid ConsumptionsMBedance Calculations

ACID
grams grams g Acid Consump/| g Acid Consump/ Average

Test ID Acid In | Acid Out g Initial Solids g Final Solids Consumption

MP Leach Test #1 5.19 4.79 0.020 0.024 0.022
MP Leach Test #2 5.20 5.73 -0.027 -0.034 -0.030
MP Leach Test #3 0.00 0.00 0.000 0.000 0.000
MP Leach Test #4 0.00 0.00 0.000 0.000 0.000
MP Leach Test #5 10.37 10.25 0.012 0.014 0.013
MP Leach Test #6 10.37 9.35 0.034 0.043 0.039
MP Leach Test #7 10.36 9.20 0.116 0.155 0.135
MP Leach Test #8 5.18 4.53 0.033 0.041 0.037
MP Leach Test #9 0.00 0.00 0.000 0.000 0.000
MP Leach Test #10 0.00 0.00 0.000 0.000 0.000
MP Leach Test #11 10.37 8.73 0.055 0.069 0.062
MP Leach Test #12 0.00 0.00 0.000 0.000 0.000
MP Leach Test #13 10.37 9.52 0.085 0.103 0.094
MP Leach Test #14 10.37 8.64 0.057 0.075 0.066
MP Leach Test #15 0.00 0.00 0.000 0.000 0.000
MP Leach Test #16 0.00 0.00 0.000 0.000 0.000
MP Leach Test #17 10.37 9.72 0.064 0.083 0.073
MP Leach Test #18 10.35 9.92 0.015 0.017 0.016
MP Leach Test #19 0.00 0.00 0.000 0.000 0.000
MP Leach Test #7-2 10.36 8.86 0.150 0.202 0.176
MP Leach Test #13-2 10.36 10.22 0.015 0.020 0.017

gof96.5% g free acid
H2S04 x final vol
added
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C.2 Pressure Oxidation Leach Mass Balance

Tables C.9 through C.18 show the mass balancegatixtn and consumption calculations
for the pressure oxidation tests.
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Table C.9

Pressure Oxidation Final Volumes

VOLUME
mi mi

Test ID Initial Volume Final Volume
MP POX Test #1 1000 1000
MP POX Test #2 1000 1123
MP POX Test #3 1000 1159.5
MP POX Test #4 1000 1210.5
MP POX Test #5 1000 1080
MP POX Test #6 1000 1240
MP POX Test #7 1000 1215
MP POX Test #8 1000 1244
MP POX Test #9 1000 1095
MP POX Test #10 1000 1250
MP POX Test #11 1000 1135
MP POX Test #12 1000 1226
MP POX Test #13 1000 1404
MP POX Test #14 1000 1321
MP POX Test #15 1000 1324
MP POX Test #16 1000 1328
MP POX Test #17 1000 1267
MP POX Test #18 1000 1245
MP POX Test #19 1000 1225
MP POX Test #20 1000 1026
MP POX Test #21 1000 1069
MP POX Test #22 1000 1230
MP POX Test #23 1000 1227
MP POX Test #24 1000 1244
MP POX Test #25 1000 1041
MP POX Test #26 1000 1333
MP POX Test #27 1000 1169
MP POX Test #28 1000 1446
MP POX Test #29 1000 1257
MP POX Test #30 1000 1225
MP POX Test #31 1000 1372
MP POX Test #32 1000 1250
MP POX Test #33 1000 1195
MP POX Test #34 1000 1293
MP POX Test #35 1000 1491
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Table C.10  Pressure Oxidation Final Solid Weights

SOLIDS
grams grams % Difference
Test ID Initial Solids Final Solids Solids
MP POX Test #1 15.01 11.090 26.09
MP POX Test #2 5.00 3.753 24.97
MP POX Test #3 5.00 3.824 23.52
MP POX Test #4 15.00 11.338 24.41
MP POX Test #5 5.00 4.149 17.10
MP POX Test #6 5.00 3.536 29.22
MP POX Test #7 15.02 11.459 23.70
MP POX Test #8 15.01 11.524 23.22
MP POX Test #9 5.00 3.945 21.12
MP POX Test #10 5.00 3.564 28.78
MP POX Test #11 15.01 10.214 31.95
MP POX Test #12 15.05 11.468 23.79
MP POX Test #13 5.00 3.345 33.08
MP POX Test #14 5.00 3.575 28.53
MP POX Test #15 15.00 11.752 21.64
MP POX Test #16 15.00 10.686 28.77
MP POX Test #17 10.01 8.626 13.78
MP POX Test #18 10.01 8.643 13.67
MP POX Test #19 10.00 8.286 17.15
MP POX Test #20 5.00 4.177 16.52
MP POX Test #21 5.00 4.305 13.95
MP POX Test #22 15.00 12.900 14.01
MP POX Test #23 15.00 13.319 11.23
MP POX Test #24 5.01 3.409 31.94
MP POX Test #25 5.00 4.001 20.03
MP POX Test #26 15.00 11.774 21.53
MP POX Test #27 15.00 12.890 14.08
MP POX Test #28 15.01 12.151 19.06
MP POX Test #29 5.00 3.940 21.25
MP POX Test #30 5.01 4.090 18.29
MP POX Test #31 15.02 12.935 13.90
MP POX Test #32 5.01 2.530 49.48
MP POX Test #33 5.00 3.461 30.80
MP POX Test #34 15.01 10.559 29.65
MP POX Test #35 15.00 11.613 22.59
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Table C.11  Pressure Oxidation Copper Mass Balaatzu(ations

COPPER
grams grams grams grams grams % Cu
TestID CuIn Solid Culn Soln Cu Out Solid Cu Out Soln Diff Solids Loss

MP POX Test #1 2.51 10.00 1.97 10.48 0.54 21.40
MP POX Test #2 0.84 10.00 0.66 9.99 0.17 20.92
MP POX Test #3 0.84 40.00 0.63 40.52 0.20 24.16
MP POX Test #4 2.50 40.00 1.98 38.07 0.53 21.11
MP POX Test #5 0.84 39.97 0.48 39.80 0.35 42.37
MP POX Test #6 0.83 10.00 0.62 9.85 0.21 25.15
MP POX Test #7 2.51 10.00 2.02 9.26 0.49 19.64
MP POX Test #8 2.51 40.00 1.96 37.55 0.55 21.79
MP POX Test #9 0.84 40.00 0.63 40.01 0.20 24.29
MP POX Test #10 0.84 10.00 0.59 9.53 0.24 28.82
MP POX Test #11 2.51 10.00 2.00 6.49 0.51 20.17
MP POX Test #12 2.51 40.00 2.29 39.34 0.23 9.05

MP POX Test #13 0.83 10.00 0.70 9.81 0.13 16.05
MP POX Test #14 0.84 40.01 0.79 33.99 0.05 5.63

MP POX Test #15 2.50 40.00 3.02 32.39 -0.52 -20.63
MP POX Test #16 2.51 10.00 2.11 8.02 0.40 15.97
MP POX Test #17 1.67 25.00 1.25 21.74 0.42 25.35
MP POX Test #18 1.67 25.00 1.12 24.52 0.55 33.11
MP POX Test #19 1.67 25.00 1.17 20.63 0.50 29.85
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Table C.11  Continued

COPPER
grams grams grams grams grams % Cu
TestID CuIn Solid Culn Soln Cu Out Solid Cu Out Soln Diff Solids Loss
MP POX Test #20 0.84 40.00 0.80 38.30 0.04 4,52
MP POX Test #21 0.84 10.00 0.77 10.19 0.06 7.77
MP POX Test #22 2.51 10.00 2.35 8.40 0.16 6.28
MP POX Test #23 2.51 40.00 2.40 39.37 0.11 4.32
MP POX Test #24 0.84 10.00 0.37 9.88 0.46 55.58
MP POX Test #25 0.84 40.00 0.79 38.86 0.05 5.67
MP POX Test #26 2.51 10.00 1.55 9.32 0.95 38.07
MP POX Test #27 2.51 10.00 2.33 10.03 0.17 6.88
MP POX Test #28 2.51 10.00 1.84 10.57 0.67 26.72
MP POX Test #29 0.84 10.00 0.60 10.38 0.24 28.75
MP POX Test #30 0.84 40.00 0.65 39.31 0.18 21.76
MP POX Test #31 2.51 40.00 2.12 34.43 0.39 15.55
MP POX Test #32 0.84 40.00 0.38 37.73 0.46 54.65
MP POX Test #33 0.84 10.00 0.40 9.49 0.44 52.22
MP POX Test #34 2.51 10.00 1.36 13.15 1.15 45.78
MP POX Test #35 2.51 40.00 1.44 32.21 1.07 42.62
Feed assay g CuS0O45H20 Residue assay Cu titration
X initial solids added x 63.55 X final solids X finall

1249.68
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Table C.12  Pressure Oxidation Copper Loss Calausti

COPPER
grams grams % Copper % Cu Loss/ % Cu Loss/ Average
Test ID Culn Cu Out Lostin soln Initial Solid Final Solid Loss
MP POX Test #1 12.51 12.45 -4.84 3.57 4.84 4.21
MP POX Test #2 10.84 10.65 0.11 3.49 4.66 4.08
MP POX Test #3 40.83 41.15 -1.31 4.03 5.28 4.66
MP POX Test #4 42.50 40.05 4.82 3.52 4.66 4.09
MP POX Test #5 40.81 40.28 0.43 7.08 8.53 7.81
MP POX Test #6 10.84 10.47 1.54 4.20 5.93 5.07
MP POX Test #7 12.51 11.28 7.36 3.28 4.30 3.79
MP POX Test #8 42.51 39.51 6.13 3.64 4.74 4.19
MP POX Test #9 40.83 40.64 -0.02 4.06 5.14 4.60
MP POX Test #10 10.84 10.13 4.70 4.81 6.76 5.79
MP POX Test #11 1251 8.49 35.10 3.37 4.95 4.16
MP POX Test #12 42.51 41.63 1.65 151 1.98 1.75
MP POX Test #13 10.84 10.51 1.87 2.68 4.01 3.34
MP POX Test #14 40.84 34.78 15.03 0.94 1.32 1.13
MP POX Test #15 42.51 35.41 19.03 -3.45 -4.40 -3.92
MP POX Test #16 12.50 10.12 19.82 2.67 3.74 3.21
MP POX Test #17 26.67 22.98 13.05 4.23 4.91 4.57
MP POX Test #18 26.67 25.64 1.91 5.53 6.41 5.97
MP POX Test #19 26.67 21.80 17.49 4.99 6.02 5.50
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Table C.12  Continued
COPPER
grams grams % Copper % Cu Loss/ % Cu Loss/ Average
Test ID Culn Cu Out Lostin soln Initial Solid Final Solid Loss
MP POX Test #20 40.83 39.10 4.25 0.75 0.90 0.83
MP POX Test #21 10.84 10.96 -1.87 1.30 1.51 1.40
MP POX Test #22 12.51 10.75 15.99 1.05 1.22 1.14
MP POX Test #23 42.50 41.77 1.56 0.72 0.81 0.77
MP POX Test #24 10.84 10.25 1.21 9.28 13.64 11.46
MP POX Test #25 40.84 39.65 2.85 0.95 1.18 1.06
MP POX Test #26 12.51 10.87 6.84 6.36 8.10 7.23
MP POX Test #27 12.51 12.36 -0.27 1.15 1.34 1.24
MP POX Test #28 1251 12.40 -5.64 4.46 5,51 4.99
MP POX Test #29 10.84 10.98 -3.82 4.80 6.10 5.45
MP POX Test #30 40.84 39.96 1.73 3.63 4.45 4.04
MP POX Test #31 42.51 36.55 13.92 2.60 3.02 2.81
MP POX Test #32 40.84 38.11 5.68 9.13 18.07 13.6(
MP POX Test #33 10.84 9.89 5.09 8.72 12.60 10.66
MP POX Test #34 12.51 14.50 -31.43 7.65 10.87 9.26
MP POX Test #35 42.51 33.65 19.47 7.12 9.19 8.16
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Table C.13

Pressure Oxidation Iron Mass Balanceulations

IRON
grams grams grams grams grams
Test ID Fe In Fe Out Solid Fe Out Soln Fe In Fe Out
MP POX Test #1 4,13 3.40 0.71 4,13 411
MP POX Test #2 1.38 1.14 0.23 1.38 1.37
MP POX Test #3 1.38 1.16 0.21 1.38 1.37
MP POX Test #4 4,13 3.47 0.63 4,13 4.10
MP POX Test #5 1.38 0.67 0.24 1.38 0.91
MP POX Test #6 1.38 1.13 0.22 1.38 1.35
MP POX Test #7 4.14 3.55 0.57 4.14 4.12
MP POX Test #8 4.13 3.51 0.59 4.13 4.10
MP POX Test #9 1.38 1.14 0.23 1.38 1.37
MP POX Test #10 1.38 1.09 0.22 1.38 1.31
MP POX Test #11 414 2.97 0.71 4.14 3.67
MP POX Test #12 4.15 3.37 0.69 4.15 4.06
MP POX Test #13 1.38 0.94 0.25 1.38 1.19
MP POX Test #14 1.38 1.04 0.22 1.38 1.26
MP POX Test #15 4.13 3.16 0.69 4.13 3.84
MP POX Test #16 4,13 3.27 0.71 4.13 3.98
MP POX Test #17 2.76 2.73 0.14 2.76 2.87
MP POX Test #18 2.76 2.64 0.11 2.76 2.75
MP POX Test #19 2.76 2.55 0.09 2.76 2.64
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Table C.13

Continued
IRON
grams grams grams grams grams
Test ID Fe In Fe Out Solid Fe Out Soln Fe In Fe Out
MP POX Test #20 1.38 1.17 0.11 1.38 1.28
MP POX Test #21 1.38 1.25 0.06 1.38 1.31
MP POX Test #22 4.13 3.62 0.21 4.13 3.83
MP POX Test #23 4.13 3.81 0.22 4.13 4.03
MP POX Test #24 1.38 1.16 0.09 1.38 1.25
MP POX Test #25 1.38 1.07 0.23 1.38 1.30
MP POX Test #26 4.13 3.87 0.25 4.13 4.12
MP POX Test #27 4.13 3.65 0.35 4.13 4.00
MP POX Test #28 4.14 3.82 0.31 4.14 4.13
MP POX Test #29 1.38 1.18 0.09 1.38 1.26
MP POX Test #30 1.38 1.20 0.12 1.38 1.31
MP POX Test #31 4.14 3.80 0.32 4.14 4.12
MP POX Test #32 1.38 0.74 0.37 1.38 1.11
MP POX Test #33 1.38 1.18 0.12 1.38 1.30
MP POX Test #34 4.13 3.57 0.34 4.13 3.91
MP POX Test #35 4.13 3.81 0.25 4.13 4.06
Feed assay Residue assay ICP Total Total
X inttial solids x final solids x final vol
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Table C.14

Pressure Oxidation Iron Extraction Cakions

IRON
Solid Fe Liquid Fe Final Liquid Average Calculated
Test ID Extr % Extr % Fe Extr % Extraction % Head
MP POX Test #1 17.72 17.13 17.23 17.36 27.39
MP POX Test #2 17.37 16.56 16.69 16.87 27.33
MP POX Test #3 15.75 15.33 15.39 15.49 27.43
MP POX Test #4 15.93 15.26 15.36 15.52 27.37
MP POX Test #5 51.40 17.40 26.36 31.72 18.18
MP POX Test #6 18.25 16.19 16.53 16.99 26.98
MP POX Test #7 14.09 13.72 13.77 13.86 27.45
MP POX Test #8 15.14 14.29 14.42 14.62 27.32
MP POX Test #9 17.03 16.55 16.63 16.74 27.42
MP POX Test #10 21.23 16.30 17.14 18.22 26.19
MP POX Test #11 28.30 17.08 19.24 21.54 24.44
MP POX Test #12 18.81 16.74 17.10 17.55 26.98
MP POX Test #13 31.97 18.01 20.94 23.64 23.71
MP POX Test #14 24.48 15.88 17.38 19.25 25.18
MP POX Test #15 23.61 16.59 17.84 19.34 25.62
MP POX Test #16 20.88 17.23 17.88 18.66 26.54
MP POX Test #17 1.11 5.24 5.04 3.80 28.69
MP POX Test #18 4.37 3.99 4.01 412 27.45
MP POX Test #19 7.38 3.17 3.31 4.62 26.39
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Table C.14

Continued
IRON
Solid Fe Liquid Fe Final Liquid Average Calculated
Test ID Extr % Extr % Fe Extr % Extraction % Head
MP POX Test #20 14.85 7.89 8.48 10.41 25.63
MP POX Test #21 9.11 4.34 4.56 6.01 26.24
MP POX Test #22 12.29 5.03 5.42 7.58 25.55
MP POX Test #23 7.85 5.34 5.48 6.22 26.86
MP POX Test #24 15.96 6.42 7.10 9.82 24.92
MP POX Test #25 22.50 16.84 17.85 19.06 25.99
MP POX Test #26 6.29 5.95 5.97 6.07 27.46
MP POX Test #27 11.74 8.43 8.72 9.63 26.64
MP POX Test #28 7.66 7.52 7.53 7.57 27.51
MP POX Test #29 14.44 6.23 6.79 9.15 25.29
MP POX Test #30 13.28 8.43 8.86 10.19 26.21
MP POX Test #31 8.11 7.73 7.76 7.87 27.44
MP POX Test #32 46.62 26.98 33.58 35.73 22.14
MP POX Test #33 14.22 8.56 9.07 10.62 25.99
MP POX Test #34 13.69 8.24 8.71 10.21 26.05
MP POX Test #35 7.81 5.95 6.07 6.61 27.04
(Mass in- 1-(Mass in- Soln mass out/ Total g out/
Solid mass out)/ Soln mass out)/ Mass out g inttilds0

Mass in

Mass in
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Table C.15

Pressure Oxidation Arsenic Mass Bal@ateulations

ARSENIC
grams grams grams grams grams
Test ID As In As Out Solid As Out Soln As In As Out
MP POX Test #1 1.02 0.64 0.14 1.02 0.78
MP POX Test #2 0.34 0.23 0.04 0.34 0.28
MP POX Test #3 0.34 0.23 0.04 0.34 0.27
MP POX Test #4 1.02 0.71 0.11 1.02 0.82
MP POX Test #5 0.34 0.13 0.06 0.34 0.19
MP POX Test #6 0.34 0.21 0.06 0.34 0.26
MP POX Test #7 1.02 0.72 0.12 1.02 0.84
MP POX Test #8 1.02 0.71 0.12 1.02 0.83
MP POX Test #9 0.34 0.22 0.04 0.34 0.27
MP POX Test #10 0.34 0.21 0.05 0.34 0.26
MP POX Test #11 1.02 0.57 0.16 1.02 0.73
MP POX Test #12 1.02 0.65 0.17 1.02 0.82
MP POX Test #13 0.34 0.18 0.06 0.34 0.24
MP POX Test #14 0.34 0.20 0.06 0.34 0.27
MP POX Test #15 1.02 0.58 0.19 1.02 0.77
MP POX Test #16 1.02 0.61 0.17 1.02 0.78
MP POX Test #17 0.68 0.48 0.05 0.68 0.53
MP POX Test #18 0.68 0.42 0.05 0.68 0.46
MP POX Test #19 0.68 0.42 0.05 0.68 0.47
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Table C.15

Continued
ARSENIC
grams grams grams grams grams
Test ID As In As Out Solid As Out Soln As In As Out
MP POX Test #20 0.34 0.13 0.01 0.34 0.14
MP POX Test #21 0.34 0.12 0.01 0.34 0.13
MP POX Test #22 1.02 0.36 0.01 1.02 0.37
MP POX Test #23 1.02 0.41 0.01 1.02 0.42
MP POX Test #24 0.34 0.14 0.08 0.34 0.22
MP POX Test #25 0.34 0.14 0.01 0.34 0.15
MP POX Test #26 1.02 0.57 0.18 1.02 0.74
MP POX Test #27 1.02 0.34 0.03 1.02 0.37
MP POX Test #28 1.02 0.69 0.08 1.02 0.77
MP POX Test #29 0.34 0.21 0.02 0.34 0.23
MP POX Test #30 0.34 0.24 0.04 0.34 0.28
MP POX Test #31 1.02 0.81 0.04 1.02 0.85
MP POX Test #32 0.34 0.15 0.09 0.34 0.23
MP POX Test #33 0.34 0.15 0.13 0.34 0.29
MP POX Test #34 1.02 0.51 0.32 1.02 0.83
MP POX Test #35 1.02 0.54 0.26 1.02 0.80
Feed assay Residue assay ICP Total Total
X inttial solids x final solids x final vol
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Table C.16 Pressure Oxidation Arsenic Extractiolc@ations

ARSENIC
Solid As Liquid As Final Liquid Average Calculated
Test ID Extr % Extr % As Extr % Extraction % Head
MP POX Test #1 37.29 13.51 17.73 22.84 5.18
MP POX Test #2 31.15 12.44 15.31 19.63 5.53
MP POX Test #3 33.64 12.97 16.35 20.99 5.39
MP POX Test #4 30.41 11.21 13.87 18.50 5.49
MP POX Test #5 61.48 17.13 30.78 36.46 3.78
MP POX Test #6 38.69 16.51 21.21 25.47 5.29
MP POX Test #7 29.54 11.62 14.15 18.43 5.58
MP POX Test #8 30.44 12.00 14.71 19.05 5.55
MP POX Test #9 34.58 12.90 16.47 21.32 5.33
MP POX Test #10 36.95 13.46 17.59 22.67 5.20
MP POX Test #11 44.16 15.42 21.64 27.08 4.85
MP POX Test #12 36.45 16.69 20.80 24.65 5.46
MP POX Test #13 47.15 19.11 26.56 30.94 4.89
MP POX Test #14 39.88 17.95 22.99 26.94 5.31
MP POX Test #15 43.08 18.25 24.28 28.54 5.11
MP POX Test #16 40.08 17.00 22.10 26.40 5.23
MP POX Test #17 30.01 8.07 10.34 16.14 5.31
MP POX Test #18 38.68 6.77 9.95 18.47 4.63
MP POX Test #19 37.62 6.65 9.63 17.97 4.69
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Table C.16

251

Continued
ARSENIC
Solid As Liquid As Final Liquid Average Calculated
Test ID Extr % Extr % As Extr % Extraction % Head

MP POX Test #20 62.43 3.62 8.79 24.95 2.80
MP POX Test #21 65.20 4.08 10.50 26.60 2.64
MP POX Test #22 64.72 1.45 3.94 23.37 2.50
MP POX Test #23 60.19 1.44 3.50 21.71 2.81
MP POX Test #24 59.86 23.25 36.68 39.93 4.31
MP POX Test #25 58.13 3.37 7.44 22.98 3.08
MP POX Test #26 44.61 17.49 24.00 28.70 4.96
MP POX Test #27 66.90 2.86 7.96 25.91 2.45
MP POX Test #28 32.75 7.95 10.58 17.09 5.11
MP POX Test #29 38.62 5.72 8.52 17.62 4.56
MP POX Test #30 28.50 11.54 13.90 17.98 5.65
MP POX Test #31 20.86 3.95 4.75 9.85 5.65
MP POX Test #32 57.13 25.38 37.19 39.90 4.64
MP POX Test #33 55.32 39.39 46.86 47.19 5.72
MP POX Test #34 49.82 31.50 38.56 39.96 5.55
MP POX Test #35 46.84 25.07 32.04 34.65 5.32

(Mass in- 1-(Mass in- Soln mass out/ Total g out/

Solid mass out)/ Soln mass out)/ Mass out g intid$0
Mass in Mass in



Table C.17  Pressure Oxidation Acid Consumption Medance Calculations

ACID
grams grams g Acid Consump/ g Acid Consump/ Average

Test ID Acid In Acid Out g Initial Solids g Final Solids Consumption
MP POX Test #1 31.09 31.85 -0.050 -0.068 -0.059
MP POX Test #2 10.37 9.90 0.092 0.123 0.108
MP POX Test #3 31.10 31.82 -0.144 -0.188 -0.166
MP POX Test #4 10.37 9.49 0.059 0.078 0.068
MP POX Test #5 10.38 9.74 0.128 0.154 0.141
MP POX Test #6 31.10 29.16 0.387 0.547 0.467
MP POX Test #7 10.37 10.72 -0.023 -0.030 -0.027
MP POX Test #8 31.10 26.82 0.285 0.371 0.328
MP POX Test #9 10.36 9.66 0.141 0.179 0.160
MP POX Test #10 31.10 28.18 0.584 0.820 0.702
MP POX Test #11 10.36 8.68 0.112 0.165 0.139
MP POX Test #12 31.12 28.84 0.152 0.200 0.176
MP POX Test #13 10.39 9.63 0.151 0.226 0.188
MP POX Test #14 31.12 11.65 3.892 5.445 4.668
MP POX Test #15 10.38 19.46 -0.605 -0.773 -0.689
MP POX Test #16 31.10 29.93 0.077 0.109 0.093
MP POX Test #17 20.74 18.00 0.273 0.317 0.295
MP POX Test #18 20.74 18.30 0.243 0.282 0.263
MP POX Test #19 20.74 19.21 0.153 0.185 0.169
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Table C.17 Continued

ACID
grams grams g Acid Consump/ g Acid Consump/ Average

Test ID Acid In Acid Out g Initial Solids g Final Solids Consumption
MP POX Test #20 10.36 46.25 -7.173 -8.593 -7.883
MP POX Test #21 31.10 36.67 -1.113 -1.294 -1.203
MP POX Test #22 10.36 10.85 -0.032 -0.038 -0.035
MP POX Test #23 31.09 37.28 -0.412 -0.464 -0.438
MP POX Test #24 10.37 12.19 -0.364 -0.535 -0.450
MP POX Test #25 31.10 38.77 -1.533 -1.917 -1.725
MP POX Test #26 10.36 9.14 0.081 0.103 0.092
MP POX Test #27 31.09 33.22 -0.142 -0.165 -0.154
MP POX Test #28 31.10 29.76 0.089 0.110 0.100
MP POX Test #29 10.37 10.47 -0.020 -0.026 -0.023
MP POX Test #30 31.09 28.81 0.456 0.558 0.507
MP POX Test #31 10.36 9.41 0.063 0.074 0.068
MP POX Test #32 10.37 9.80 0.114 0.225 0.169
MP POX Test #33 31.09 29.28 0.363 0.524 0.443
MP POX Test #34 10.36 10.14 0.015 0.021 0.018
MP POX Test #35 31.09 30.68 0.027 0.035 0.031

gof96.5% ¢ free acid
H2S04 X final vol
added
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Table C.18

Pressure Oxidation Oxygen Mass Balamabeutations

OXYGEN
Steam Oxygen Final Oxygen Oxygen
Test ID Pressure In Pressure Out Consumed
MP POX Test #1 0 0 NM
MP POX Test #2 0 0 NM
MP POX Test #3 0 0 NM
MP POX Test #4 0 0 NM
MP POX Test #5 46 0 25 -21 -25
MP POX Test #6 46 0 NM
MP POX Test #7 0 0 NM
MP POX Test #8 0 0 NM
MP POX Test #9 0 0 NM
MP POX Test #10 0 0 NM
MP POX Test #11 46 0 NM
MP POX Test #12 46 0 20 -26 -20
MP POX Test #13 46 0 55 9 -55
MP POX Test #14 46 0 50 4 -50
MP POX Test #15 46 0 50 4 -50
MP POX Test #16 46 0 35 -11 -35
MP POX Test #17 16 50 60 44 -10
MP POX Test #18 16 50 60 44 -10
MP POX Test #19 16 50 60 44 -10
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Table C.18

NM - not measured

255

Continued
OXYGEN
Steam Oxygen Final Oxygen Oxygen
Test ID Pressure In Pressure Out Consumed
MP POX Test #20 0 100 65 65 35
MP POX Test #21 0 100 65 65 35
MP POX Test #22 0 100 60 60 40
MP POX Test #23 0 100 65 65 35
MP POX Test #24 46 100 130 84 -30
MP POX Test #25 46 100 110 64 -10
MP POX Test #26 46 100 130 84 -30
MP POX Test #27 46 100 90 44 10
MP POX Test #28 0 100 90 90 10
MP POX Test #29 0 100 85 85 15
MP POX Test #30 0 100 90 90 10
MP POX Test #31 0 100 85 85 15
MP POX Test #32 46 100 80 34 20
MP POX Test #33 46 100 125 79 -25
MP POX Test #34 46 100 110 64 -10
MP POX Test #35 46 100 125 79 -25
psig psig psig psig psig




APPENDIX D

STAT-EASE STATISTICAL DATA

Raw statistical data from Stat-Ease Design Ex@€rthas been exported for the
atmospheric pressure and pressure oxidation té&siis.data is presented in its raw form in this

Appendix.

D.1  Atmospheric Leach Model ANOVA

A description of the Response Surface Model forQteFactorial, 3 center points DOE

is shown in the following sections.

D.1.1 Response 1: Arsenic Extraction ANOVA & Diagnostic @ta

The Analysis Of Variance and associated statistlatd for Response Surface Reduced
2F1 Model for Response 1 Arsenic Extraction is shawTables D.1 to D.4.

The Model F-value of 21.56 implies the model isxfigant. There is only a 0.01%
chance that a "Model F-Value" this large could oaue to noise.

Values of "Prob > F" less than 0.0500 indicate nhoelens are significant. In this case A
are significant model terms. Values greater tha0@ indicate the model terms are not
significant.

If there are many insignificant model terms (nadirtiing those required to support
hierarchy), model reduction may improve your model.

The "Lack of Fit F-value" of 0.78 implies the LaokFit is not significant relative to the
pure error. There is a 69.26% chance that a "lh¢kt F-value” this large could occur due to

noise. Non-significant lack of fit is good -- weant the model to fit.
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Table D.1 Backward Elimination Regression with Adg Exit = 0.100; Forced Terms:
Intercept

Coefficient t for HO

Removed Estimate Coeft=0 Prob > |t R-Squared MSE
AB -0.039226989 -0.039007751 0.971334891 0.88982092114142277
CE 0.08508036 0.0976685 0.926893835 0.889558198 9071343
CD -0.16687118 -0.213916513 0.839061942 0.888547428B37840932
AE 0.174861055 0.244437812 0.815036263 0.88743754B803B259
BE 0.22966789  0.345062087 0.740183783 0.885522897 7528156
B-Solids -0.407428387 -0.648905831 0.534579778 087912 5.901799055
BC -0.425438699 -0.700494572 0.501324643 0.87292744801316088
AD -0.43264109 -0.731217525 0.481428873 0.8661331386427399
BD -0.47299657 -0.816887982 0.431329047 0.85801221215552164
E-Time -0.828512307 -1.451138314 0.172376894 0.8338®5 5.65919602
AC -0.883415018 -1.485413617 0.161276689 0.80476749646878699
DE -0.93725219 -1.512130014 0.152742388 0.77288132674691231

C-Inttial [Cu2+] -1.095108465 -1.695590825 0.11063@1 0.729349819 7.456223079

Table D.2 Analysis of Variance Table [Partial suhsquares - Type 1]

Sum of Mean F p-value
Source Squares df Square Value Prob>F
Model 321.489 2 160.745 21.5585 < 0.0001 significant
A-Initial Acid 290.979 1 290.979 39.025 < 0.0001
D-Temperature 30.5098 1 30.5098 4.09186 0.0601
Residual 119.3 16 7.45622
Lack of Fit 100.799 14 7.19992 0.77834 0.6926 not Sigmif
Pure Error 18.5007 2 9.25036
Cor Total 440.789 18

Table D.3 Trend Data

Std. Dev. 2.73061 R-Squared 0.72935
Mean 11.779 Adj R-Squared  0.69552
CV.% 23.182 Pred R-Squared 0.63601
PRESS 160.441 Adeq Precision 10.406
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The "Pred R-Squared" of 0.6360 is in reasonableeagent with the "Adj R-Squared” of 0.6955.
"Adeq Precision" measures the signal to noise radioatio greater than 4 is desirable. Your

ratio of 10.406 indicates an adequate signal. fudel can be used to navigate the design pace.

Table D.4 Confidence Intervals

Coefficient Standard 95% ClI 95% ClI

Factor Estimate df Error Low High VIF
Intercept 11.779 1 0.62644 10.451 13.107
A-Initial Acid 4.26453 1 0.68265 2.81737 5.71169 1
D-Temperature  1.38089 1 0.68265 -0.0663 2.82805 1

Final Equation in Terms of Coded Factors:

As Extraction = (D.1)
+11.78

+4.26 * A

+1.38 *D

Final Equation in Terms of Actual Factors:

As Extraction = (D.2)
+4.75269

+0.85291 * Initial Acid

+0.055236 * Temperature

The Diagnostics Case Statistics Report for #mponse is shown in Table D.5 with
associated Figures D.1 to D.11. Proceed to DiagnBots (the next icon in progression). Be
sure to look at the:

1) Normal probability plot of the studentizedickials to check for normality of residuals.
2) Studentized residuals versus predicted vdtekeck for constant error.
3) Externally Studentized Residuals to lookdatliers, i.e., influential values.

4) Box-Cox plot for power transformations.
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Table D.5

Standard
Order
1

O© 0O NO O~ WNDN

e e o o
©oO~NOOUONWNERO

Current

Constant
k
0

Actual
Value

7.3224844
20.992571
10.542378
16.652177
11.756819
13.911516
5.5124557
14.232981

5.051925
15.879534
5.8099897
16.386052
5.2215797

12.99924
45423743
12.938408
12.124663
13.878192
18.045724

Diagnostics Case Statistics

Internally Externally Influence on
Studentzed Studentized Rittduk
Residual Residual DEFI
-0.6351897 -0.6229232895089
1.44095326 1.495610.82509761
0.66512605 0.653097¥38035324
-0.3118634 -0.3028826.140767
1.15556395 1.1687001.64316317
-1.4186467 -1.469097@.682775
-1.3661483 -1.407396%6540988
-1.2888269 -1.318200%126449
-0.4368141 -0.4254880.197¥749
0.49142788 0.47945522283062
-0.1306786 -0.125596.0588368
0.69597943 0.684310.31804198
-0.368301 -0.3581202664425
-0.6717444 -0.659783413066399
-0.6425901 -0.6337Q@.2929707
-0.6963109 -0.68%1653.3181982
0.13005567 0.125992402969671
0.78982818 0.78010m98387297
2.35787842 2.82623568614998

Predicted
Value
8.89537
17.4244
8.89537
17.4244
8.89537
17.4244
8.89537
17.4244
6.13358
14.6626
6.13358
14.6626
6.13358
14.6626
6.13358
14.6626
11.779
11.779
11.779

Residual Leverage
-1.5729 0.17763
3.56815 0.17763
1.64701 0.17763
-0.7722 0.17763
2.86145 0.17763
-3.5129 0.17763
-3.3829 0.17763
-3.1914 0.17763
-1.0817 0.17763
1.21689 0.17763
-0.3236 0.17763
1.72341 0.17763
-0.912 0.17763
-1.6634 0.17763
-1.5912 0.17763
-1.7242 0.17763
0.34566 0.05263
2.09919 0.05263
6.26672 0.05263

Transform: None
Box-Cox Power Transformation

95% CI
Low
-0.35

95% ClI Best Rec.
High  LambdaTransforn
1.54 0.6 None
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Cook's
Distance
0.0290495
0.1494969
0.0318523
0.0070026
0.0961436
0.1449042
0.134378
0.1195974
0.0137381
0.0173881
0.0012295
0.0348759
0.0097665
0.0324893
0.0297304
0.0349091
0.0003132
0.0115524
0.1029554

Run
Order
15
7
9
14
10
13
12
11
3
17
16
6
19
5

I
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Design-Expert® Software
As Extraction

Color points by value of
As Extraction:

20.9926
4.54237

Figure D.1

Design-Expert® Software
As Extraction

Color points by value of
As Extraction:

20.9926
4.54237

Figure D.2
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Design-Expert® Software

As Extraction Residuals vs. Run
Color points by value of 3.00
As Extraction:

20.9926

4.54237 2.00 —
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Figure D.3  Stat-Ease Residuals vs. Run for arsextraction model.

Design-Expert® Software

As Extraction Predicted vs. Actual
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Figure D.4  Stat-Ease Predicted vs. Actual for acsextraction model.
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Design-Expert® Software
As Extraction

Lambda

Current = 1

Best = 0.6

Low C.I. =-0.35

High C.l. = 1.54
Recommend transform:
None

(Lambda = 1)
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Box-Cox Plot for Power Transforms
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Figure D.5  Stat-Ease Box-Cox Plot for Power Tramsftions for arsenic extraction model.
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Figure D.6  Stat-Ease Residuals vs. Initial Aciddosenic extraction model.
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Design-Expert® Software
As Extraction
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Figure D.7

Design-Expert® Software
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Figure D.8
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Design-Expert® Software
As Extraction

Color points by value of
As Extraction:

20.9926
4.54237

DFFITS

Figure D.9

Design-Expert® Software
As Extraction

Color points by value of
As Extraction:
20.9926
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DFBETAS for Intercept

Figure D.10 Stat-Ease DFBETAS for Intercept vs. Rurarsenic extraction model.
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Figure D.11 Stat-Ease Cook's Distance for arsettraetion model.

D.1.2 Response 2: Copper Difference ANOVA & Diagnostic Da

The Analysis of Variance and associated statistlatd for Response Surface Reduced
2F1 Model for Response 2 Copper Difference is shiowiables D.6 to D.9.

The Model F-value of 68.44 implies the model isxfigant. There is only a 0.01%
chance that a "Model F-Value" this large could oaue to noise.

Values of "Prob > F" less than 0.0500 indicate nhéelens are significant. In this case
A, B, C, AD, BC, BD, CE are significant model termgalues greater than 0.1000 indicate the
model terms are not significant.

If there are many insignificant model terms (nadiciing those required to support
hierarchy), model reduction may improve your model.

The "Lack of Fit F-value" of 0.20 implies the LaokFit is not significant relative to the
pure error. There is a 94.85% chance that a "lo¢kt F-value” this large could occur due to

noise. Non-significant lack of fit is good -- weant the model to fit.
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Table D.6 Backward Elimination Regression with Ad Exit = 0.100; Forced Terms:
Intercept

Coefficient t for HO
Removed Estimate Coeft=0 Prob >|tf R-Squared MSE
E-Time  0.00164 0.095629314 0.9298449 0.99102907 03035

AC 0.00303 0.203889035 0.8483933 0.99093583 0.00286
DE -0.0054 -0.407325764 0.7006215 0.99063506 0.00246
AE 0.00576 0.464536345 0.658642 0.99029824 0.00218
BE -0.0067 -0.573817966 0.5840488 0.98984189 0.002

CD -0.0118 -1.058701184 0.3206523 0.98841868 0.00203

Hierarchical Terms Added after Backward ElimmatRegression
E-Time

Transform: None Constant: 0

Table D.7 Analysis of Variance Table [Partial sunsquares - Type 1]

Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 1.557659848 10 0.155766 68.4397299 < 0.0001 saynifi

A-Initial Acid  0.045734577 1 0.0457346 20.0946445 @00

B-Solids 1.283374317 1 1.2833743 563.883006 < 0.0001
C-Initial [Cu2+] 0.141436193 1 0.1414362 62.1435729.6001
D-Temperature 0.010770229 1 0.0107702 4.73217296 8.061

E-Time 4.30E-05 1 4.30E-05 0.01887696 0.8941

AB 0.007664206 1 0.0076642 3.36746291 0.1038
AD 0.014381894 1 0.0143819 6.31904937 0.0362
BC 0.015081931 1 0.0150819 6.62662847 0.0329
BD 0.022385915 1 0.0223859 9.83581885 0.0139
CE 0.016787622 1 0.0167876 7.37606673 0.0264

Residual 0.018207668 8 0.002276
Lack of Fit  0.006773126 6 0.0011289 0.19744635 0.9485sigoificant
Pure Error 0.011434542 2 0.0057173

Cor Total 1.575867516 18
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Table D.8 Trend Data

Std. Dev.
Mean
CV.%
PRESS

0.047707007 R-Squared
0.546196201 Adj R-Squared

0.9884459

0.9740034

8.734408392 Pred R-Squared 0.9626489

0.058860446 Adeq Precision

24.085464

The "Pred R-Squared" of 0.9626 is in reasonableeagent with the "Adj R-Squared” of 0.9740.

"Adeq Precision" measures the signal to noise raieatio greater than 4 is desirable. Your

ratio of 24.085 indicates an adequate signal. frfadel can be used to navigate the design

space.
Table D.9 Confidence Intervals
Coefficient Standard 95% ClI 95% ClI
Factor Estimate df Error Low High VIF
Intercept 0.546196201 1 0.0109447 0.52095759 0.57143
A-Initial Acid 0.05346411 1 0.0119268 0.02596097 0.08097 1
B-Solids 0.28321528 1 0.0119268 0.25571214 0.31072 1
C-Initial [Cu2+] -0.09402001 1 0.0119268 -0.1215231 6BH 1
D-Temperature  -0.02594493 1 0.0119268 -0.0534481 0.00154
E-Time 0.001638658 1 0.0119268 -0.0258645 0.02914 1
AB 0.021886363 1 0.0119268 -0.0056168 0.04939 1
AD 0.029981134 1 0.0119268 0.002478 0.05748 1
BC -0.03070213 1 0.0119268 -0.0582053 -0.0032 1
BD -0.03740481 1 0.0119268 -0.0649079 -0.0099 1
CE -0.03239176 1 0.0119268 -0.0598949 -0.0049 1

Final Equation in Terms of Coded Factors:

Cu Difference = (D.3)

+0.546196201
+0.05346411 * A
+0.28321528 * B
-0.094020009 *C
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-0.025944929 * D

+0.001638658 * E

+0.021886363 * A* B
+0.029981134*A*D
-0.030702129*B* C
-0.037404809 *B * D
-0.032391764*C* E

Final Equation in Terms of Actual Factors:

Cu Difference = (D.4)
-0.12458313

-0.010054177 * Initial Acid
+0.038730875 * Solids

+0.002144518 * Initial [Cu2+]
+0.000755342 * Temperature
+0.027812465 * Time

+0.000437727 * Initial Acid * Solids
+0.029981 * Initial Acid * Temperature
-0.000204681 * Solids * Initial [Cu2+]
-0.000149619 * Solids * Temperature
-0.001079725 * Initial [Cu2+] * Time

The Diagnostics Case Statistics Report for thiparse is shown in Table D.10 with
associated Figures D.12 to D.22. Proceed to DistgnBlots (the next icon in progression). Be
sure to look at the:

1) Normal probability plot of the studentizedickials to check for normality of residuals.
2) Studentized residuals versus predicted vdtekeck for constant error.
3) Externally Studentized Residuals to lookdatliers, i.e., influential values.

4) Box-Cox plot for power transformations.
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Table D.10

Standard
Order

1

O O ~NO O~ WN

PR R RPERRRRR
oO~NOoO UM WNERO

19

Diagnostics Case Statistics

Actual
Value
0.31547886
0.36195228
0.77907536
1.0274448
0.16482252
0.23501757
0.4673554
0.76987944
0.25889226
0.34837983
0.98519106
1.00433128
0.16592708
0.21239302
0.76413024
0.79690032
0.5121584
0.5504083
0.65798979

* Exceeds limits

Predicted
Value
0.310230221
0.365287141
0.751421853
1.030145908
0.180317146
0.241928696
0.505254893
0.777424318
0.279211886
0.350465956
1.006144438
1.028822273
0.155853441
0.220552881
0.753422848
0.782655313
0.546196201
0.546196201
0.546196201

Internally
Studentized

Residual Leverage

0.00525
-0.0033
0.02765
-0.0027
-0.0155
-0.0069
-0.0379
-0.0075
-0.0203
-0.0021
-0.021
-0.0245
0.01007
-0.0082
0.01071
0.01425
-0.034
0.00421
0.11179

0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.67763
0.05263
0.05263
0.05263
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Externally

Residual

-1.3991845
-0.278544

-9 %!
-828701

-0.7501658422 7079938
-0.0770161897206877
-0.77356290752084017

-0.9041656 92605686
0.37190155 09r8849

-0.3012481028380382
0.39529860973433039
0.52590130800665145

-0.73302682509040121
0.090710382 4806464 0.020010053
2.40754980200892899 1.011373155

Studentized
Residual
0.193770798 168284 0.263411349 0.00718
-0.12311735 15074995
1.020920209 4010284
-0.09972029193B3¥819
-0.57203508946880805
-0.25514694239645157

Influence on
Rtk
DEFI

-0.16713049
1.48466291

Cook's
Distance

0.0029
0.19917
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Figure D.16 Stat-Ease Box-Cox Plot for Power Tramat for copper difference model.
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Figure D.18 Stat-Ease Externally Studentized Redsdior copper difference model.
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Figure D.20 Stat-Ease DFFITS vs. Run for coppdedihce model.
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Figure D.22 Stat-Ease Cook's Distance for copdérdnce model.

D.1.3 Response 3: Iron Extraction ANOVA & Diagnostic Data

The Analysis of Variance and associated statistiatd for Response Surface Reduced
2F1 Model Response 3 of Iron Extraction is showmables D.11 to D.14.

The Model F-value of 51.73 implies the model isxdigant. There is only a 0.01%
chance that a "Model F-Value" this large could oawe to noise.

Values of "Prob > F" less than 0.0500 indicate nhtelens are significant. In this case
A, C, D, E are significant model terms. Valuesagee than 0.1000 indicate the model terms are
not significant.

If there are many insignificant model terms (natiting those required to support
hierarchy), model reduction may improve your model

The "Lack of Fit F-value" of 1.28 implies the LackFit is not significant relative to the
pure error. There is a 52.13% chance that a "¢kt F-value" this large could occur due

to noise. Non-significant lack of fit is good -ewant the model to fit.
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Table D.11
Intercept

Coefficient
Removed
CD
AB
AC
B-Solids
AE
DE
AD
BD
BC
BE
CE

Table D.12

Source
Model

Backward Elimination Regression with #dpto Exit = 0.100; Forced Term:

t for HO
Estimate
0.02472212
0.041817972
-0.064286059
0.070438539
-0.104189542
-0.123969776
0.149740642
-0.269078348
0.270045443
-0.294185332
-0.333041366

Coeft=0 Prob > |t R-Squared MSE
0.047993986 0.964737418 0.957889633 6483B378
0.093705868 0.929848867 0.957797192 5428668
-0.160879042 0.87848683 0.95757873340P09426
0.192602753 0.853623854 0.954536 1.845634566
-0.306768853 0.767943502 0.95674262636641166
-0.38761366  0.7084111 0.955930229 211336
0.491992958 0.634501455 0.95474496269178158
-0.919631048 0.379414635 0.95091764350566554
0.92947743 0.372589722 0.947062771 5252863
-1.018355417 0.328601854 0.9424879023390573
-1.1512207 0.270375734 0.93662472470172124

Analysis of Variance Table [Partial sofsquares - Type 1l1]

Sum of
Squares
283.497

A-Initial Acid 193.04
C-Inttial [Cu2+] 14.3795
D-Temperature 68.6212

E-Time 7.45676
Residual 19.1824
Lack of Fit 16.9661
Pure Error 2.21628
Cor Total 302.68

Table D.13  Trend Data
Std. Dev.
Mean
CV.%
PRESS

Mean F p-value
df Square Value Prob>F
4 70.8743 51.7266 < 0.0001 significant
193.04 140.887 < 0.0001
1 14.3795 10.4947 0.0059
1 68.6212 50.0822 < 0.0001
1 7.45676 5.44221 0.0351
14 1.37017
12 1.41384 1.27587 0.5213 not Sugmif
2 1.10814
18

[ —

1.1705435 R-Squared 0.93662
10.74605 Adj R-Squared 0.91852
10.89278 Pred R-Squared  0.90415
29.01045 Adeq Precision 23.898
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The "Pred R-Squared" of 0.9042 is in reasonableeagent with the "Adj R-Squared” of 0.9185.
"Adeq Precision" measures the signal to noise ralioatio greater than 4 is desirable. Your
ratio of 23.898 indicates an adequate signal. frfadel can be used to navigate the design
space.

Table D.14  Confidence Intervals

Coefficient Standard 95% CI 95% CI

Factor Estimate df Error Low High VIF
Intercept 10.74605 1 0.26854 10.1701 11.322
A-Initial Acid 3.4734694 1 0.29264 2.84583 4.10111 1
C-Initial [Cu2+]  -0.948009 1 0.29264 -1.5757 -0.3204 1
D-Temperature  2.0709474 1 0.29264 1.44331 2.69859 1
E-Time 0.6826768 1 0.29264 0.05504 1.31032 1

Final Equation in Terms of Coded Factors:

Fe Extraction = (D.5)
+10.75

+3.47 *A

-0.95 *C

+2.07 *D

+0.68 *E

Final Equation in Terms of Actual Factors:

Fe Extraction = (D.6)
+3.34535

+0.69469 * Initial Acid

-0.063201 * |nitial [Cu2+]

+0.082838 * Temperature

+0.34134 * Time
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The Diagnostics Case Statistics Report for thipaase is shown in D.15 and associated
Figures D.23 to D.33. Proceed to Diagnostic Rlibis next icon in progression). Be sure to
look at the:

1) Normal probability plot of the studentizedickials to check for normality of residuals.
2) Studentized residuals versus predicted vdtuebeck for constant error.
3) Externally Studentized Residuals to lookdatliers, i.e., influential values.

4) Box-Cox plot for power transformations.

D.1.4 Response 4: Acid Consumption ANOVA & Diagnostic Dat

The Analysis of Variance and associated statistiatd for Response Surface Reduced
2F1 Model for Response 4 Acid Consumption is showhables D.16 to D.19.

The Model F-value of 144.23 implies the model gndicant. There is only a 0.01%
chance that a "Model F-Value" this large could oawe to noise. Values of "Prob > F" less
than 0.0500 indicate model terms are significdntthis case A are significant model terms.
Values greater than 0.1000 indicate the model tamasot significant. If there are many
insignificant model terms (not counting those regaito support hierarchy), model reduction
may improve your model. The "Lack of Fit F-valud"7.62 implies the Lack of Fit is not
significant relative to the pure error. There B&7a78% chance that a "Lack of Fit F-value" this
large could occur due to noise. Non-significacklaf fit is good -- we want the model to fit.

The "Pred R-Squared” of 0.8816 is in reasonalieesgent with the "Adj R-Squared" of
0.8939. "Adeq Precision" measures the signal teen@tio. A ratio greater than 4 is desirable.
Your ratio of 18.014 indicates an adequate sigitalis model can be used to navigate the design
space.

The Diagnostics Case Statistics Report for trepoase is shown in Table D.20 and
associated Figures D.34 to D.44. Proceed to DistgnBlots (the next icon in progression). Be
sure to look at the:

1) Normal probability plot of the studentizedickials to check for normality of residuals.
2) Studentized residuals versus predicted vdtuebeck for constant error.
3) Externally Studentized Residuals to lookdatliers, i.e., influential values.

4) Box-Cox plot for power transformations.
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Table D.15 Diagnostics Case Statistics

Internaly  Externally Influence on

Standard  Actual Predicted Studentized Studentized Rk Cook's Run
Order Value Value Residual Leverage Residual Residual TD&FIDistance Order
1 11.531211 10.97421 0.556998 0.30263 0.569816 0.555568659856 0.02818 15
2 16.4507 16.5558 -0.1051 0.30263 -0.10752 -0.1036489 682® 0.001 7
3 8.5183291 9.60886 -1.09053 0.30263 -1.11563 -1.1262711341942 0.10802 9
4 17.172083 17.92115 -0.74907 0.30263 -0.76631 -0.7544238996983 0.05097 14
5 7.3589555 7.712842 -0.35389 0.30263 -0.36203 -0.3505@6230899 0.01138 10
6 15.43287 16.02513 -0.59227 0.30263 -0.6059 -0.591664889063 0.03186 13
7 8.0778413 9.078196 -1.00035 0.30263 -1.02338 -1.02524R675387 0.0909 12
8 15.416364 14.65978 0.756583 0.30263 0.773995 0.762328821003 0.05199 11
9 4.3718993 5.466965 -1.09507 0.30263 -1.12027 -1.131418B345331 0.10892 3
10 13.93204 13.77926 0.152782 0.30263 0.156298 0.150744B9804 0.00212 17
11  6.9149613 6.832319 0.082643 0.30263 0.084545 0.081489936822 0.00062 16
12 12.083622 12.4139 -0.33028 0.30263 -0.33788 -0.32690815366 0.00991 6
13  4.4249617 4.936301 -0.51134 0.30263 -0.52311 -0.5@01B335359 0.02375 19
14 9.32463 10.51789 -1.19326 0.30263 -1.22072 -1.2444008B1976 0.12933 5
15  4.4048609 3.570947 0.833913 0.30263 0.853105 0.8443168B61965 0.06317 4
16 11.366222 11.88324 -0.51702 0.30263 -0.52892 -0.5131846339159 0.02428 18
17 11.477072 10.74605 0.731022 0.05263 0.641628 0.627584979232 0.00457 1
18 12.344213 10.74605 1.598163 0.05263 1.40273 1.458043436643 0.02186 2
19 13.572111 10.74605 2.826061 0.05263 2.480473 3.192620625079 0.06836 8

Current Transform: None

Box-Cox Power Transformation

Constant 95% ClI  95% CI Best Rec.
k Low High Lambda Transforn
0 0.41 1.84 1.1 None
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Figure D.25 Stat-Ease Residuals vs. Run for irdreeon model.
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Figure D.27 Stat-Ease Box-Cox Plot for Power Trammst for iron extraction model.
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Figure D.28 Stat-Ease Residuals vs. Initial Acidifon extraction model.
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Figure D.30 Stat-Ease Leverage vs. Run for iroraekbn model.
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Figure D.31 Stat-Ease DFFITS vs. Run for iron esticen model.
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Backward Elimination Regression with #dpo Exit = 0.100; Forced Terms:

D-Temperature 0.121688317

AD

Figure D.33

Table D.16

Intercept

Coefficient t for HO

Removed Estimate
E-Time 0.015819091
AE 0.015819091
BD -0.01950291
CE 0.01950291
BC 0.031442378
DE -0.031442378
B-Solids -0.04221945
AB -0.04221945
BE -0.059193051
CD 0.059193051
C-Initial [Cu2+] -0.082885378
AC -0.082885378

0.121688317

Coeff=0

-0.063562872
-0.077769789
0.110601455
-0.123467538
-0.217720012
0.234241019

0.334935094

Prob > |t|
0.955099591
0.942907722
0.917259631
0.906546545
0.834862706

0.8215015
0.746287085

R-Squared MSE
0.9318865).662004853
0.93139850497604614
0.9311887129920855
0.93097891733698348
0.93043362288R86866
0.929888338 4R2ZB254
0.92B%05 0.229149527

0.352787412  0.732369054 0.927922029090&6545
0.517806711  0.615854159 0.925989448950/5139
-0.535942835 0.602666491 0.9240568661836823

0.773788924

0.786014338
-1.170069547

-1.155935533
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0.445950269

0.26150676380810787

0.265787809
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0.90014319218104279



Transform: Base 10 Log Constant: 0.00013528

These Rows Were Ignored for this Analysis: 2

Table D.17  Analysis of Variance Table [Partial sohsquares - Type Ill]

Sum of Mean F p-value
Source Squares df Square Value Prob>F
Model 26.1117 1 26.1117 144.229 < 0.0001 significant

A-Initial Acid  26.1117 1 26.1117 144.229 < 0.0001

Residual 2.89668 16 0.18104

Lack of Fit 2.87155 15 0.19144 7.61774 0.2778 not sagmif

Pure Error 0.02513 1 0.02513
Cor Total 29.0084 17

Table D.18 Trend Data

Std. Dev. 0.42549 R-Squared 0.90014
Mean -2.4747 Adj R-Squared 0.8939
CV.% 17.1936 Pred R-Squared 0.88163
PRESS 3.43376 Adeq Precision 18.0143
Table D.19  Confidence Intervals
Coefficient Standard 95% CI 95% CI
Factor Estimate df Error Low High
Intercept -2.4747 1 0.10029 -2.6873 -2.2621
A-Initial Acid ~ 1.27749 1 0.10637 1.05199 1.50299
Final Equation in Terms of Coded Factors:
Log10(Acid Consumption + 0.00) = (D.7)

-2.47
+1.28 *A
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Final Equation in Terms of Actual Factors:

Log10(Acid Consumption + 0.00) = (D.8)
-3.75219
+0.25550 * Initial Acid

The Diagnostics Case Statistics Report for #mponse is shown in Table D.20 and
associated Figures D.34 to D.44. Proceed to DistgnBlots (the next icon in progression). Be
sure to look at the:

1) Normal probability plot of the studentizedickials to check for normality of residuals.
2) Studentized residuals versus predicted vdtuebeck for constant error.
3) Externally Studentized Residuals to lookdatliers, i.e., influential values.

4) Box-Cox plot for power transformations.

D.1.5 Model Graphs

The model graphs in Figures D.45 to D.50 show thgssical data by varying the effects and
their corresponding responses.

D.2 Pressure Oxidation Leach Model Fit Summaries & ANO\A

A description of the Response Surface Model forQtaeFactorial, 3 center points DOE

is shown in the following sections.

D.2.1 Response 1: Arsenic Extraction ANOVA & Diagnostic @ta

The Analysis of Variance and associated statistiatd for Response Surface Reduced
2F1 Model for Response 1 Arsenic Extraction is shawTables D.21 to D.24.
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Table D.20

Diagnostics Case Statistics

Residual
-0.1166
0.32888
-0.1166

0.0195
-0.1166
0.17162
-0.1166
-0.0128
-0.1166
0.06416
-0.1166
-0.2157
-0.1166
-0.6932
-0.1166

-0.595

0.8205

Internally  Externally Influence on

Studentized Studentized Rftdak Cook's

Leverage

0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.118056
0.055556

Residual
-0.291736

0.823047
-0.291736
0.0487909
-0.291736
0.4294844
-0.291736
-0.031983
-0.291736
0.160572
-0.291736
-0.539932
-0.291736
-1.734784
-0.291736
-1.489081
1.9842548

Residual
-028320.103623
0.814832079386
-028320.103623
0.047R4EB172854
-028320.103623
0.418061530289
-028320.103623
-068090.01133
-028320.103623
0.15589%569283
-2283-0.103623
-6827-0.193037
-2283-0.103623
-1.864-0.682025
-2283-0.103623
-1.55346.568356
2.81268%6366557

T&FI Distance

0.0057
0.04534
0.0057
0.00016
0.0057
0.01235
0.0057
6.85E-05
0.0057
0.00173
0.0057
0.01951
0.0057
0.20142
0.0057
0.14841
0.1158

1.04468 0.055556 2.5264254 311552.765251 0.18773

Constant:

Best

Standard  Actual Predicted
Order Value Value
1 -3.868766 -3.7521926
2 -0.868333 -1.1972122
3 -3.868766 -3.7521926
4 -1.177716 -1.1972122
5 -3.868766 -3.7521926
6 -1.025596 -1.1972122
7 -3.868766 -3.7521926
8 -1.209992 -1.1972122
9 -3.868766 -3.7521926
10 -1.13305 -1.1972122
11 -3.868766 -3.7521926
12 -1.412962 -1.1972122
13 -3.868766 -3.7521926
14 -1.890409 -1.1972122
15 -3.868766 -3.7521926
16 -1.79223 -1.1972122
17 -1.654207 -2.4747024
19 -1.430018 -2.4747024
Current  Transform: Base 10 Log
Box-Cox Power Transformation
Constant 95% CI 95% CiI
k Low High
0.00014 -0.24 0.17

-0.04

0.000135

Rec.

Lambda Transform

Log
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Log10(Acid Consumption + 0.00) N orm al P |0t Of ReS|d UaIS
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Internally Studentized Residuals

Figure D.34 Stat-Ease Normal Plot of Residuals éot aonsumption model.
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LogL0(Acid Consumption + 0.00) Residuals vs. Predicted

Color points by value of 3.00
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Figure D.35 Stat-Ease Residuals vs. Predicted fdransumption model.
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Log10(Acid Consumption + 0.00) Residuals vs. Run

Color points by value of 3.00
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Figure D.36 Stat-Ease Residuals vs. Run for aciduwmoption model.
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Log10(Acid Consumption + 0.00) Predicted VS. ACtU al

Color points by value of 0.00 —
Log10(Acid Consumption + 0.00):
-0.868333

-3.86877

-1.00 —

-2.00 —

Predicted

-3.00 —

-4.00 —

-4.00 -3.00 -2.00 -1.00 0.00

Actual

Figure D.37 Stat-Ease Predicted vs. Actual for aoimsumption model.
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Log10(Acid Consumption + 0.00) Box-Cox Plot for Power Transforms

Lambda 10.00 —|
Current = 0
Best = -0.04
Low C.I. =-0.24
High C.l. = 0.17

Recommend transform: 500 —
Log
(Lambda = 0)

k = 0.00013528
(used to make
response values
positive)

0.00 —

Ln(ResidualSS)

-5.00 —

-10.00 —

Lambda

Figure D.38 Stat-Ease Box-Cox Plot for Power Trams&drons for acid consumption model.
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LogL0(Acid Consumption + 0.00) Residuals vs. Initial Acid

Color points by value of 3.00

Log10(Acid Consumption + 0.00):
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©
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Figure D.39 Stat-Ease Residuals vs. Initial Aciddoid consumption model.
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Log10(Acid Consumption + 0.00)

Color points by value of

Log10(Acid Consumption + 0.00):

-0.868333
-3.86877

Figure D.40 Stat-Ease Externally Studentized Ressdoalacid consumption model.

Design-Expert® Software
Log10(Acid Consumption + 0.00)

Color points by value of

Log10(Acid Consumption + 0.00):
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Externally Studentized Residuals
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Leverage vs. Run
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Figure D.41 Stat-Ease Leverage vs. Run for aciduwwapson model.
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Log10(Acid Consumption + 0.00)

Color points by value of
Log10(Acid Consumption + 0.00):
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Figure D.42 Stat-Ease DFFITS vs. Run for acid consioampnodel.
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Log10(Acid Consumption + 0.00)

Color points by value of

Log10(Acid Consumption + 0.00):

-0.868333

-3.86877

Figure D.43 Stat-Ease DFBETAS for Intercept vs. Ruratid consumption model.

DFBETAS for Intercept

DFBETAS for Intercept vs. Run
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Log10(Acid Consumption + 0.00) COOk'S D|Stan ce

Color points by value of 1.00 —
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Figure D.44 Stat-Ease Cook's Distance for acid aopsion model.

Figure D.45 Stat-Ease 3-D plot of effect of init&id and temperature on arsenic extraction.
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Factor Coding: Actual Pertu I’batiO n

As Extraction

Actual Factors

A: Initial Acid = 5.00

*B: Solids = 20.00

*C: Initial [Cu2+] = 25.00
D: Temperature = 50.00
*E: Time = 4.00 20—

Factors not in Model
B
C
E

As Extraction (%)
[

-1.000 -0.500 0.000 0.500 1.000

Deviation from Reference Point (Coded Units)

Figure D.46 Stat-Ease initial acid and temperateréupbation for arsenic extraction model.
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Factor Coding: Actual One FaCtor

As Extraction

25 —
- Cl Bands
@® Design Points

X1 = A: Initial Acid

Actual Factors 20—
B: Solids = 20.00

C: Initial [Cu2+] = 25.00
D: Temperature = 50.00
E: Time = 4.00

15 —

As Extraction (%)

10 —

0.00 2.00 4.00 6.00 8.00 10.00

A: Initial Acid

Figure D.47 Stat-Ease initial acid factor plot fosenic extraction model.
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Factor Coding: Actual One Factor
As Extraction

25 —
~~~~~ Cl Bands
@ Design Points

X1 = D: Temperature

Actual Factors 20—
A: Initial Acid = 5.00 —
B: Solids = 20.00 N [}
C: Initial [Cu2+] = 25.00 ~
E: Time = 4.00 5
B
15 —
g
X
L
%)
<

10 —

25.00 30.00 35.00 40.00 45.00 50.00 55.00 60.00 65.00 70.00 75.00

D: Temperature

Figure D.48 Stat-Ease temperature factor plot feermic extraction model.
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Factor Coding: Actual AS EXtraCtlon (%)

As Extraction

® Design Points
20.9926

4.54237

X1 = A: Initial Acid
X2 = D: Temperature

Actual Factors

B: Solids = 20.00

C: Initial [Cu2+] = 25.00
E: Time = 4.00

D: Temperature

A: Initial Acid

Figure D.49 Stat-Ease initial acid and temperatorgaur plot for arsenic extraction model.
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Factor Coding: Actual C u be

As BEdraction As Extraction (%)
X1 = A: Initial Acid

X2 = D: Temperature
X3 = B: Solids 8.89537 17.4244

Actual Factors
C: Initial [Cu2+] = 25.00
E: Time = 4.00

D+:75.00 [ 8.89537 17.4244
) 3@
5
®
L
£ 6.13358 14.6626 ~ B+: 30.00
|_
[a)
B: Solids

D-:25.00 6.13358 14.6626  B-: 10.00

A=0.00 A nitial Acig At 1000

Figure D.50 Stat-Ease cube plot for arsenic extvagtiodel.
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Table D.21
Intercept

Coefficient
Removed
AF

B-Temperature -0.004108757

CF

BD
D-Acd
AD

BC

CE
A-Time
EF

AC

BE
E-Solids

BF
C-Cu2+
DE

DF

AB

CD

t for HO

Estimate
0.003873909

0.00433793
0.005637224
0.007986792
0.008648594
-0.009676432
-0.010208882
0.017856587

0.017928752
0.018971721
0.019718299

-0.020081704
F-O2 Pressure 0.022017182

0.023497317
0.024916987
-0.026517577
0.026864937
0.027074105
-0.02997355

Coeff=0

Prob > |t|

Backward Elimination Regression with Alpbd&xit = 0.100; Forced Terms:

R-Squared MSE

0.130343511 0.898290003 0.42763274326R8)
-0.143373345 0.88803851826092348 0.02457

0.156564857
0.209960149
0.306204071
0.340252673
-0.389869865
-0.420330149
0.750059325
0.760690731
0.812418313
0.850433696

-0.870941371
0.959347947

1.025354967
1.08630955
-1.152518103
1.161278396
1.163795386
-1.281353288

0.8776756
0.836349045
0.763167557
0.737604828
0.700968707
0.678725908
0.461540393
0.454918151
0.424881162
0.403488944

0.425855629 (070230
0.4242737442100
0.42108841.02067
0.41737505 90D1
0.4127140961868
0.40752608381804
0.391653041778
0.37565284 74001
0.35773615317R.0
0.33838159917010

0.392072997 0GAB3B 0.01685
0.3462204994178489 0.0168

0.314294952
0.286605984
0.258520426
0.254685606
0.253386353
0.209277401

Hierarchical Terms Added after Backward ElimmatRegression
A-Time, E-Solids

Table D.22

Source
Model
A-Time
E-Solids
AE
Residual
Lack of Fit
Pure Error
Cor Total

0.26669243316840
0.2357869621694
0.2007834261703
0.16485684217820
0.1283686371761D
0.0836466961785

Analysis of Variance Table [Partial suinsquares - Type Ill]

Sum of
Squares df
0.076880031 3
0.010203446 1
0.012904795 1
0.05377179 1
0.565964127 31
0.556946929 29
0.009017198 2
0.642844157 34

Mean F
Square Value
0.025626677 1.403670206
0.010203446 0.558881402
0.012904795 0.706844524
0.05377179
0.018256907
0.019205067 4.259652755
0.004508599
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p-value
Prob > F

0.2603 gficsint
0.4603

0.4069

2.945284691 0.0961

@201t significant



The "Model F-value" of 1.40 implies the model ig smnificant relative to the noise.
There is a 26.03 % chance that a "Model F-valuss'l#rge could occur due to noise.

Values of "Prob > F" less than 0.0500 indicate nhéelens are significant. In this case
there are no significant model terms. Values @reitan 0.1000 indicate the model terms are
not significant.

If there are many insignificant model terms (nadiciing those required to support
hierarchy), model reduction may improve your model

The "Lack of Fit F-value" of 4.26 implies the LaokFit is not significant relative to the
pure error. There is a 20.78% chance that a "loa¢kt F-value” this large could occur due

to noise. Non-significant lack of fit is good -ewant the model to fit.

Table D.23  Trend Data

Std. Dev. 0.135118124 R-Squared 0.119593574
Mean 1.379820144 Adj R-Squared  0.034392953
C.V.% 9.792444629 Pred R-Squared -0.083106026
PRESS 0.69626838 Adeq Precision  2.674094748

A negative "Pred R-Squared" implies that the ovenalan is a better predictor of your response
than the current model. "Adeq Precision” meastiresignal to noise ratio. A ratio of 2.67

indicates an inadequate signal and we should reothis model to navigate the design space.
Table D.24  Confidence Intervals

Coefficient Standard 95% CI 95% ClI

Factor Estimate df Error Low High VIF
Intercept 1.379820144 1 0.022839131 1.333239428 1.4264
A-Time 0.017856587 1 0.023885735 -0.030858692 0.06657 1
E-Solids -0.020081704 1 0.023885735 -0.068796983 0.02863L

AE 0.040992297 1 0.023885735 -0.007722981 0.08971 1
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Final Equation in Terms of Coded Factors:

Log10(As Extraction) = (D.9)
+1.38

+0.018 *A

-0.020 *E

+0.041 *A*E

Final Equation in Terms of Actual Factors:

Log10(As Extraction) = (D.10)
+1.61237

-0.25651 * Time

-0.028612 * Solids

+0.032794 * Time * Solids

The Diagnostics Case Statistics Report for thipaase is shown in Table D.25 with
associated Figures D.51 to D.61. Proceed to DistgnBlots (the next icon in progression). Be
sure to look at the:

1) Normal probability plot of the studentizedickials to check for normality of residuals.
2) Studentized residuals versus predicted vdtuebeck for constant error.
3) Externally Studentized Residuals to lookdatliers, i.e., influential values.

4) Box-Cox plot for power transformations.

D.2.2 Response 2: Copper Difference ANOVA & Diagnostic Da

The Analysis of Variance and associated statistlatd for Response Surface Reduced
2F1 Model for Response 2 Copper Difference is showiables D.26 to D.29. Row 15 of
Figure D.26 was ignored for this analysis.

The "Model F-value" of 14.99 implies the modeligngficant. There is a only a 0.01 %
chance that a "Model F-value" this large could ochue to noise.

Values of "Prob > F" less than 0.0500 indicate nhoelens are significant.
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Table D.25 Diagnostics Case Statistics

Internally  Externally Influence on

Standard Actual Predicted Studentized Studentized Rfsde Cook's Run
Order  Value Value Residual Leverage Residual Residual  DEFI Distance Order
1 1.35877 1.42303756 -0.0643 0.12232 -0.5076769 -0.501511872249 0.00898 2
2 1.29297 1.37676614 -0.0838 0.12232 -0.6619887 -0.655806244853 0.01527 29
3 1.32194 1.42303756 -0.1011 0.12232 -0.7986868 -0.79391296384 0.02223 24
4 1.26712 1.37676614 -0.1096 0.12232 -0.8661892 -0.862603220299 0.02614 13
5 1.56185 1.42303756 0.13881 0.12232 1.09656343 1.100ZB2B075952 0.0419 20
6 1.40603 1.37676614 0.02927 0.12232 0.23121213 0.227@188498626 0.00186 9
7 1.26562 1.42303756 -0.1574 0.12232 -1.2435424 -1.2550P468528 0.05388 5
8 1.27995 1.37676614 -0.0968 0.12232 -0.7648292 -0.759582835727 0.02038 32
9 1.32871 1.42303756 -0.0943 0.12232 -0.7452087 -0.739-@2761636 0.01935 21
10 1.35541 1.37676614 -0.0214 0.12232 -0.168688 -0.166020619794 0.00099 10
11 1.43258 1.42303756 0.00954 0.12232 0.07537159 0.08416Q@2768285 0.0002 6
12 1.39179 1.37676614 0.01502 0.12232 0.11865101 0.1167484358463 0.00049 33
13 1.49051 1.42303756 0.06748 0.12232 0.53304361 0.526703.966643 0.0099 3
14 1.43041 1.37676614 0.05364 0.12232 0.42374652 0.428@85607412 0.00626 30
15 1.4554 1.42303756 0.03236 0.12232 0.25563226 0.2517108398038 0.00228 25
16 1.42152 1.37676614 0.04476 0.12232 0.35358161 0.348%B53011593 0.00436 14
17 1.20799 1.30088956 -0.0929 0.12232 -0.7339039 -0.A8322718996 0.01877 22
18 1.26639 1.41858732 -0.1522 0.12232 -1.2023099 -1.211384522193 0.05037 7
19 1.25443 1.30088956 -0.0465 0.12232 -0.3670042 -0.31821350765 0.00469 11
20 1.397 1.41858732 -0.0216 0.12232 -0.1705143 -0.16782062651 0.00101 34
21 1.42483 1.30088956 0.12394 0.12232 0.97914458 0.97841/36528496 0.0334 4
22 1.36862 1.41858732 -0.05 0.12232 -0.3946995 -0.389261453195 0.00543 31
23 1.33664 1.30088956 0.03575 0.12232 0.28242737 0.2981D20385551 0.00278 26
24 1.60131 1.41858732 0.18272 0.12232 1.44347878 1.470Q.pA888666 0.0726 15
25 1.36136 1.30088956 0.06047 0.12232 0.47774281 0.4817137610112 0.00795 1
26 1.4579 1.41858732 0.03932 0.12232 0.31060282 0.306@2886424719 0.00336 28
27 1.41344 1.30088956 0.11255 0.12232 0.88912862 0.886048B077855 0.02754 27
28 1.23279 1.41858732 -0.1858 0.12232 -1.46778 -1.496883588113 0.07506 16
29 1.24597 1.30088956 -0.0549 0.12232 -0.4338237 -0.428a7.1598081 0.00656 23
30 1.25477 1.41858732 -0.1638 0.12232 -1.2940944 -1.3088R4886397 0.05835 8
31 0.99351 1.30088956 -0.3074 0.12232 -2.4282155 -2.65447.9909732 0.20544 12
32 1.60097 1.41858732 0.18238 0.12232 1.44081255 1.4873664779998 0.07233 35
33 1.67385 1.37982014 0.29403 0.02857 2.20784805 2.385%80575027 0.03584 17
34 1.60164 1.37982014 0.22182 0.02857 1.66562289 1.7571/B9449335 0.0204 18
35 1.53969 1.37982014 0.15987 0.02857 1.20043182 1.2@93520740254 0.0106 19
Current Transforr Base 10 Log Constant: 0
Box-Cox Power Transformation
Constant 95% ClI 95% ClI Best Rec.
k Low High Lambda Transforn
0 -0.81 0.88 0 Log
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Log10(As Extraction) Normal Plot of Residuals
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Internally Studentized Residuals

Figure D.51 Stat-Ease Normal Plot of Residualsafsenic extraction model.
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Log10(As Extraction) Residuals vs. Predicted

Color points by value of 3.00
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Figure D.52 Stat-Ease Residuals vs. Predictedr@nac extraction model.
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Log10(As Extraction) Residuals vs. Run

Color points by value of 3.00
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Figure D.53 Stat-Ease Residuals vs. Run for arsetraction model.
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Log10(As Extraction) Predicted vs. Actual

Color points by value of 1.80 —|
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Figure D.54 Stat-Ease Predicted vs. Actual forracsextraction model.
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Log10(As Extraction) Box-Cox Plot for Power Transforms

Lambda 9.50 —|
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Figure D.55 Stat-Ease Box-Cox Plot for Power Trammst for arsenic extraction model.
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Log10(As Extraction) Residuals vs. Time
Color points by value of 3.00
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Figure D.56 Stat-Ease Residuals vs. Time for acsextraction model.
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Log10(As Extraction)

Color points by value of
Log10(As Extraction):

1.67385
0.993515

Figure D.57 Stat-Ease Externally Studentized Redsdior arsenic extraction model.
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Figure D.61 Stat-Ease Cook's Distance for arsettr@etion model.

In this case A, B, D, E, AD, AF, BD, BF are signdint model terms. Values greater than 0.1000
indicate the model terms are not significant.

If there are many insignificant model terms (natiting those required to support
hierarchy), model reduction may improve your model.

The "Lack of Fit F-value" of 4.66 implies the LagokFit is not significant relative to the
pure error. There is a 19.13% chance that a "lba¢kt F-value" this large could occur due
to noise. Non-significant lack of fit is good -ewant the model to fit.

The "Pred R-Squared" of 0.7245 is in reasonableeagent with the "Adj R-Squared"” of
"Adeq Precision" measures the signal to noise raioatio greater than 4 is desirable. Your
ratio of 16.466 indicates an adequate signal. frtodel can be used to navigate the design
space.

The Diagnostics Case Statistics Report for thiparse is shown in Table D.30 with
associated Figures D.62 to D.72. Proceed to DistgnBlots (the next icon in progression). Be

sure to look at the:
1) Normal probability plot of the studentizedidkials to check for normality of residuals.
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Table D.26  Backward Elimination Regression with Adpgo Exit = 0.100; Forced Terms:

Intercept

Coefficient t for HO

Removed Estimate Coeff=0 Prob > |t| R-Squared MSE
EF -0.002106926 -0.099402147 0.922460256  0.904978602012083987
AC -0.003551447 -0.175035889 0.863748201  0.904754662.011Q4729
DE -0.006018066  -0.30849684  0.762246949  0.904107195010668831
F-O2 Pressure  0.008071341  0.428076144  0.674678496 0298971 0.010029325
AB -0.007931878 -0.432937913 0.670839332  0.901798631009849944
C-Cu2+ -0.009015318 -0.505384405 0.619778219 0.9@A23 0.009154902
DF -0.008937036 -0.512682256  0.61440767 0.898867703008@99712
CF -0.011478949 -0.672812924 0.509167367  0.896458214008558898
BE 0.013827771  0.823065287  0.420176999  0.892951065 08427432
BC 0.013377098  0.803529837  0.430670459  0.889659768 081697
CD -0.025913672 -1.571208047 0.130406568  0.877278116008821174
CE 0.025941668  1.526686736  0.140474597  0.864841734 09810298

Hierarchical Terms Added after Backward EimmatRegression

F-O2 Pressure

Table D.27  Analysis of Variance Table [Partial sohsquares - Type Ili]
Sum of Mean F p-value
Source Squares df Square Value Prob > F
Model 1.433346663 10 0.143334666  14.99322002 < 0.0001 nificsigt
A-Time 0.134010727 1 0.134010727 14.01790904 0.0011
B-Temperature 0.087173494 1 0.087173494  9.118599181 0060.
D-Acid 0.065834797 1 0.065834797  6.886509886 0.0152
E-Solids 0.500426584 1 0.500426584  52.34606587 < Q2.000
F-O2 Pressure  0.003567935 1 0.003567935  0.373216337 547D.
AD 0.046619622 1 0.046619622  4.876547128 0.0375
AE 0.036296523 1 0.036296523 3.79672116 0.0637
AF 0.193808582 1 0.193808582  20.27293732 0.0002
BD 0.114632531 1 0.114632531 11.99089377 0.0021
BF 0.216533349 1 0.216533349  22.65001357 < 0.0001
Residual 0.219879207 23 0.009559966
Lack of Fit 0.215478137 21 0.010260864  4.662895358 (R®191 not significant
Pure Error 0.00440107 2 0.002200535
Cor Total 1.65322587 33
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Table D.28 Trend Data

Std. Dev. 0.097775076 R-Squared 0.8669999
Mean 0.574503525 Adj R-Squared 0.809173769
C.V.% 17.01905592 Pred R-Squared 0.724451032
PRESS 0.455544682 Adeq Precision 16.46633067

Table D.29 Confidence Intervals

Coefficient Standard 95% ClI 95% ClI

Factor Estimate df Error Low High VIF
Intercept 0.579577132 1 0.016880022  0.544658145  0.614496

A-Time 0.066229971 1 0.017689394  0.029636672 0.10282327.013122346
B-Temperature  0.053410911 1 0.017687478  0.016821574 0000248 1.013675389
D-Acid -0.046420791 1 0.017689394 -0.083014089 -0.008827 1.013722346
E-Solids 0.127983791 1 0.017689394  0.091390492  0.1648r701.013722346
F-O2 Pressure 0.010806704 1 0.017689394  -0.025786594474D0003  1.013722346
AD 0.039063321 0.017689394  0.002470022  0.075656619 3122B46

1
AE 0.034468096 1 0.017689394  -0.002125202 0.071061395 1371d2346
AF 0.079647342 1 0.017689394  0.043054043 0.11624064 122836
BD -0.061254602 1 0.017689394  -0.097847901 -0.024661303013¥22346
BF 0.084187416 1 0.017689394  0.047594117  0.120780715 37122B46

Final Equation in Terms of Coded Factors:

Sqrt(Cu Difference) = (D.11)
+0.579577132
+0.066229971 * A
+0.053410911 * B
-0.046420791* D
+0.127983791 * E
+0.010806704 * F
+0.039063321 *A*D
+0.034468096 * A* E
+0.079647342 * A* F
-0.061254602 * B * D
+0.084187416 *B* F
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Final Equation in Terms of Actual Factors:

Sqrt(Cu Difference) = (D.12)
+0.387651454

-0.641920818 * Time

0.004077009 * Temperature
0.016988653 * Acid

0.0049159 * Solids

-0.013729781 * O2 Pressure
0.015625328 * Time * Acid
0.027574477 * Time * Solids
0.006371787 * Time * O2 Pressure
-0.000272243 * Temperature * Acid
7.48E-05 * Temperature * O2 Pressure

2) Studentized residuals versus predicted vdtekeck for constant error.
3) Externally Studentized Residuals to lookdatliers, i.e., influential values.

4) Box-Cox plot for power transformations.

D.2.3 Response 3: Iron Extraction ANOVA & Diagnostic Data

The Analysis of Variance and associated statistiatd for Response Surface Reduced
2F1 Model for Response 3 Iron Extraction is showiiables D.31 to D.34.

The Model F-value of 8.44 implies the model is gigant. There is only
a 0.01% chance that a "Model F-Value" this largel@@ccur due to noise.

Values of "Prob > F" less than 0.0500 indicate nhéetens are significant. In this case
D, E are significant model terms. Values gredtant0.1000 indicate the model terms are not
significant.

If there are many insignificant model terms (nadirtiing those required to support
hierarchy), model reduction may improve your model

The "Lack of Fit F-value" of 2.05 implies the LaokFit is not significant relative to the

pureerror. There is a 38.07% chance that a "L&€ktd--value" this large could occur due
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Table D.30  Diagnostics Case Statistics

Internally  Externally  Infuence on
Standard Actual Predicted Studentized Studentized Rttt Cook's Run
Order  Value Value Residual Leverage Residual Residual DEFI Distance  Order
1 0.41808 0.5436781 -0.1256 0.35529777 -1.599887 -1.68980-1.232177 0.12824 2

2 0.49004 0.3823138 0.10773 0.34293579 1.359259 1.3862P4H1465699 0.08766 29
3 0.68185 0.6353279 0.04652 0.34217942 0.5866785 0.58812416960491 0.01628 24
4 0.36607 0.4307367 -0.0647 0.41171211 -0.862333 -0.85¥3%).71723368 0.04731 13
5 0.19433 0.237622 -0.0433 0.34293579 -0.546183 -0.53r676.3884392 0.01415 20
6 0.45039 0.3697805 0.08061 0.34242803 1.016635 1.01741234101648 0.04893 9
7 0.59506 0.6046343 -0.0096 0.35350278 -0.121827 -0.17918).08813426 0.00074 5
8 0.67605 0.7800197 -0.104 0.34217942 -1.311126 -1.33B09Q.9614653 0.08129 32
9 0.25483 0.189163 0.06566 0.34242803 0.8281607 0.82231683401676 0.03247 21
10 0.49075 0.4775748 0.01318 0.34293579 0.1662461 0.96268117533694 0.00131 10
11 0.45807 0.3111569 0.14691 0.34217942 1.8525478 1.96429.41670694 0.16229 6
12 0.66041 0.6427955 0.01762 0.37933457 0.2287283 0.38398.175083129 0.00291 33
13 0.44918 0.4952191 -0.046 0.34293579 -0.58089 -0.572336611347909 0.01601 3
14 0.42655 0.4901081 -0.0636 0.35529777 -0.809586 -01WR3-0.59635498 0.03284 30
15 0.21759 0.3418504 -0.1243 0.34271026 -1.567539 -18&221-1.17134482 0.11647 25
16 0.21692 0.2935126 -0.0766 0.34217942 -0.965891 -0Z48814-0.69556961 0.04412 14
17 0.3968 0.4246534 -0.0279 0.34293579 -0.351479 -0.38B1680.2490115 0.00586 22
18 0.70175 0.6946843 0.00707 0.37697512 0.0915625 0.62956.069670298 0.00046 7
19 0.71113 0.7916657 -0.0805 0.35350278 -1.024468 -1aB%6-0.7584048 0.05217 11
20 1.07123 1.1049234 -0.0337 0.37668034 -0.436537 -022B7-0.33327764 0.01047 34
21 0.72711 0.7307095 -0.0036 0.35529777 -0.045878 -0718-0.03331129 0.00011 4
22 0.62449 0.7072176 -0.0827 0.35377447 -1.052529 -110551 -0.780678 0.05513 31
23 0.97663 0.8223593 0.15427 0.34217942 1.9453978 2.08158501301611 0.17897 26
25 0.73238 0.6822505 0.05013 0.34293579 0.6325004 0.87408.450838463 0.01898 1
26 0.81838 0.8150118 0.00336 0.34242803 0.0424313 0.08150.029947724 8.52E-05 28
27 0.41516 0.5288818 -0.1137 0.34271026 -1.43466 -1.47/0461.06179051 0.09756 27
28 0.63258 0.6184164 0.01416 0.37668034 0.1834313 0.07953139562826 0.00185 16
29 0.32919 0.3761944 -0.047 0.34242803 -0.592789 -0.38423.42160299 0.01664 23
30 0.73907 0.8024786 -0.0634 0.35377447 -0.806753 -0AM4-0.59223281 0.03239 8
31 0.47684 0.4981883 -0.0213 0.34217942 -0.269198 -098¥36-0.19018574 0.00343 12
32 1.03328 0.9676993 0.06558 0.34271026 0.8272742 0.82140.593118513 0.03244 35
33 0.65077 0.580764 0.07001 0.02987852 0.7269804 0.72930312623638 0.00148 17
34 0.74405 0.580764 0.16329 0.02987852 1.6955547 1.73270811114812 0.00805 18
35 0.70614 0.580764 0.12538 0.02987852 1.301892 1.32295232172756 0.00475 19
Current Transforn Square Root Constant: 0
Box-Cox Power Transformation
Constant 95% CI  95% CI Best Rec.
k Low High Lambda Transform
0 0.16 0.79 0.48 Square Root
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Figure D.64 Stat-Ease Residuals vs. Run for cogifi@rence model.
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Figure D.70 Stat-Ease DFFITS vs. Run for coppdedihce model.
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Figure D.72 Stat-Ease Cook's Distance for copdérdnce model.

to noise. Non-significant lack of fit is good -ewant the model to fit.

The "Pred R-Squared" of 0.4413 is in reasonableeagent with the "Adj R-Squared"” of
0.5678. "Adeq Precision" measures the signal teen@tio. A ratio greater than 4 is desirable.
Your ratio of 8.669 indicates an adequate sigiidlis model can be used to navigate the design
space.

The Diagnostics Case Statistics Report for thipaase is shown in Table D.35 and
associated Figures D.73 to D.83. Proceed to DistgnBlots (the next icon in progression). Be
sure to look at the:

1) Normal probability plot of the studentizedickials to check for normality of residuals.
2) Studentized residuals versus predicted vdlekeck for constant error.
3) Externally Studentized Residuals to lookdatliers, i.e., influential values.

4) Box-Cox plot for power transformations.
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Table D.31
Intercept
Coefficient t for HO
Removed Estimate
CD -0.003519684
BD 0.005196502
BC -0.006632222
EF 0.011154147
B-Temperature  0.01147767
A-Time 0.011668143
DF -0.015074657
AD -0.015095588
F-O2 Pressure  0.01624186
CE 0.022402954
AF 0.027934622
AC 0.028972922
CF 0.029649586
AE 0.037695277
BF 0.037836069
C-Cu2+ 0.043902786
BE 0.044128549

Coeff=0

Prob > ||

Backward Elimination Regression with #dpo Exit = 0.100; Forced Terms:

R-Squared MSE

-0.116338704 0.909162125 0.81202731827825518
0.178154999 0.861153432 0.81160116325663091
-0.235090909 0.81731736 0.81090700823064309
0.407595035 0.688972666 0.80894358522188836
0.430107322 0.672520313 68681528 0.021756999
0.447483704 0.659864302 0.80474598020841191
-0.590692082 0.561688065 0.801129776820062724
-0.601381986 0.554341585 0.79753360919649835
0.657111718 0.518246722 33X095 0.019044912

0.918313124
1.148980891
1.183817425
1.20185492
1.515094467
1.485531603

0.368413826
0.262372816
0.248078306
0.240681256
0.141812415
0.148986666

0.78545007718916158
0.7731353121908Y484
0.759888081198715255
0.746014844 9808173
0.72359077520038607
0.70099888621693306

0.67038130023033487
0.63985008224842855

1.687737726 0.102571805
1.644806399 0.110807959

Hierarchical Terms Added after Backward ElimmatRegression
A-Time, B-Temperature

Table D.32

Source
Model
A-Time

B-Temperature 0.004215759 1

D-Acid

E-Solids

AB

DE
Residual
Lack of Fit
Pure Error
Cor Total

Analysis of Variance Table [Partial sofsquares - Type 1l1]

Sum of Mean F p-value

Squares df Square Value Prob > F
1.306013583 6 0.21766893 8.444808578 < 0.0001 ficsigpi
0.004356658 1 0.004356658 0.169023386  0.6841

0.004215759 0.1635570186890.

0.182248848 1 0.182248848 7.070630755 0.0128
0.944579783 1 0.944579783 36.6464586 < 0.0001

0.087409324 1 0.087409324 3.391182234  0.0762
0.083203211 1 0.083203211 3.227999468 0.0832

0.721713227 28
0.695596471 26
0.026116757 2
2.02772681 34

0.025775472
0.02675371 2.048777397
0.013058378

0.380at significant
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VIF

1

Table D.33  Trend Data
Std. Dev. 0.160547415 R-Squared 0.644077682
Mean 1.076681654 Adj R-Squared 0.567808613
CV.% 14.91131703 Pred R-Squared 0.441320042
PRESS 1.132850329 Adeq Precision 8.6688612
Table D.34  Confidence Intervals
Coefficient Standard 95% CI 95% CI
Factor Estimate df Error Low High
Intercept 1.076659792 1 0.02713752 1.021071102 1.1322485
A-Time 0.011668143 1 0.028381041 -0.046467785 0.0698041
B-Temperature 0.01147767 1 0.028380441 -0.04665702896126
D-Acid 0.075467056 1 0.028381041 0.017331128 0.133603
E-Solids -0.171808376 1 0.028381041 -0.229944304 -02236 1
AB 0.05226415 1 0.028381041 -0.005871778 0.1104001
DE 0.050991179 1 0.028381041 -0.007144749 0.1091271

Final Equation in Terms of Coded Factors:

Log10(Fe Extraction) = (D.13)
+1.08

+0.012 *A

+0.011 *B

+0.075 *D

-0.17 *E

+0.052 *A*B

+0.051 *D*E

Final Equation in Terms of Actual Factors:

Log10(Fe Extraction) = (D.14)
+2.22946

-1.09152 * Time

-6.45843E-003 * Temperature

319



-2.65153E-003 * Acid

-0.054758 * Solids

+9.29140E-003 * Time * Temperature
+1.01982E-003 * Acid * Solids

D.2.4 Response 4: Acid Consumption ANOVA & Diagnostic Dat

The Analysis of Variance and associated statistiatd for Response Surface Reduced
2F1 Model for Response 4 Acid Consumption is showhables D.36 to D.39.

The Model F-value of 4.34 implies the model is gigant. There is only a 0.14%
chance that a "Model F-Value" this large could oaue to noise.

Values of "Prob > F" less than 0.0500 indicate nhéetens are significant. In this case
B, D, E, AB, AC, AD, BF are significant model term¥alues greater than 0.1000 indicate the
model terms are not significant.

If there are many insignificant model terms (nadiciing those required to support
hierarchy), model reduction may improve your model

The "Lack of Fit F-value" of 14.08 implies thereai$.83% chance that a "Lack of Fit F-
value" this large could occur due to noise. Latktas bad -- we want the model to fit. This
relatively low probability (<10%) is troubling.

The "Pred R-Squared” of 0.1573 is not as closkédAdj R-Squared" of 0.5609 as one
might normally expect. This may indicate a lart¢gck effect or a possible problem with your
model and/or data. Things to consider are modaklaton, response transformation, outliers,
etc. "Adeq Precision” measures the signal to n@ige. A ratio greater than 4 is desirable.

Your ratio of 13.540 indicates an adequate sigitalis model can be used to navigate the design

space.
The Diagnostics Case Statistics Report for thiparse is shown in Table D.40 with
associated Figures D. 84 to D.94. Proceed to istgmPlots (the next icon in progression). Be
sure to look at the:
1) Normal probability plot of the studentizedidkials to check for normality of residuals.
2) Studentized residuals versus predicted vdtekeck for constant error.
3) Externally Studentized Residuals to lookdatliers, i.e., influential values.
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Table D.35

Standard  Actual

Order
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Current

Value
1.239615
1.227217
1.190011
1.190878
1.501347

1.2302
1.141721
1.164804
1.223741
1.260612
1.333241
1.244286
1.373618
1.284372
1.286523
1.271013
0.579323
0.615056
0.664586

1.01733
0.778545
0.879758
0.794137
0.992263
1.280237
0.783145
0.983594
0.878948
0.961569
1.008097
0.895766
1.552976
1.025921

1.00923
0.820177

Transform: Base 10 Log Constant:

Predicted
Value
1.25311063
1.17191861
1.17153767
1.29940225
1.25311063
1.17191861
1.17153767
1.29940225
1.30206238
1.22087037
1.22048942
1.34835401
1.30206238
1.22087037
1.22048942
1.34835401
0.80751152
0.7263195
0.72593856
0.85380314
0.80751152
0.7263195
0.72593856
0.85380314
1.06042799
0.97923597
0.97885503
1.10671961
1.06042799
0.97923597
0.97885503
1.10671961
1.07691485
1.07691485
1.07691485

0.01847
-0.1085
0.24824
0.05828
-0.0298
-0.1346
-0.0783
0.03974
0.11275
-0.1041
0.07156
0.0635
0.06603
-0.0773
-0.2282
-0.1113
-0.0614
0.16353
-0.029
0.15344
0.0682
0.13846
0.21981
-0.1961
0.00474
-0.2278
-0.0989
0.02886
-0.0831
0.44626
-0.051
-0.0677
-0.2567

Box-Cox Power Transformation

Constant
k
0

95% CI
Low
-0.62

95% ClI

0.39

Best

-0.12

Diagnostics Case Statistics

Internally  Externally Influence on

Studentized Studentized Ritdee Cook's
Residual Leverage Residual  Residual D&FI Distance
-0.0135 0.21619
0.0553 0.21619
0.21595
0.21595
0.21619
0.21619
0.21595
0.21595
0.21619
0.21619
0.21595
0.21595
0.21619
0.21619
0.21595
0.21595
0.21619
0.21619
0.21595
0.21595
0.21619
0.21619
0.21595
0.21595
0.21619
0.21619
0.21595
0.21595
0.21619
0.21619
0.21595
0.21595
0.02858
0.02858
0.02858
** Case(s) with |External Stud. Residuals| > 3.54
* Exceeds limits

Rec.
High Lambda Transform

Log
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-0.094949 -0.093Z56489748 0.00036
0.3890455 0.383072911832 0.00596
0.12995 0.127646866%91 0.00066
-0.763403 -0.7578¥3975852 0.02293
1.746448 1.816782h4D451 0.12018
0.4100354 0.403862121014 0.00662
-0.209739 -0.206422081759 0.00173
-0.946813 -0.94502959513 0.03527
-0.551026 -0.544a5%3857289 0.01196
0.2795997 0.2B849485144397 0.00308
0.7931368 0.787734134199 0.02475
-0.732049 -0.7258B3809305 0.02109
0.5034222 0.486602608081 0.00999
0.4467634 0.440285312306 0.00786
0.4645041 0.457902403137 0.00849
-0.544044 -0.537482818712 0.01165
-1.605405 -1.6H4458688948 0.10155
-0.782787 -0.7772B3081905 0.02414
-0.431575 -0.45212231591 0.00733
1.150311 1.15725807867 0.05206
-0.203791 -0.20026.105177 0.00164
1.0795099 1.082833%86852 0.04592
0.4797362 0.473032482583 0.00906
0.9739743 0.973048106707 0.03733
1.5464491 1.587908339441 0.09423
-1.379584 -1.403257369675 0.07499
0.0333375 0.03273D171811 4.37E-05
-1.602233 -1.6b0858663954 0.10101
-0.695519 -0.6B895K3618325 0.01906
0.2030481 0.129534047932 0.00162
-0.584476 -0.5774¥3030687 0.01344
*3.139 *»*3.83 2.01 0.38773
-0.322263 -0.317a18543853 0.00044
-0.427745 -0.42140072289 0.00077
-1.622497 -1.67362871364 0.01107

Run
Order
2
29
24
13
20
9
5
32
21
10
6
33
3
30
25
14
22
7
11
34
4
31
26
15
1
28
27
16
23
8
12
35
17
18
19



Design-Expert® Software
Log10(Fe Extraction)

Color points by value of
Log10(Fe Extraction):

1.55298
0.579323

Figure D.73 Stat-Ease Normal Plot of Residualsrtor extraction model.
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Figure D.74 Stat-Ease Residuals vs. Predicteddarextraction model.
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Log10(Fe Extraction) Residuals vs. Run
Color points by value of 4.00 —
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Figure D.75 Stat-Ease Residuals vs. Run for irdraeon model.

Design-Expert® Software

Log10(Fe Extraction) Predicted vs. Actual
Color points by value of 1.60 —]|
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Figure D.76 Stat-Ease Predicted vs. Actual for eatraction model.
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Log10(Fe Extraction) Box-Cox Plot for Power Transforms
Lambda 10.00 —|
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Figure D.77 Stat-Ease Box-Cox Plot for Power Trammst for iron extraction model.
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Figure D.78 Stat-Ease Residuals vs. Time for icdraetion model.

324



Design-Expert® Software
Log10(Fe Extraction)

Color points by value of
Log10(Fe Extraction):

1.55298
0.579323

Figure D.79 Stat-Ease Externally Studentized Redsdior iron extraction model.
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Figure D.80 Stat-Ease Leverage vs. Run for iroraekbn model.
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Log10(Fe Extraction)
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Figure D.81 Stat-Ease DFFITS vs. Run for iron esticen model.
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Figure D.82 Stat-Ease DFBETAS for Intercept vs. Rumron extraction model.
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Figure D.83 Stat-Ease Cook's Distance for ironagetion model.

Table D.36  Backward Elimination Regression with Wdpo Exit = 0.100; Forced Terms:
Intercept

Coefficient t for HO

Removed Estimate Coeft=0 Prob > |t R-Squared MSE
DE -0.138029101 -0.070693961 0.944717286 0.771446221/3.3206104
BD -0.188863213 -0.100361677 0.92148026 0.77128179%.8409975
CE -0.283739077 -0.156014559 0.878101838 0.77091065.38988843
AF -0.467499546 -0.265270802 0.794188232 0.76990310%.95294125
F-O2 Pressure  0.469619972  0.274073066 0.7873308768888402 89.1254097
BC -0.777547625 -0.465909128 0.646868836 0.7660992&145383919
CD 1.156152343  0.707500587 0.487843753 0.75993714431839841
BE 1.28498068 0.796342378 0.435184461 0.752325217 6840854
A-Time 2.236661589 1.39836243 0.176598571 0.72926295.42275188
EF -2.306647554 -1.411787887 0.172000621 0.70473485.11892502

Hierarchical Terms Added after Backward ElimmatRegression
A-Time, F-O2 Pressure

Transform: Power Lambda: 1.82 Constant: 8.67128
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Table D.37 Analysis of Variance Table [Partial sofhsquares - Type 111]

F-O2 Pressure
AB

Sum of
Source Squares
Model 5059.005436
A-Time 160.0849621
B-Temperature 438.2434011
C-Cu2+ 306.979975
D-Acid 418.0938965
E-Solids 719.3726862

7.057373393
601.6384995

AC 405.2154028
AD 526.9094815
AE 301.7023474
BF 569.8209578
CF 317.6219748
DF 286.2644781
Residual 1882.41814
Lack of Fit 1868.444761
Pure Error 13.97337912
Cor Total 6941.423576
Table D.38 Trend Data
Std. Dev.
Mean
CV.%
PRESS

Mean F p-value
df Square Value Prob > F
13 389.1542643 4.34135189 0.0014  icsagif
1 160.0849621 1.785886001  0.1957
1 438.2434011 4.8889836040388.
1 306.979975 3.424626728  0.0784
1 418.0938965 4.66419848 0.0425
1 719.3726862 8.025223562 0.01
1 7.057373393 0.078731095/818.
1 601.6384995 6.711797034  0.0171
1 405.2154028 4.520527761  0.0455
1 526.9094815 5.878130303  0.0244
1 301.7023474 3.365750234  0.0808
1 569.8209578 6.356844879  0.0198
1 317.6219748 3.543347426  0.0737
1 286.2644781 3.19352747 0.0884
21 89.63895905
19 98.33919794 14.07522076  @B068o0t significant
2 6.986689561
34
9.46778533 R-Squared 0.72881382

51.292547 Adj R-Squared 0.560936662
18.45840358 Pred R-Squared 0.157267501
5849.763238 Adeq Precision 13.53986235
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Table D.39

Coefficient
Factor
Intercept
A-Time
B-Temperature
C-Cu2+
D-Acd
E-Solids

F-O2 Pressure
AB

AC

AD

AE

BF

CF

DF

Standard
Estimate
51.29959579
2.236661589
-3.700611655
3.097276904
3.614613986
-4.741349644
0.469619972
-4.336035414
3.558508302
4.057822236
-3.070537145
-4.219822855
3.150505787
2.990947164

Confidence Intervals

95% ClI

df
1
1

1
1
1
1

1

95% ClI
Error
1.600350986
1.673683802
1.673648382

1.673683802 -0.383339103 6.5778929

1.673683802
1.673683802

Low High
47.97148372 54.&770
-1.243954418 5.7172776

-7.181154 0062

0.133997979
-8.221965651

7.09523

1.673683802 -3.01099603460Z38

1.673683802
1.673683802
1.673683802
1.673683802
1.673683802
1.673683802
1.673683802

Final Equation in Terms of Coded Factors:

(Acid Consump + 8.67)"1.82 =
+51.30
+2.24 * A

-3.70
+3.10
+3.61
-4.74
+0.47
-4.34
+3.56
+4.06
-3.07
-4.22
+3.15
+2.99

*B
*C
*D
*E
*F
*A*B
FA*C
*A*D
*A*E
*B*E
*CHE
*D*F
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-7.81665142 -0.855419
0.077892296 7.0391243
0.577206229 7.5384382
-6.551153151 0.4100789
-7.700438862 -0.739207
-0.33011022 6.6311218
-0.489668842 6.4715632

(D.15)

-12607 1



Final Equation in Terms of Actual Factors:

(Acid Consump + 8.67)"1.82
+2.51160

+71.75419 * Time
+0.60121 * Temperature
-0.71525 * Cu2+
-1.15498 * Acid
+0.89405 * Solids
+0.24423 * O2 Pressure
-0.77085 * Time * Temperature
+0.94894 * Time * Cu2+
+1.62313 * Time * Acid
-2.45643 * Time * Solids

(D.16)

-3.75095E-003 * Temperature * O2 Pressure
+4.20067E-003 * Cu2+ * O2 Pressure
+5.98189E-003 * Acid * O2 Pressure

4) Box-Cox plot for power transformations.

D.2.5 Model Graphs

The model graphs D.95 to D.101 show the preceestatgstical data by varying the

effects and their corresponding responses.
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Table D.40

Standard  Actual

Order
1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Value
50.33589
52.1268
49.20739
51.70001
52.48795
56.07582
50.68302
54.53317
52.6948
58.73106
52.46141
52.86571
53.00348
111.6258
43.83968
51.97037
54.17289
53.81337
52.78954
0.648594
38.83523
50.59521
46.38086
46.26122
34.03686
51.96072
49.33818
52.04113
50.72231
56.52374
51.70473
52.7946
55.81027
51.16378
51.30353

* Exceeds limits

Current

Transform:

Predicted

Value Residual
52.4548 -2.1189
53.6046 -1.4778
42.382 6.82543
48.8749 2.82508
54.9293 -2.4414
63.5191 -7.4433
54.9418 -4.2588
48.7042 5.82897
54.6462 -1.9514
65.8716 -7.1405
55.297 -2.8356
50.4184 2.44733
38.363 14.6405
94.5439 17.0819
52.856 -9.0163
65.2485 -13.278
46.2091 7.96377
40.8848 12.9286
58.8236 -6.0341
13.4678 -12.819
41.8897 -3.0544
57.5934 -6.9982
44.4189 1.96198
40.2617 5.9995
42.2448 -8.208
59.3076 -7.3468
44,1358 5.20237
42.6141 9.427
56.6832 -5.9608
57.2583 -0.7346
447319 6.97287
54.4072 -1.6126
51.2174 4.59291
51.2174 -0.0536
51.2174 0.08617

Power Lambda:

Box-Cox Power Transformation

Constant
k
8.67128

95% ClI
Low
1.3

95% CI Best

Diagnostics Case Statistics

Internally Externaly Infuence on
Studentized Studentized Riftdee Cook's

Leverage Residual

0.43494 -0.2977226
0.43494 -0.2076386
0.4347 0.9588322
0.4347 0.3968656
0.43494 -0.3430316
0.43494 -1.045853
0.4347 -0.5982695
0.4347 0.8188498
0.43494 -0.2741934
0.43494 -1.0033041
0.4347 -0.3983363
0.4347 0.3437991
0.43494 2.0571199
0.43494 2.4001636
0.4347 -1.2666049
0.4347 -1.8652989
0.43494 1.1189806
0.43494 1.8165791
0.4347 -0.8476663
0.4347 -1.8008405
0.43494 -0.4291765
0.43494 -0.9833035
0.4347 0.2756173
0.4347 0.8428058
0.43494 -1.1532949
0.43494 -1.0322957
0.4347 0.7308263
0.4347 1.3242985
0.43494 -0.8375517
0.43494 -0.1032181
0.4347 0.9795445
0.4347 -0.226536
0.02858 0.4921948
0.02858 -0.0057422
0.02858 0.0092343

1.82 Constant:

Rec.

High Lambda Transform

2.45 1.82

Power
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Residual DEFI
-0.2911622554479
-0.2028424770616
0.95690504 91222
0.38876178091813
-0.3357084£945278
-1.0483144190256
-0.58889146160064
0.812187062P1716
-0.2680652350841
-1.0034708803821
-0.39021348420831
0.336461295M4759
2.24662597104873
2.749631782.41*
-1.2861844278716
-1.9929123476102
1.12610088797059
1.930999694 13855
-0.8417689381535
-1.9111984759542
-0.4206828690805
-0.9824908619758
0.269462236P9536
0.836767733107227
-1.162931682062836
-1.0339931B071615
0.72246063383436
1.3499820934816386
-0.8313704293925
-0.100758.0883971
0.978554458100868
-0.2213472940021
0.48312708287496
-0.0056038009613
0.00901128184587

8.67128

Distance
0.00487
0.00237
0.0505
0.00865
0.00647
0.06014
0.01966
0.03683
0.00413
0.05534
0.00872
0.00649
0.23266
0.31673
0.08812
0.19111
0.06884
0.18143
0.03947
0.17813
0.01013
0.05316
0.00417
0.03902
0.07313
0.05859
0.02934
0.09633
0.03857
0.00059
0.0527
0.00282
0.00051
6.93E-08
1.79E-07

Run
Order
2
29
24
13
20
9
5
32
21
10
6
33
3
30
25
14
22
7
11
34
4
31
26
15
1
28
27
16
23
8
12
35
17
18
19
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Figure D.84 Stat-Ease Normal Plot of Residualsafiod consumption model.
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Figure D.85 Stat-Ease Residuals vs. Predictedddr@nsumption model.
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Figure D.86 Stat-Ease Residuals vs. Run for aadwmption model.
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Figure D.87 Stat-Ease Predicted vs. Actual for aoisumption model.
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Figure D.88 Stat-Ease Box-Cox Plot for Power Trammst for acid consumption model.
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Figure D.89 Stat-Ease Residuals vs. Time for asitsumption model.
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Figure D.90 Stat-Ease Externally Studentized Redsdior acid consumption model.
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Figure D.91 Stat-Ease Leverage vs. Run for acidwmption model.
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Figure D.92 Stat-Ease DFFITS vs. Run for acid comgion model.
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Figure D.93 Stat-Ease DFBETAS for Intercept vs. Ruracid consumption model.
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Figure D.94 Stat-Ease Cook's Distance for acid wopgion model.
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Figure D.95 Stat-Ease 3-D plot of effect of time& &olids on arsenic extraction.
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Figure D.96 Stat-Ease perturbation plot for arsemicaction model.
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Figure D.98 Stat-Ease time factor plot for arsexiraction model.

Design-Expert® Software

Factor Coding
Original Scale

(median estimates)

As Extraction
39.931

16.1432

X1 = E: Solids

X2 = A: Time

Actual Factors
B: Temperature = 122.50

C: Cu2+ = 25.

D: Acid = 20.00
F: O2 Pressure = 50.00

Figure D.99

: Actual
1.00

0.80

00

A: Time

0.60

0.50

As Extraction

9.00 13.00 15.00

E: Solids

Stat-Ease time and solids contourfploarsenic extraction model.

339



Design-Expert® Software
Factor Coding: Actual CUbe
Original Scale As Extraction
(median estimates)
As Extraction
X1 = A: Time 25.7442 27.5101
X2 = B: Temperature
X3 = C: Cu2+
Actual Factors
D: Acid = 20.00
E: Solids = 10.00
F: O2 Pressure = 50.00 B+: 145.00 22 8229 242001
[
g
S
g
8.
IS 23.4309 24.8848 C+:40.00
S
)
C: Cu2+
B-: 100.00 20.9862 22.1449 C-:10.00
. +
A-: 0.50 A Time A+:1.00
Figure D.100 Stat-Ease cube plot for arsenic etitnaecnodel.
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Figure D.101 Stat-Ease cube plot for arsenic etitmaecnodel.
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