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ABSTRACT 

 
 With an increasing emphasis on minimizing the impact and downstream treatment of 

metallurgical processes, a focus on utilizing less harmful and easier to handle reagents is occurring. 

Tannins, a naturally occurring, non-toxic reagent, have shown promise in metallurgical and 

mineral processing applications. This research was performed to investigate the use of tannins 

(specifically two types of quebracho: Tupasol ATO and Tupafin ATO) in the froth flotation 

process as a depressant for gangue minerals. Two ore types, copper and fluorite, were researched. 

The primary gangue mineral of interest was calcite for the fluorite ore, while it was pyrite for the 

copper ore. Surface chemistry studies including zeta potential, adsorption density, and 

microflotation were undertaken to provide fundamental knowledge about the behavior of tannins 

interacting with the mineral surface. Adsorption studies indicate that the mechanism for Tupasol 

ATO adsorption onto calcite and fluorite surfaces is chemisorption, as an increase in adsorption 

occurred with increasing temperature. The same adsorption behavior is true for Tupafin ATO 

adsorption onto pyrite surfaces, although Tupafin ATO adsorption did not increase with increasing 

temperature onto chalcopyrite surfaces, suggesting the adsorption mechanism may be physical. 

Thermodynamic calculations for adsorption including Stern-Grahame free energy, entropy and 

enthalpy were determined. All four minerals tested were found to be thermodynamically favorable. 

Fluorite, calcite, and pyrite were endothermic in nature, while chalcopyrite was found to be 

exothermic. Microflotation experiments were completed on pure minerals to determine the suitable 

operating parameters for bench flotation; a number of statistical models were generated to predict 

the outcomes of changing parameters. Three different tannins (Tupasol ATO, chestnut, and wattle) 

were compared for the microflotation of calcite and fluorite; Tupasol ATO was found to have the 

best performance. Bench flotation was performed on three different ores, a Mexican fluorite ore, 

a Peruvian copper ore, and Morenci copper ore. With the addition of Tupasol ATO, the recovery 

and grade of the fluorite concentrate was seen to increase. Tupafin ATO was shown to provide a 

dramatic increase in recovery and doubling the grade for the Morenci copper concentrate. Tupafin 

ATO also demonstrated a positive effect on the grade and recovery of the Peruvian copper ore. 

This suggests that tannins not only work as a depressant but as a dispersant. An economic analysis 

was completed to explore some of the fiscal benefits of using tannins for froth flotation.  

 



iv 
 

TABLE OF CONTENTS 

 

ABSTRACT ................................................................................................................................... iii 

LIST OF FIGURES ..................................................................................................................... viii 

LIST OF TABLES ....................................................................................................................... xiii 

ACKNOWLEDGEMENTS ......................................................................................................... xxi 

DEDICATION ............................................................................................................................ xxii 

CHAPTER 1 INTRODUCTION .................................................................................................... 1 

1.1 Background .................................................................................................................... 1 

1.2 Motivation ...................................................................................................................... 1 

1.3 Approach ........................................................................................................................ 1 

CHAPTER 2 TANNINS IN MINERAL PROCESSING AND EXTRACTIVE METALLURGY2 

2.1 Introduction .................................................................................................................... 2 

2.2 Flotation .......................................................................................................................... 3 

2.2.1 Jamesonite ............................................................................................................. 3 

2.2.2 Strontium ............................................................................................................... 5 

2.2.3 Rare Earth Oxides ................................................................................................. 6 

2.2.4 Scheelite ................................................................................................................ 6 

2.2.5 Fluorite .................................................................................................................. 9 

2.2.6. Sulfides: Copper-Lead-Zinc-Nickel Ores .......................................................... 15 

2.3 Precipitation .................................................................................................................. 21 

2.3.1 Germanium .......................................................................................................... 21 

2.4 Precious Metals Recovery ............................................................................................ 25 

2.4.1 Gold Bacterial Oxidation ..................................................................................... 25 

2.4.2 Tannin Gel Adsorption ........................................................................................ 26 

2.5 Pressure Leaching ......................................................................................................... 28 

2.5.1 Zinc and Nickel ................................................................................................... 28 



v 
 

CHAPTER 3 FLOTATION FUNDAMENTALS ........................................................................ 30 

3.1 Electrical Double Layer and Zeta Potential ................................................................. 30 

3.2 Adsorption Density ....................................................................................................... 32 

3.3 Microflotation ............................................................................................................... 34 

3.4 Bench Scale Flotation ................................................................................................... 34 

CHAPTER 4 EXPERIMENTAL MATERIALS AND METHODS ............................................ 35 

4.1 Materials ....................................................................................................................... 35 

4.1.1 Materials: Fluorite Study ..................................................................................... 35 

4.1.2 Materials: Polymetallic Sulfide Study ................................................................. 35 

4.2 Reagents ....................................................................................................................... 35 

4.2.1 Reagents: Fluorite Study ..................................................................................... 35 

4.2.2 Reagents: Polymetallic Sulfide Study ................................................................. 36 

4.3. Experimental Methods ................................................................................................ 37 

4.3.1 Mineral Characterization ..................................................................................... 38 

4.3.2 Zeta Potential ....................................................................................................... 38 

4.3.3 Adsorption Density .............................................................................................. 39 

4.3.4 Microflotation and Stat-Ease Design Expert ....................................................... 41 

4.3.5 Bench Flotation ................................................................................................... 43 

CHAPTER 5 EXPERIMENTAL RESULTS AND DISCUSSION FLUORITE STUDY .......... 48 

5.1 Mineral Characterization .............................................................................................. 48 

5.1.1 Mexican Fluorite Ore .......................................................................................... 48 

5.2 Adsorption Density ....................................................................................................... 56 

5.3 Zeta Potential ................................................................................................................ 61 

5.3.1 Fluorite ................................................................................................................ 61 

5.3.2 Calcite .................................................................................................................. 63 

5.4 Microflotation ............................................................................................................... 65 



vi 
 

5.4.1 Scoping Studies ................................................................................................... 65 

5.4.2 Statistical Modeling: Comparison of Tannin Types ............................................ 69 

5.5 Bench Flotation ............................................................................................................ 94 

CHAPTER 6 EXPERIMENTAL RESULTS AND DISCUSSION SULFIDE STUDY ........... 101 

6.1 Mineral Characterization ............................................................................................ 101 

6.1.1 Morenci Ore ...................................................................................................... 101 

6.1.2 Peruvian Ore ...................................................................................................... 114 

6.2 Adsorption Density ..................................................................................................... 125 

6.3 Zeta Potential .............................................................................................................. 130 

6.3.1 Chalcopyrite ...................................................................................................... 131 

6.3.2. Pyrite ................................................................................................................ 133 

6.4 Microflotation ............................................................................................................. 134 

6.4.1 Mixtures Stat-Ease Design ................................................................................ 135 

6.4.2 Microflotation Parameter Testing with Depressant Mixture ............................. 137 

6.5 Bench Flotation .......................................................................................................... 141 

6.5.1 Morenci Copper Ore .......................................................................................... 142 

6.5.2 Peruvian Copper Ore ......................................................................................... 150 

CHAPTER 7 ECONOMICS ....................................................................................................... 156 

7.1 Fluorite Study ............................................................................................................. 156 

7.2 Copper Study .............................................................................................................. 158 

CHAPTER 8 CONCLUSIONS .................................................................................................. 160 

8.1 Fluorite Study ............................................................................................................. 160 

8.2 Copper Study .............................................................................................................. 161 

REFERENCES ........................................................................................................................... 162 

APPENDIX A MATERIALS CHARACTERIZATION............................................................ 166 

APPENDIX B ZETA POTENTIAL ........................................................................................... 168 



vii 
 

APPENDIX C ADSORPTION DENSITY ................................................................................. 176 

APPENDIX D MICROFLOTATION ........................................................................................ 189 

APPENDIX E BENCH FLOTATION ....................................................................................... 192 

APPENDIX F ERROR ESTIMATES ........................................................................................ 203 

APPENDIX G ASSAY TECHNIQUES COPPER STUDIES ................................................... 205 

APPENDIX H ASSAY TECHNIQUES FLUORITE STUDY .................................................. 206 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



viii 
 

LIST OF FIGURES 

 
Figure 2.1.      A cut from the Quebracho Colorado tree displays the deep red-brown heartwood 2 

Figure 2.2.      Quebracho chemical structure and molecular weight range .................................... 3 

Figure 2.3.      X-Ray diffraction peaks show the quebracho effect on the concentrates ............... 4 

Figure 2.4.      USGS data showing the uses of fluorspar over the last few decades is illustrated . 9 

Figure 2.5.      Depression of non-oxidized pyrite with addition of xanthate and quebracho ....... 17 

Figure 2.6.      Depression of oxidized pyrite with addition of xanthate and quebracho .............. 18 

Figure 2.7.      The effect of tannins on pure chalcopyrite and pyrite Hallimond tube flotation .. 19 

Figure 2.8.      Flow sheet of the Cinkur plant in Turkey .............................................................. 23 

Figure 2.9.      Binding ability of various metals in a single metal solution with tannins ............ 24 

Figure 2.10.    Binding ability of various metals in polymetallic system with tannins ................ 24 

Figure 3.1.      Depiction of the electrical double layer and potential ........................................... 31 

Figure 3.2.      Surface coverage models for a surfactant are depicted on a solid surface ............ 33 

Figure 4.1.      The molecular structure and breakdown of sodium oleate .................................... 36 

Figure 4.2.      The Stabino machine with the cylindrical cell and piston with titrants and pH                
probe ..................................................................................................................... 38 

Figure 4.3.      A SolidWorks representation of the Partridge-Smith microflotation cell used         
in this work ........................................................................................................... 42 

Figure 4.4.      Particle size distribution for the Mexican fluorite ore. .......................................... 44 

Figure 4.5.      Particle size distribution for the Morenci copper ore. ........................................... 45 

Figure 4.6.      Particle size distribution for the Peruvian copper ore. .......................................... 46 

Figure 5.1.      A backscatter electron image displaying the major minerals of fluorite and     
calcite in the 50 x 70 mesh sieve fraction. .............................................................49 

Figure 5.2.      The MLA image taken from the sieve fraction 50 x 70 mesh. The different    
colors correspond to different minerals, which can be seen in the legend. .......... 50 

Figure 5.3.      Diffractogram of the Mexican fluorite ore with the phases present in the ore. ..... 53 

Figure 5.4.      Mineral locking data for fluorite by each size fraction. ........................................ 55 



ix 
 

Figure 5.5.      Adsorption density measurements of Tupasol ATO on fluorite and calcite         
over time. .............................................................................................................. 56 

Figure 5.6.      Adsorption of Tupasol ATO on pure calcite and fluorite over a range of pH. ...... 57 

Figure 5.7.      Adsorption isotherm for fluorite with Tupasol ATO. ........................................... 58 

Figure 5.8.      Adsorption isotherm for fluorite with Tupasol ATO. ........................................... 59 

Figure 5.9.      Stern-Grahame adsorption free energy for Tupasol ATO on fluorite and         
calcite at 25ºC and 80ºC. ....................................................................................... 60 

Figure 5.10.    Zeta potential of fluorite in water. ......................................................................... 62 

Figure 5.11.    Zeta potential for fluorite in the presence of Tupasol ATO and in water. ............ 63 

Figure 5.12.    Zeta potential measurements for calcite in water. ................................................. 64 

Figure 5.13.    Zeta potential measurements for calcite in water and Tupasol ATO. ................... 64 

Figure 5.14.    Recovery data for fluorite and calcite varying pH. ............................................... 66 

Figure 5.15.    Recovery of calcite and fluorite with different concentrations of sodium oleate. . 67 

Figure 5.16.    Flotability of fluorite and calcite varying depressant concentration. .................... 68 

Figure 5.17.    Flotability of fluorite and calcite varying collector conditioning times. ............... 69 

Figure 5.18.    The Half-normal plot for the quebracho vs. wattle tannin design matrix for      
calcite microflotation showing the relevant interaction parameters. .................... 73 

Figure 5.19.    Pareto chart for the calcite microflotation matrix comparing wattle and      
quebracho tannins. ................................................................................................ 73 

Figure 5.20.    Contour curves generated by Stat-Ease software for the calcite flotability       
model displaying the relationship between tannin concentration, pH and the 
recovery of calcite for wattle tannin and quebracho tannin. ................................. 76 

Figure 5.21.    Half-normal plot generated using Stat-Ease for the fluorite flotation study 
comparing wattle tannin and quebracho tannin. ................................................... 79 

Figure 5.22.    Pareto chart for the fluorite microflotation matrix comparing wattle and     
quebracho tannins. ................................................................................................ 80 

Figure 5.23.    Stat-Ease generated contour curve comparing pH and tannin concentration for 
fluorite recovery. ................................................................................................... 82 

Figure 5.24.    Half-normal plot generated using Stat-Ease for the calcite flotation study   
comparing chestnut tannin and quebracho tannin. ................................................ 85 



x 
 

Figure 5.25.    Pareto chart for the calcite microflotation matrix comparing chestnut and   
quebracho tannins. ................................................................................................ 86 

Figure 5.26.    Stat-Ease contour curves for the calcite recovery displaying the relationship    
between tannin concentration, pH and the recovery of calcite for chestnut      
tannin and quebracho tannin. ................................................................................ 89 

Figure 5.27.    Half-normal plot generated using Stat-Ease for the fluorite flotation study  
comparing chestnut tannin and quebracho tannin. ................................................ 90 

Figure 5.28.    Pareto chart for the fluorite microflotation matrix comparing chestnut and 
quebracho tannin. .................................................................................................. 90 

Figure 5.29.    Contour curves generated by Stat-Ease software for the fluorite flotability     
model displaying the relationship between tannin concentration, pH and the 
recovery of fluorite for chestnut tannin and quebracho tannin. ............................ 94 

Figure 5.30.    The Half-normal plot for the fluorite recovery response showing the relevant  
interaction parameters. .......................................................................................... 96 

Figure 5.31.    Pareto chart for the fluorine recovery matrix for Mexican fluorite bench         
flotation ................................................................................................................. 97 

Figure 5.32.    Contour curves generated by Stat-Ease software for the fluorite recovery       
model displaying the relationship between tannin concentration, temperature    
and fluorite recovery. ............................................................................................ 99 

Figure 6.1.      A BSE image of the Morenci copper ore showing the minerals present in the      
ore in the 50 X 70................................................................................................ 102 

Figure 6.2.      The MLA image taken from the sieve fraction 50 x 70 mesh. The different          
colors correspond to different minerals, which can be seen in legend. .............. 103 

Figure 6.3.      The mineral grain size distribution for the three copper bearing minerals in the  
Morenci copper ore. ............................................................................................ 106 

Figure 6.4.      Liberation data for the three copper bearing minerals in the Morenci copper       
ore. ...................................................................................................................... 107 

Figure 6.5.      Chalcopyrite liberation and mineral locking per size fraction in the Morenci       
copper ore............................................................................................................ 108 

Figure 6.6.      Covellite liberation and mineral locking data by size fraction for Morenci ore. 109 

Figure 6.7.      Chalcocite liberation and mineral locking data by size fraction for Morenci        
ore. ...................................................................................................................... 110 

Figure 6.8.      Diffractogram of the Morenci copper ore with the phases present in the ore. .... 113 



xi 
 

Figure 6.9.      BSE image taken from the 70 x 100 mesh size fraction of the Peruvian copper        
ore ....................................................................................................................... 115 

Figure 6.10.    Classified MLA image taken from the Peruvian copper ore 70 x 100 mesh        
size fraction. ........................................................................................................ 118 

Figure 6.11.    Mineral grain size distribution for the copper bearing minerals in the Peruvian 
copper ore............................................................................................................ 119 

Figure 6.12.    Chalcopyrite mineral liberation by size fraction. ................................................ 120 

Figure 6.13.    Mineral locking information for chalcopyrite in the Peruvian copper ore. ......... 121 

Figure 6.14.    Diffractogram taken of the Peruvian copper ore at -400 mesh fraction. ............. 124 

Figure 6.15.    Equilibrium time determination for pyrite and chalcopyrite adsorption. ............ 126 

Figure 6.16.    Adsorption density results for chalcopyrite and pyrite with Tupafin ATO          
varying pH. ......................................................................................................... 127 

Figure 6.17.    Adsorption isotherm for chalcopyrite with Tupafin ATO. .................................. 127 

Figure 6.18.    Adsorption isotherm for pyrite with Tupafin ATO. ............................................ 128 

Figure 6.19.    Stern-Grahame adsorption free energy for Tupafin ATO on chalcopyrite and       
pyrite at 25ºC and 80ºC. ...................................................................................... 129 

Figure 6.20.    Zeta potential measurement for chalcopyrite in water. ....................................... 131 

Figure 6.21.    Zeta potential for chalcopyrite in water and in Tupafin ATO solution. .............. 132 

Figure 6.22.    Zeta potential results for pyrite in water.............................................................. 133 

Figure 6.23.    Zeta potential of pyrite in water and in quebracho solution. ............................... 134 

Figure 6.24.    Comparing recovery values of chalcopyrite and pyrite varying pH. ................... 140 

Figure 6.25.    Recovery values of chalcopyrite and pyrite varying collector concentration. .... 140 

Figure 6.26.    Flotability results for pyrite and chalcopyrite varying depressant concentration.141 

Figure 6.27.    The Half-normal plot for the Morenci copper recovery response showing the  
relevant interaction parameters. .......................................................................... 143 

Figure 6.28.    Pareto chart for the copper recovery matrix for Morenci bench flotation. .......... 144 

Figure 6.29.    Copper recoveries for Morenci flotation experiments at pH 10, 100 g/ton        
PAX, and varied Tupafin ATO concentrations................................................... 146 



xii 
 

Figure 6.30.    Copper grades for Morenci flotation experiments at pH 10, 100 g/ton PAX,            
and varied Tupafin ATO concentrations. ............................................................ 147 

Figure 6.31.    Cu/Fe ratios for Morenci flotation experiments at pH 10, 100 g/ton PAX, and      
varied Tupafin ATO concentrations. .................................................................. 147 

Figure 6.32.    Enrichment ratios for Morenci flotation experiments at pH 10, 100 g/ton         
PAX, and varies Tupafin ATO concentrations. .................................................. 148 

Figure 6.33.    Copper recovery results varying Tupafin ATO concentration at pH 10 and             
100 g/ton PAX for the Peruvian copper ore. ....................................................... 151 

Figure 6.34.    Copper grade results varying Tupafin ATO concentration at pH 10 and                   
100 g/ton PAX for the Peruvian copper ore. ....................................................... 152 

Figure 6.35.    Copper-iron ratio results varying Tupafin ATO concentration at pH 10 and       
100 g/ton PAX for the Peruvian copper ore. ....................................................... 152 

Figure 6.36.    Enrichment ratio results varying Tupafin ATO concentration at pH 10 and             
100 g/ton PAX for the Peruvian copper ore. ....................................................... 153 

Figure 6.37.    Copper recovery using 0 and 400 g/ton Tupafin ATO for Peruvian flotation          
tests varying flotation time for the Peruvian copper ore. .................................... 154 

Figure 6.38.    Copper grade for Peruvian flotation tests varying flotation time. ....................... 155 

Figure C.1.      Calibration curve for equilibrium time and pH showing relationship between      
NPOC ppm output from the TOC machine and the corresponding Tupasol       
ATO addition in ppm. ......................................................................................... 177 

Figure C.2.      Calibration curve for isotherms showing relationship between NPOC ppm              
output from the TOC machine and the corresponding Tupasol ATO addition       
in ppm ................................................................................................................. 177 

Figure C.3.      Calibration curve for equilibrium time, pH, and isotherms showing        
relationship between NPOC ppm output from the TOC machine and the 
corresponding Tupasol ATO addition in ppm. ................................................... 178 

 

 

 

 

 



xiii 
 

LIST OF TABLES 

 
Table 2.1.        Depressant Dosing Amounts ...................................................................................7 

Table 2.2.        Conditioning Time Data ......................................................................................... 8 

Table 2.3.        Kadipani Flotation Data ........................................................................................ 14 

Table 3.1.        Distinctions Between Chemical and Physical Adsorption ................................... 32 

Table 4.1.        Depressants Tested in Polymetallic Sulfide Studies. ............................................ 37 

Table 4.2.        Average surface area values for pure minerals using BET method. ..................... 40 

Table 4.3.        Flotation operating conditions for bench scale experiments on Metso D-12    
machine…………………………………………………………………...….…..47 

Table 5.1.        The mass distribution for the Mexican fluorite ore is shown for eight different    
size  fractions. ....................................................................................................... 48 

Table 5.2.        Mexico fluorite ore mineral content by weight percent. ....................................... 51 

Table 5.3.        The elemental analysis in weight percent calculated from the MLA modal    
mineralogy. ........................................................................................................... 52 

Table 5.4.        XRD measurement conditions for the Mexican fluorite ore. ................................ 52 

Table 5.5.        The comparison of XRD and MLA results. .......................................................... 54 

Table 5.6.        The MLA and LECO methods are compared for total sulfur and carbon       
content. .................................................................................................................. 54 

Table 5.7.        Thermodynamic parameters of adsorption for calcite and fluorite with Tupafin     
ATO. ..................................................................................................................... 61 

Table 5.8.        Historical IEP values for fluorite in water ............................................................ 62 

Table 5.9.        Historical IEP values of calcite in water ............................................................... 65 

Table 5.10.      Lower and upper limits for the process parameters for tannin flotation     
experiments. .......................................................................................................... 70 

Table 5.11.      Half-factorial design results for calcite study comparing quebracho and wattle   
tannin..................................................................................................................... 72 

Table 5.12.      Stat-Ease statistical model comparison between the adjusted and unadjusted     
model..................................................................................................................... 74 



xiv 
 

Table 5.13.      Stat-Ease Design ANOVA for calcite microflotation model comparing wattle        
and quebracho tannin. ........................................................................................... 74 

Table 5.14.      Correlation factors for the calcite microflotation experiments comparing wattle     
and quebracho tannin. ........................................................................................... 75 

Table 5.15.      Half-factorial design of experiments test matrix comparing wattle tannin and 
quebracho tannin on the flotability of fluorite. ..................................................... 78 

Table 5.16.      Stat-Ease statistical model comparison between the adjusted and unadjusted      
model..................................................................................................................... 79 

Table 5.17.      Stat-Ease Design ANOVA for fluorite microflotation model comparing wattle        
and quebracho tannin. ........................................................................................... 80 

Table 5.18.      Correlation factors for the fluorite microflotation experiments comparing      
wattle and quebracho tannin. ................................................................................ 81 

Table 5.19.      Comparing wattle tannin and quebracho tannin for highest recoveries of       
fluorite from Stat-Ease testing. ............................................................................. 82 

Table 5.20.      Half-factorial design of experiments test matrix comparing chestnut tannin         
and quebracho tannin on the flotability of calcite. ................................................ 84 

Table 5.21.      Stat-Ease generated unadjusted and adjusted models for calcite flotation with  
chestnut and quebracho tannin. ............................................................................. 86 

Table 5.22.      Stat-Ease Design ANOVA for calcite microflotation model comparing      
chestnut and quebracho tannin. ............................................................................. 87 

Table 5.23.      Correlation factors for the calcite microflotation experiments comparing    
chestnut and quebracho tannin. ............................................................................. 88 

Table 5.24.      Half-factorial design of experiments test matrix comparing chestnut tannin       
and quebracho tannin on the flotability of fluorite. .............................................. 91 

Table 5.25.      Stat-Ease generated adjusted and unadjusted models for the fluorite study     
comparing quebracho and chestnut tannins. ......................................................... 92 

Table 5.26.      Stat-Ease Design ANOVA for fluorite microflotation model comparing       
chestnut and quebracho tannin. ............................................................................. 92 

Table 5.27.      Correlation factors for the calcite microflotation experiments comparing     
chestnut and quebracho tannin. ............................................................................. 93 

Table 5.28.      Process parameter lower and upper limits for Mexican fluorite bench scale       
flotation. ................................................................................................................ 95 

Table 5.29.      Stat Ease results on bench scale flotation study for Mexican fluorite ore. ........... 95 



xv 
 

Table 5.30.      Stat-Ease ANOVA for the fluorite recovery model on Mexican fluorite      
flotation. ................................................................................................................ 97 

Table 5.31.      Correlation factors for the Mexican fluorite flotation for fluorite recovery. ........ 98 

Table 5.32.      Additional bench flotation tests for Mexican fluorite ore..................................... 99 

Table 6.1.        The mass distribution for the Morenci copper ore is shown for eight different    
size fractions. ...................................................................................................... 101 

Table 6.2.        Modal mineral composition of the Morenci copper ore. .................................... 104 

Table 6.3.        The elemental analysis from the MLA results by weight percent for Morenci      
copper ore............................................................................................................ 105 

Table 6.4.        Mineral associations of the prevalent copper bearing minerals in the Morenci    
ore. ...................................................................................................................... 111 

Table 6.5.        XRD measurement conditions for the Morenci copper ore. ............................... 111 

Table 6.6.        Comparative data between quantitative XRD analysis and MLA for Morenci         
copper ore............................................................................................................ 112 

Table 6.7.        The MLA and LECO methods are compared for total sulfur and carbon      
content for the Morenci ore................................................................................. 112 

Table 6.8.        The mass distribution for the Peruvian copper ore reported in weigh percent. .. 114 

Table 6.9.        Modal mineral composition of the Peruvian copper ore. .................................... 117 

Table 6.10.      The MLA bulk chemical analysis of the Peruvian copper ore. .......................... 119 

Table 6.11.      Copper mineral associations in the Peruvian copper ore. ................................... 122 

Table 6.12.      XRD measurement conditions for the Peruvian copper ore. .............................. 123 

Table 6.13.      Comparative data between quantitative XRD analysis and MLA for the size     
fraction   -400 mesh in Peruvian copper ore. ...................................................... 123 

Table 6.14.      The MLA and LECO methods are compared for total sulfur and carbon        
content. ................................................................................................................ 123 

Table 6.15.      Thermodynamic parameters of adsorption for Tupafin ATO with chalcopyrite        
and pyrite. ........................................................................................................... 130 

Table 6.16.      Historical IEP values of Chalcopyrite. ............................................................... 132 

Table 6.17.      Historical values for iso-electric points of pyrite. ............................................... 134 



xvi 
 

Table 6.18.      Stat-Ease generated mixtures matrix for depressant testing for pyrite. .............. 136 

Table 6.19.      ANOVA analysis for depressant mixture on pyrite microflotation tests. ........... 136 

Table 6.20.      Correlation factors for the pyrite microflotation experiments. ........................... 136 

Table 6.21.      Microflotation results for chalcopyrite recovery varying parameters. ............... 138 

Table 6.22.      Microflotation results for pyrite recovery varying parameters. .......................... 139 

Table 6.23.      Process parameters including low and high limits for Stat Ease Morenci           
flotation study. .................................................................................................... 142 

Table 6.24.      Full factorial design results for Morenci copper ore bench flotation study. ....... 143 

Table 6.25.      Stat-Ease Design ANOVA for the copper recovery model on Morenci      
flotation. .............................................................................................................. 145 

Table 6.26.      Correlation factors for the Morenci flotation experiments on copper recovery. 145 

Table 6.27.      Original and replicate experiments for Morenci bench flotation at 400g/ton       
Tupafin ATO addition......................................................................................... 148 

Table 6.28.      Pulp viscosity and copper recovery data for a clay rich copper ore with the      
additions of Tupasol ATO and sodium silicate as dispersants ........................... 149 

Table 6.29.      Varying potassium amyl xanthate concentration for Peruvian copper bench      
scale flotation. ..................................................................................................... 150 

Table 6.30.      Varying grind sizes for Peruvian copper bench flotation. .................................. 150 

Table 7.1.        Fluorspar pricing (US$/metric ton) for 2015 and early 2016 ............................. 156 

Table 7.2.        Averages of 2015-2016 fluorspar prices and difference between acid-grade      
fluorspar and metallurgical grade fluorspar. ....................................................... 157 

Table 7.3.        Economic benefit of using quebracho tannins to obtain acid grade fluorspar. ... 158 

Table 7.4.        Pricing of different combinations of reagents for dispersion and depression in      
copper ores. ......................................................................................................... 159 

Table 7.5.        Concentrate mass differences between two Morenci bench flotation    
experiments. ........................................................................................................ 159 

Table A.1.       Composition of Mexican fluorite ore by mineral groupings in weight percent. . 166 

Table A.2.       Composition of Morenci copper ore by mineral groupings in weight percent. .. 166 

Table A.3.       Composition of Peruvian copper ore by mineral groupings in weight percent. . 167 



xvii 
 

Table A.4.       Copper mineral distribution of Morenci ore in weight percent. ......................... 167 

Table A.5.       Copper mineral distribution of Peruvian ore in weight percent. ......................... 167 

Table B.1.       Zeta potential values for pure fluorite in water. .................................................. 168 

Table B.2.       Zeta potential data for fluorite with 100 mg/L Tupasol ATO. ............................ 169 

Table B.3.       Zeta potential values for pure calcite in water. ................................................... 170 

Table B.4.       Zeta potential data for calcite with 100 mg/L Tupasol ATO. ............................. 171 

Table B.5.       Zeta potential data for chalcopyrite in pure water. ............................................. 172 

Table B.6.       Zeta potential data for chalcopyrite with 50 mg/L Tupafin ATO. ...................... 173 

Table B.7.       Zeta potential data for pure pyrite in water. ........................................................ 174 

Table B.8.       Zeta potential data for pure pyrite in 50 mg/L Tupafin ATO. ............................ 175 

Table C.1.       BET surface areas of pure minerals at 325 mesh. ............................................... 176 

Table C.2.       Correction for total organic carbon reading of pure minerals in water. .............. 176 

Table C.3.       Adsorption density data for chalcopyrite and pyrite equilibrium time          
experiments. ........................................................................................................ 178 

Table C.4.       Adsorption density data for pyrite varying pH. .................................................. 179 

Table C.5.       Adsorption density data for chalcopyrite varying pH. ........................................ 180 

Table C.6.       Adsorption density data for chalcopyrite isotherms at 25ºC and 80 ºC. ............. 181 

Table C.7.       Adsorption density data for pyrite isotherms at 25ºC and 80 ºC......................... 182 

Table C.8.       Adsorption density data for fluorite and calcite equilibrium time experiments. . 183 

Table C.9.       Adsorption density data for calcite varying pH. ................................................. 184 

Table C.10.     Adsorption density data for fluorite varying pH. ................................................ 185 

Table C.11.     Adsorption density data for fluorite and Tupasol ATO isotherms at 25ºC and          
80 ºC. ................................................................................................................... 186 

Table C.12.     Adsorption density data for calcite and Tupasol ATO isotherms at 25ºC and           
80 ºC. ................................................................................................................... 187 

Table D.1.       Microflotation results for fluorite and calcite varying pH. ................................. 189 



xviii 
 

Table D.2.       Microflotation results for fluorite and calcite varying collector concentration. . 189 

Table D.3.       Microflotation results for fluorite and calcite varying Tupasol ATO tannin 
concentration. ...................................................................................................... 190 

Table D.4.       Microflotation results for fluorite and calcite varying conditioning time. .......... 190 

Table D.5.       Microflotation results for pyrite and chalcopyrite varying pH. .......................... 190 

Table D.6.       Microflotation results for pyrite and chalcopyrite varying collector          
concentration ....................................................................................................... 191 

Table D.7.       Microflotation results for pyrite and chalcopyrite varying depressant       
concentration. ...................................................................................................... 191 

Table E.1.       Fluorite balance for test 1. ................................................................................... 192 

Table E.2.       Fluorite balance for test 2. ................................................................................... 192 

Table E.3.       Fluorite balance for test 3. ................................................................................... 192 

Table E.4.       Fluorite balance for test 4. ................................................................................... 192 

Table E.5.       Fluorite balance for test 5. ................................................................................... 193 

Table E.6.       Fluorite balance for test 6. ................................................................................... 193 

Table E.7.       Fluorite balance for test 7. ................................................................................... 193 

Table E.8.       Fluorite balance for test 8. ................................................................................... 193 

Table E.9.       Fluorite balance for test 9. ................................................................................... 194 

Table E.10.     Fluorite balance for test 10. ................................................................................. 194 

Table E.11.     Fluorite balance for test 11. ................................................................................. 194 

Table E.12.     Fluorite balance for test 12. ................................................................................. 194 

Table E.13.     Fluorite balance for test 13. ................................................................................. 195 

Table E.14.     Copper balance for Morenci test 1.1. .................................................................. 195 

Table E.15.     Copper balance for Morenci test 1.2. .................................................................. 195 

Table E.16.     Copper balance for Morenci test 1.3. .................................................................. 195 

Table E.17.     Copper balance for Morenci test 1.4. .................................................................. 196 



xix 
 

Table E.18.     Copper balance for Morenci test 1.5. .................................................................. 196 

Table E.19.     Copper balance for Morenci test 1.6. .................................................................. 196 

Table E.20.     Copper balance for Morenci test 1.7. .................................................................. 196 

Table E.21.     Copper balance for Morenci test 1.8. .................................................................. 197 

Table E.22.     Copper balance for Morenci test 1.9. .................................................................. 197 

Table E.23.     Copper balance for Morenci test 1.10. ................................................................ 197 

Table E.24.     Copper balance for Morenci test 1.11. ................................................................ 197 

Table E.25.     Copper balance for Morenci test 2.1. .................................................................. 198 

Table E.26.     Copper balance for Morenci test 2.2. .................................................................. 198 

Table E.27.     Copper balance for Morenci test 2.3. .................................................................. 198 

Table E.28.     Copper balance for Morenci test 2.4. .................................................................. 198 

Table E.29.     Copper balance for Morenci test 3.1. .................................................................. 199 

Table E.30.     Copper balance for Morenci test 3.2. .................................................................. 199 

Table E.31.     Copper balance for Peru test 0.1. ........................................................................ 199 

Table E.32.     Copper balance for Peru test 0.2. ........................................................................ 199 

Table E.33.     Copper balance for Peru test 0.3. ........................................................................ 200 

Table E.34.     Copper balance for Peru test 0.4. ........................................................................ 200 

Table E.35.     Copper balance for Peru test 0.5. ........................................................................ 200 

Table E.36.     Copper balance for Peru test 0.6. ........................................................................ 200 

Table E.37.     Copper balance for Peru test 0.7. ........................................................................ 201 

Table E.38.     Copper balance for Peru test 1.1. ........................................................................ 201 

Table E.39.     Copper balance for Peru test 1.3. ........................................................................ 201 

Table E.40.     Copper balance for Peru test 1.4. ........................................................................ 201 

Table E.41.     Copper balance for Peru test 1.6. ........................................................................ 202 

Table E.42.     Copper balance for Peru test 1.7. ........................................................................ 202 



xx 
 

Table G.1.       Assay results for different analysis methods on the Peruvian copper head ore. . 205 

Table G.2.       Assay results for different analysis methods on the Morenci head ore. ............. 205 

Table H.1.       Fluorite bench flotation results assayed comparing ISE and LIBS methods. ..... 206 

Table H.2.       Fluorite head assays comparing different methods. ............................................ 207 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxi 
 

ACKNOWLEDGEMENTS 

 
I would first like to thank the Colorado School of Mines and the Kroll Institute for 

Extractive Metallurgy for this opportunity. Many thanks go out to Silvateam for their support, 

financial and otherwise, of this project. Sincere gratitude goes out to my advisor, Dr. Corby 

Anderson, who has been a constant source of support and guidance throughout my graduate and 

undergraduate endeavors. This project and the resulting research would not have been a success 

without his direction. I am also thankful for Dr. Taylor and Professor Spiller, who both served on 

my thesis committee, and have been extremely generous with both their time and knowledge. I am 

also incredibly appreciative to have had the support from my colleagues in Kroll. In particular, I 

would like to acknowledge Allie Anderson, Tom Boundy, Brett Carlson, Hao Cui, Josue Mushidi, 

Evody Karumb, Hunter Sceats, and Doug Schriner for sharing all of their knowledge and providing 

input and guidance when I needed it most. The encouragement from my friends including those 

from my childhood, undergraduate studies, and European studies has been much needed, and I am 

thankful to have such a great support system. Finally, my deepest thanks goes out to my parents 

who have encouraged me to push the limitations I set for myself, and have always believed that I 

could accomplish whatever I set out to do.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxii 
 

DEDICATION 

 
For Emma Jean Hunt. You were my seemingly invincible great grandmother, the strongest 

woman in my life, and my best friend. Forever missed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

CHAPTER 1 INTRODUCTION 

 

 The purpose of this research was to investigate the use of tannins as a depressant in the 

froth flotation of fluorite and polymetallic sulfide ores. Fundamental surface chemistry 

experimental work helped to provide an understanding for the behavior of tannins, and how they 

are to be applied to industrial scale applications.  

1.1.1 Background  

The increasing emphasis on environmental regulations in mining operations requires that 

the lasting impact of the process be minimal to none. For the beneficiation of mined ores, flotation 

is often a vital step and the environmental impact is often attributed entirely to the reagent scheme 

selected.  Thus, there is a strong interest in using less harmful, less impactful chemicals. 

1.2  Motivation 

With an emphasis on green chemicals in the mining sector, tannins are a viable alternative 

to traditionally used reagents. Tannins are organic, non-toxic compounds derived from trees that 

have been used in many industrial applications. Tannins, specifically quebracho, was used as a 

depressant for the gangue minerals in this study.  

1.3  Approach 

 Tannins have been used in flotation for quite some time although the understanding of their 

role in the beneficiation process has been limited. The approach to this study was to perform 

surface chemistry measurements including zeta potential, adsorption density, and microflotation 

experiments to gather and understanding for the behavior of tannins at the fundamental level. With 

the gained knowledge from the surface chemistry studies, bench floatation was performed on both 

fluorite and copper ores to evaluate the feasibility and benefit of using tannins in the flotation 

process.   
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CHAPTER 2 TANNINS IN MINERAL PROCESSING AND EXTRACTIVE METALLURGY 

 

A paper published in Metals 

Jordan Rutledge and Corby G. Anderson 

 

2.1  Introduction 

Tannins are organic, wood derived compounds that have many industrial applications 

including leather production, chemical and petroleum processes, and froth flotation. The most 

commonly used form of tannins comes from two types of trees that grow in southeastern South 

America. Figure 2.1 displays one of the species of quebracho trees native to Argentina. 

 

 

Figure 2.1 A cut from the Quebracho Colorado tree displays the deep red-brown heartwood [1]. 

 

This valuable material, quebracho, is extracted from the inner core of the tree, or the 

heartwood. The heartwood is chipped, heated to around 230 °F under pressure and evaporated 

under a vacuum. This produces Tupafin ATO, the most basic form of quebracho, which is soluble 

in warm water. If treated with the addition of sodium bisulfate the compound becomes Tupasol 

ATO, quebracho that is soluble at all ranges of pH and temperatures. Silvafloc is a quebracho with 

added amine groups [2]. There are two chemically distinct tannin groups: hydrolysable and 

condensed. Quebracho is a member of the condensed tannin group and will not break down to 
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form other compounds when in acids, alkali or when enzymes are introduced [3]. Chemically, 

quebracho is made up of carbon, oxygen, and hydrogen atoms. Figure 2.2 displays the quebracho 

chemical structure. The quebracho compounds are made up of phenol and carboxylic groups. 

When ionized, these groups provide the adsorption onto cationic surfaces and with the addition of 

hydrogen bonding, the mineral surfaces become hydrophilic [2].  

 

 

Figure 2.2 Quebracho chemical structure and molecular weight range. [4] 

 

Quebracho adsorption occurs in a variety of ways including hydrogen bonding, complex formation 

between OH groups and cations, charge neutralization with OH- meets a positively charged 

surface, and from electrostatic attraction between negatively charged quebracho micelles and 

positively charged mineral surfaces [3]. 

2.2  Flotation 

 Tannins, specifically quebracho, has been used for decades in flotation processes as a 

depressant. Most notably, is the use of quebracho to depress calcite from fluorite ores. This section 

details the use of tannins in the beneficiation of ores by flotation.  

2.2.1  Jamesonite   

The use of tannins for the polymetallic ore containing tin, antimony lead, and zinc was 

studied at the Changpo flotation plant in China. The optimum flotation conditions for jamesonite 

(Pb4FeSb6S14) were at a pH below 8.5 with addition of lime. In these conditions, it is problematic 

to depress sulfides including marmatitie, arsenopyrite, pyrite, and pyrrhotite. Five different types 

of tannins were used to determine the depressing affect—larch, bayberry, valonia, acacia 

mangium, and emblic. There are two main groups of tannins, hydrolysable and condensed; acacia 
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mangium, larch, and emblic are all condensed tannins while bayberry and valonia are hydrolysable 

tannins. Condensed tannins make up the majority of tannins used in mineral processing and 

metallurgical applications.   

Lab scale bulk flotation tests were carried out to recover the antimony, lead, and zinc into 

a single concentrate. The concentrate was reground and floated with lime, sodium cyanide, zinc 

sulfate, and tannins. All tannin varieties produced positive results on jamesonite flotation except 

bayberry. Larch and emblic are condensed tannins with flavonoids and were the most effective as 

opposed to the hydrolysable tannins that contained carboxyl and hydroxyl groups like the bayberry 

tannin. In addition to this factor, tannins with more total color correlated to more quinines and thus 

better selectivity. The presence of larch tannins in the lab flotation circuit improved the grade 

significantly from 18.5% to 23.5%, while the recovery remained constant at 86%. 

X-ray diffraction was used to compare the patterns between concentrates with and without 

the larch tannin with a constant 250 g/t sodium cyanide; these are shown in Figure 2.3. The 

intensity of the peaks was compared to determine the depressing effect of tannin on each mineral. 

Calcite and quartz were the most strongly depressed, followed by pyrite, marcasite, sphalerite, 

pyrrhotite and arsenopyrite. However, the jamesonite peak intensity was greatly increased with the 

addition of tannins; thus, tannins have no depressing effect on jamesonite.  

 

Figure 2.3. X-Ray diffraction peaks show the quebracho effect on the concentrates [5].  
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In addition to lab scale work, an industrial test was also completed at the Changpo plant. 

The circuit had a capacity of 2000 t/day ore feed and contained a rougher cell, eight cleaner cells, 

and four scavenger cells. The larch tannins were added to the second, fourth, and sixth cleaner 

cells. The results were positive for the two-month trial with an increase in antimony grade from 

13.1% to 17.6% and increase in lead grade from 14.8% to 19.9% while the recoveries of both 

remained constant.  

The results of this study indicate that the use of tannins, particularly larch tannin, which is 

condensed and has a higher content of tannin species, helps to depress minerals to aid the flotation 

of Jamesonite [5].  

2.2.2 Strontium  

Historically, the main application for strontium was in the production of cathode ray tubes 

for color televisions; however, these televisions are becoming obsolete and other applications such 

as ferric magnets, zinc reduction, specialty alloys and fireworks now make up the majority of the 

market. The most common sources of strontium are celestite (SrSO4) and strontianite (SrCO3). 

There are several common methods for the recovery of strontium. The first involves the 

black ash method whereby finely ground celestite is combined with coal and heated to 1100˚C to 

reduce the strontium sulfate into a soluble strontium sulfide. Strontium carbonate is precipitated 

out as a final product by passing soda ash through the sulfide solution. The soda ash method 

involves treating ground celestite with soda ash and steam for several hours. Strontium carbonate 

is formed and sodium sulfate goes into solution [6].  

The main setback in the production of a strontium concentrate is the separation of the 

calcareous gangue, primarily calcite, from the celestite mineral as both minerals are similar in 

physical and chemical properties. Flotation has proven to be a viable method with the addition of 

quebracho as a means to depress calcite.  

In the celestite flotation studies done by F. Hernainz Bermudez de Castro and M. Calero 

de Hoces, quebracho was used as a key reagent in addition to sodium silicate and sodium oleate. 

Sodium silicate, an inorganic modifier, was compared with the organic quebracho reagent to 

depress the calcite. Both of these depressants act by decreasing the adsorption of the collector, 

sodium oleate, on the calcite surface. In addition to these reagents, pine oil was used as a frother, 

with hydrochloric acid and sodium hydroxide used as pH modifiers. The study indicated that 

quebracho did have a depressing effect on the calcite; however, it also depressed the celestite and 
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resulting in poor selectivity. For a given concentration of collector, this affect was largely 

independent of pH. However, concentration of collector changed the outcome drastically. With an 

increase in concentration of sodium oleate, the depression action of quebracho was significantly 

lowered. Thus, the interaction of both the collector and the depressor is an important factor to 

watch. A competition between the two reagents occurs for the adsorption on the calcite surface 

[7]. While the quebracho was not a selective reagent under these conditions, further work should 

be done possibly with combining depressors to understand the limitations of quebracho. 

2.2.3  Rare Earth Oxides 

A study on the Mt. Weld deposit in Western Australia looked into the recovery of rare earth 

oxides from limonitic siltstone ore rich in both iron and calcium. Two different upgrading methods 

were tested; one included gravity concentration prior to flotation and the second option consisted 

of four stages flotation with finer grinding. The second method focused on multiple flotation stages 

following fine grinding with a P80 of 110 μm where sodium silicate was used for desliming along 

with sodium sulfide, starch and fatty acid used in the rougher and scavenger cells. Quebracho was 

utilized in the cleaners to depress any iron and calcium minerals remaining in the rougher 

concentrate. While the results displayed the upgrading was substantial with a grade of 49.5 % REO 

with above 35% REO recovery, a large portion of hematite and calcium oxide remained in the 

final concentrate. The study concluded that a combination of gravity concentration and cleaning 

flotation stages in addition to optimizing grinding conditions and modifying the depressant usage 

in the cleaners would be needed [8].  

2.2.4  Scheelite 

The separation of scheelite (CaWO4) from calcite (CaCO3) proves to be quite difficult 

given the physical and chemical similarities that both minerals share. This includes hardness, 

solubility, and specific gravity [9]. Thus, flotation was researched as a means for the selective 

recovery of scheelite. An investigation was conducted by the U.S. Bureau of Mines to determine 

a procedure to efficiently float calcareous scheelite ores. The ores had varying assays of scheelite 

ranging from 0.16 to 0.54 weight percent and from 24.3 to 32.0 weight percent calcite. All of the 

experiments consisted of three separate flotation phases. A traditional reagent scheme of fatty acid 

collectors, sodium silicate as a depressant and sodium carbonate for pH control was used in the 

addition to quebracho. First, the sulfide minerals in the ore were floated off prior to scheelite 
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flotation. The use of modified dixanthogen and cresylic acid had the highest recoveries of sulfides 

while pulling almost no scheelite. The pulp was then conditioned with sodium carbonate, 

quebracho, and trisodium phosphate to depress the gangue minerals and finally a rougher and one 

cleaner stage produced the final scheelite concentrate. Alternatives for quebracho such as lignin 

sulfonate salts, sodium cyanide, and other tannin extracts were tested yet quebracho remained the 

most effective for calcite depression. The Table 2.1 shows the optimal reagent additions from the 

batch tests. 

Table 2.1. Depressant Dosing Amounts [10]  

Reagent 
Amount (pounds per ton) 

Linoleic-oleic acid 1.2 

Sodium silicate 3 

Sodium carbonate 4 

Quebracho  1-2* 

 *The amount of quebracho needed was directly related to the amount of calcite in the ore.  

 

The preliminary scheelite work studied many factors of flotation including water purity, 

pulp density, temperature, and reagents. A more detailed study was completed on the factors that 

were considered ‘critical in achieving optimal results.’ These factors were found to be the role of 

quebracho as a depressant and the control of iron. The role of quebracho in the flotation of scheelite 

was critical. While the recovery is only slightly affected by the amount of quebracho in the system, 

the grade is significantly improved with the addition of quebracho. Quebracho has a marked 

positive effect on the selectivity of the collector and allows the scheelite to be preferentially 

recovered over the calcite during flotation. It was shown that a deficiency in quebracho resulted in 

a much lower grade concentrate. The use of excess quebracho had little effect.  

It was shown that the order in which the reagents were added for conditioning and the 

conditioning time were important variables. While the reagents can be added simultaneously, the 

quebracho should be added before the collector to allow the scheelite surfaces to become 

preferential to the calcite surfaces. Quebracho addition order primarily influences the grade of the 

concentrate. This was also the case with the conditioning time, as seen in Table 2.2. A marked 

difference in grade and an insignificant difference in recovery were seen by changing conditioning 
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time. The optimum time for conditioning was 3 to 5 minutes for the quebracho followed by a 5 to 

10 minute conditioning with the collector.  The reason for declining grade with increasing time 

was explained that as time went on the quebracho film was removed from the calcite surfaces [10].  

The work done by the Imperial College suggests some further interpretations of the 1964 

Bureau of Mines study titled “Flotation of Calcareous Scheelite Ores.” The primary advantage of 

using the sodium carbonate in addition to controlling the pH is to limit the amount of soluble 

calcium and magnesium ions within the system. When these excess ions exist within the system, 

the quebracho is more likely to bind to the scheelite surfaces and displace the fatty acid collector 

[3]. 

Table 2.2. Conditioning Time Data [10] 

Quebracho Conditioning 

Time [minutes] 

Collector Conditioning 

Time [minutes] 
% WO3 in Concentrate 

3 3 6.6 

3 5 8.9 

3 10 7.7 

3 20 2.2 

5 3 6.1 

10 3 2.1 

20 3 1.2 

 

In another study done at the Istanbul Technical University, multiple modifiers were used 

in addition to the oleoyl sarcosine collector including quebracho, oxine, and alkyl oxine. Zeta 

potential measurements were taken over a range of modifier concentrations to display 

electrokinetic data. For quebracho alone, in concentrations from 10 ppm to 150 ppm, the zeta 

potential for scheelite was more negative than that of calcite, which indicates the scheelite may be 

depressed as it has a larger magnitude zeta potential and thus may be adsorbing more depressant 

than calcite. In higher concentrations above 150 ppm, the zeta potentials were comparable, and 

consequently no selectivity would occur. However, when conditioning with alkyl oxine was done 

prior to adding quebracho, the zeta potential of calcite surfaces was greater than that of the 

scheelite surfaces—providing selective depression. Competitive adsorption occurs on the scheelite 
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surfaces between alkyl oxine and quebracho; alkyl oxine is chemically adsorbed onto the surface 

and decreased the negative charge on the surface. The zeta potentials of scheelite and calcite were 

significantly different enough to feasibly separate via flotation. Both the recovery and grade with 

the oxines were higher than without [9].  

2.2.5  Fluorite  

Although fluorite (CaF2) is often regarded as a gangue mineral for metals production, high-

grade fluorite has value in a variety of markets. The most notable use for fluorite ore is in the 

production of hydrofluoric acid used for the majority of fluorine compounds. It is also used in 

uranium production, aluminum production and as a flux. Figure 2.4 displays the relative amounts 

of fluorspar used in different applications over time. 

 

 

Figure 2.4. USGS data showing the uses of fluorspar over the last few decades is illustrated [11].  
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The traditional means to recover fluorspar involved utilizing ores that did not contain 

significant amounts of calcium carbonate. Means to separate fluorite from silica were well 

established; however, up until the 1940s, calcareous deposits were untreatable. Cullen and Lavers 

revealed a new method for fluorite flotation in 1936. Anderson, Stengl, and Trewartha set out to 

produce a high quality fluorite concentrate (no less than 97% CaF2) from calcareous type deposits. 

The process involved grinding the material to around 150 microns, floating at a pH of 8 with fatty 

acid collectors and quebracho to depress the calcite and other gangue [12]. Currently, quebracho 

and tannin extracts are the depressant of choice for generating high purity acid-grade fluorite 

concentrates. 

The positive advantage of adding quebracho into the flotation circuit was seen in the study 

done by Clemmer and Anderson. The head assay of zinc and lead flotation tailings was 0.13% Pb, 

0.45% Zn, 26.92% CaF2, and 42.98% CaCO3. The material was ground to below 100 mesh and 

treated with oleic acid and quebracho in a cell. The final concentrate assayed at 99% CaF2, 0.03% 

Pb, and 0.05% Zn [13]. With an enrichment ratio of 3.68, it is a very formidable process and proves 

to be viable for the production of fluorite in multiple applications.  

The basic principle behind the success of quebracho in the fluorspar flotation circuit lies in 

the fact that it depresses the calcite, silicates, and metal sulfides much stronger than the fluorite. 

With respect to calcite, it is particularly challenging to separate from fluorite because both minerals 

have Ca++ cations in the lattice. When quebracho is adsorbed, the surface becomes hydrophilic. 

Many attempts to describe and characterize the selective nature of quebracho have been 

undertaken. One of the primary insights involved the depression variance between tannin 

derivatives. It is clear through many studies that the condensed tannins, like that of quebracho, are 

far more selective than the hydrolysable tannins like that of tannic acid. The hydrolysable tannins 

have a greater depression affect to a disadvantage compared to the condensed tannins; the 

depression on the hydrolysable tannins is too strong and thus provides a less selective depression 

[3].  

The method of bonding also affects the behavior of tannins within a system. Plaskin and 

Shrader had several insights on how tannins interacted with the surfaces of minerals being floated 

with oleic acid. They determined the tannins to be semi-colloidal with hydrogen bonding being 

present. Tannins carry a negative surface charge due to the phenolic-OH groups present. Tannins 

thus react with the surfaces of minerals via chemisorption. This reaction is not exclusive to the 
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mineral surface itself but also interacts with the collector being used. The electrokinetic potential 

of the mineral is slightly negative with the addition of small amounts of tannin. This negative 

surface charge repels anionic collectors causing depression, but attracts cationic collectors [3].  

The use of quebracho in a circuit relies heavily on the other reagents in the flotation scheme 

and their concentrations. In general, fatty acid collectors are used exclusively in fluorspar flotation 

with quebracho. Common collectors include oleic acid, sulphated soap, spermol (a mixture of long 

chain alcohols), and oleate. The general range for collector addition is around 200-500 grams per 

ton while the tannins are similar at around 100-500 grams per ton. The Imperial College study 

determined that both the quebracho and the collector compete for adsorption on the surfaces of 

calcite and fluorite. Adsorption was observed for all scenarios of calcite and fluorite in the presence 

of quebracho and oleate. When only oleate was present in the system, fluorite adsorbed almost 

double the amount than the calcite. Adding only quebracho, the adsorption levels onto the calcite 

and the fluorite were very similar. Thus, it was shown that both the oleate and the quebracho played 

a significant role in the depression of calcite. With calcite holding less oleate than fluorite, and 

quebracho adsorbing similarly onto both minerals, the fluorite floats and the calcite is depressed. 

In this manner, the order of conditioning is important. It was found that when the quebracho was 

added before the oleate, a greater depression of calcite took place and when the oleate was added 

prior to the quebracho, an increase in calcite flotation was observed [3].  

The effect of pH on the flotation of fluorite with quebracho has been studied quite 

thoroughly. In practical applications, the optimal pH ranges from 8 to 9.5. This accounts for 

multiple factors of adsorption of the quebracho and the oleate, the acid consumption, practical 

recovery and grade balances. The Imperial College study indicated that quebracho remains a 

depressant up until a pH of around 10. The optimal adsorption pH for quebracho on fluorite surface 

is around 7, while the dissolution of calcite requires the pH be at or above 8 [3]. The work done 

by Clarence Thom suggests that pre-conditioning the ore at a pH less alkaline than that of optimal 

flotation levels improves the separation. Thom had optimum recovery when the quebracho 

conditioning was carried out at a lower pH (ideally below 8) before soda ash and oleic acid were 

added [14]. While the pH of the cell has been studied extensively, temperature could be a new 

parameter of interest.  

Another aspect that has been studied concerning fluorite flotation is the effect of soluble 

ions within the system—specifically calcium ions. As both fluorite and calcite are marginally 



12 
 

soluble, it can be concluded that a small amount of calcium ions will be present in the aqueous 

solution. The Imperial College work acknowledged that adding different concentrations of calcium 

ions into the solution, by means of calcium chloride, affected the flotation. At concentrations 

greater than 10-4 M calcium ions, the fluorite was severely depressed, keeping all other factors 

constant. However, when the concentration of calcium is slightly lower, on the order of 10-5 M, 

the calcite is heavily depressed, while the fluorite floats. In industry, it is common practice to use 

softened water to avoid the negative affect of dissolved calcium ions on the flotation of fluorite 

[3].  

In the patent from Allen and Allen, the generation of acid grade fluorspar, 97% CaF2 or 

greater, was investigated. The main research done involved the addition of ferrous sulfate salts and 

the effect of quebracho in the circuit. It was shown that a crude fluorspar ore assaying at 87.23% 

CaF2, 4.68% SiO2, and 4.66% CaCO3 was significantly upgraded to 97.48% CaF2 with a recovery 

of 91 percent. In this example, the material was crushed and fed to a wet ball mill unit running at 

70 percent solids where 0.275 pounds of ferrous sulfate was added. The material was reduced to 

89% passing 200 mesh, then flocculated, thickened and transferred to a conditioning tank. 

Reagents of 2.2 pounds per ton of stearic fatty acid, 3.3 pounds per ton Acintol FA2 tall oil fatty 

acid, and 0.97 pounds of sodium carbonate were added to one conditioning cell at 207ºF for 20 

minutes. Quebracho was added at the conditioner tank discharge at 0.18 pounds per ton of crude 

ore in addition to 3.67 pounds per ton of sodium silicate. This was fed to the first flotation cells, 

which produced a heavily mineralized fluorspar froth while maintaining the pH between 8 and 9. 

Quebracho was further used in the subsequent two cleaning stages at 0.37 pounds per ton. From 

this study, it was concluded that the addition of soluble ferrous sulfate salts (on the order of 0.2 to 

0.8 pounds per ton) in combination with quebracho aided in depressing gangue minerals present 

including silica and calcium carbonate, whilst improving the flotation of fluorite.  

Allen and Allen also delved into the effect of different types of fatty acids. Fatty acids are 

the most common type of collectors for fluorite flotation. This study suggested that the use of 

saturated fatty acids was critical in the reagent scheme. They argued that using high concentrations 

of the traditional unsaturated fatty acid collectors, like oleic acid and tall oil acids, was not the best 

practice. Instead, it was recommended having a collector composition between 30 and 60 percent 

saturated fatty acids. The saturated fatty acids preferred were to have between 12 and 18 carbon 
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atoms like those of stearic acid, lauric acid, and palmitic acid. Increased recoveries of fluorite were 

seen with the use of saturated fatty acids.  

Allen and Allen also discovered that the use of guar within the system in addition to the 

reagents discussed above helped to further improve the flotation of fluorite. It was shown that 

when guar was added to the pulp the gangue minerals including barium sulfate, pyrite, and clay 

slimes were significantly depressed. It was suggested that the guar be introduced into the circuit 

in the mill or the conditioner when the ferrous sulfate and depressants are added [15].  

While fluorite flotation is conventionally carried out in a standard bank of cells with 

multiple stages comprised of roughers, scavengers and cleaners, column flotation also proves to 

be a successful method. The Fish Creek fluorite processing plant in Eureka County Nevada proved 

column flotation to be superior due to increased recovery [16]. The work done by the Gujarat 

Mineral Development Corporation in Kadipani, India proved column flotation to be more 

advantageous than that of the traditional route. The original processing circuit consisted of a 

rougher, scavenger and six stages of cleaning while the modified column flotation eliminated four 

of these stages. The differences between column and conventional flotation can be seen in Table 

2.3. The findings of this study showed that the use of tannins in a column flotation scheme as 

opposed to a traditional flotation circuit improved the overall separation of fluorite from the 

gangue consisting of CaCO3, SiO2, and P2O5  [17].  

Specific column flotation parameters were researched in fluorite flotation on an ore from 

the Nossa Senhora do Carmo Mining Company in Brazil. The work focused on using a short 

column, described as the collection zone being 8 meters tall, with a negative bias regime. Negative 

bias is obtained by having a smaller tailing output flow than the feed input flow. The cell was kept 

at 30% solids with a pH of 10 and sodium silicate, cornstarch, quebracho, and tall oil were added 

in sequence during the conditioning stage. The study concluded that increased recoveries were 

observed in this environment due to the negative bias allowing loaded air bubbles to readily rise 

to create froth. While this scheme created a good environment for the recovery of fluorite, it should 

be used as a rougher as the grade of the concentrate is fairly low [18].  

A very common issue regarding flotation as a means of separation involves slime coatings. 

The heterocoagulation of a fluorite and gangue minerals was observed for a feed fluorite ore of the 

Minera de las Cuevas concentration plant in Mexico. The work focused on the flotation circuit 

with oleic acid as a collector and quebracho as a depressant with the addition of CMC and sodium 
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silicate as dispersants. SEM (scanning electron microscopy) was used to observe the slime coatings 

of the gangue minerals, calcium carbonate and quartz, on the fluorite surface. It was found that 

strong heterocoagulation occurred around pH 9, which is close to general operating parameters for 

pH in a fluorite flotation circuit. The study suggested that this phenomenon may be due to strong 

electrical double layer attraction yet weak double layer repulsion between the gangue particles and 

the fluorite particles at these conditions. The addition of the dispersants CMC and water glass 

improved the flotation circuit by reducing the slime coatings; an increased recovery of fluorite 

from 72% to 78.5% was seen with the grade remaining continuous at 98% [19].  

 
Table 2.3. Kadipani Flotation Data [17] 

  Feed Assay %   

  Sample CaF2 CaCO3 SiO2 P2O5   
  1 65.84 5.62 16.68 3.14   
  2 74.51 5.10 10.82 2.16   
  3 78.8 4.36 10.60 1.88   
  4 84.69 4.67 4.57 1.78   
  5 89.42 4.23 2.56 0.89   
  6 90.58 2.43 3.00 1.20   
         

Concentrate Assay, % Conventional 

Flotation 

Concentrate Assay, % Column 

Flotation 

Sample CaF2 CaCO3 SiO2 P2O5 CaF2 CaCO3 SiO2 P2O5 

1 76.80 5.62 6.73 2.40 82.80 5.12 3.70 3.20 
2 80.86 6.60 6.16 2.13 88.82 4.86 1.47 1.41 
3 80.01 2.40 9.80 2.01 92.56 1.65 1.53 1.35 
4 88.77 4.64 4.57 1.78 91.80 3.40 1.06 1.07 
5 91.75 3.31 1.64 0.72 95.21 1.59 0.60 0.18 
6 92.10 3.61 1.95 0.68 94.35 2.12 1.07 0.58 
         

 

The stability of the feed into a flotation circuit is a critical parameter to control, particularly 

as it affects the grades and recoveries of the valuable mineral in question. The work done by 

Schubert, Baldauf, Kramer, and Schoenherr on the development of fluorite flotation examined the 

effects of changing feed in high calcareous ores with the addition of quebracho, sodium 

hexametaphosphate, and oleoyl sarcosine. Oleoyl sarcosine with around 20% oleic acid was 

favored over the traditional collector containing 60-70% oleic acid. The calcium carbonate content 

in the ores tested ranged from 7 percent to 45 percent while the fluorite ranged from 29 to 52 
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percent. As noted previously, the most important parameter to control was the concentrations of 

the reagents; specifically the amount of quebracho added. This study illustrated that quebracho 

had two major effects: when at low concentrations, depression is the primary rule and at higher 

concentrations, the flotation of fluorite becomes activated. It was also explained that quebracho 

acts as a dispersant in the system particularly at high concentrations. The most favorable recoveries 

occurred in the pH range from 8-9 and in highly flocculated systems with a particle size from 0.04 

to 0.16 mm [20].  

2.2.6.  Sulfides: Copper-Lead-Zinc-Nickel Ores 

To effectively separate polymetallic sulfide ores, depressants including lime, sulfites and 

cyanide in conjunction with xanthate collectors are traditionally used.  Quebracho proves to be a 

promising alternative to these depressants and is favored for operating conditions, as the tannins 

are completely non-toxic and work at moderate pH levels [3]. The order of depression by 

quebracho is shown below for sulfides: 

 

pyrite     >     pyrrhotite     >     sphalerite     >     copper sulfides [2]  

 

Imperial College provided a comprehensive study on the effects of quebracho as a 

depressant for sulfides. The depressant action of quebracho was found to be a function of the –OH 

group content [3]. Before this study, the quebracho form most commonly used for sulfides was 

Tupasol ATO (the modified quebracho tannin made to be soluble in cold water); however, Tupafin 

ATO (the original un-modified quebracho tannin) proved to be the most effective quebracho 

depressant form.  

The primary aim in nearly all sulfide separation includes removing the pyrite content from 

the rest of the valuable sulfides. An important distinction of the form of pyrite was taken into 

account. As pyrite experiences high surface oxidation, both non-oxidized and oxidized pyrites 

were tested. In the presence of xanthate, the non-oxidized pyrite was sufficiently depressed by all 

three forms of quebracho. In the case of the oxidized pyrite, it is clear that quebracho is less 

effective for depression. Figures 2.5 and 2.6 display the differences in depression that quebracho 

has on non-oxidized and oxidized pyrite. Most notably the range of pH that the pyrite is depressed 

is much smaller in the case of the oxidized pyrite where large fluctuations occur between pH 

around 6 to 9. In the case of the non-oxidized pyrite, a pH from around 4 to 9.5 was sufficient for 
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the depression of pyrite. These figures also illustrate how the three forms of quebracho behave 

differently. Silvafloc (quebracho A) has the best depressing effect when the pyrite is non-oxidized, 

but Tupafin ATO (quebracho O) provides the best results when dealing with the oxidized pyrite. 

Since it is feasible that there will be a mix of both oxidized and non-oxidized pyrite in a sulfide 

flotation cell, the preferred quebracho type is Tupafin ATO. The reasoning behind the differences 

in depression effect between oxidized and non-oxidized pyrite was explained through testing with 

ferric salts. It was shown that when increasing amounts of Fe3+ ions were added to the solution 

quebracho no longer depressed pyrite.  

Quebracho is known to complex with trivalent iron especially above pH 6; thus, it was 

determined that as the levels of ferric iron in the pulp rose, as was the case with oxidized pyrite, 

the depressing effect of quebracho decreased. It should be noted that ferrous iron does not form a 

complex with quebracho however it readily oxidizes to ferric iron [3]. A pH 6 was shown to 

provide the best conditions for depressing pyrite.  

It is interesting to note that quebracho does not always behave the same way in terms of 

adsorption. With separation of calcite from fluorite, quebracho and the collector oleate are 

competitive adsorbates. Both fluorite and calcite adsorb the quebracho and oleate by the same 

mechanisms via pulp and lattice calcium ions. However, in the case of sulfide systems, it was 

shown that this was not the case.  Quebracho and xanthate do not act as competitive adsorbates 

within the system; xanthate is adsorbed onto the mineral surfaces at very similar values with and 

without the addition of quebracho. This indicates that the depressing effect of quebracho is 

completed by rendering the surface hydrophilic [3].  

Laboratory and pilot plant testing was done on the Cayeli-Riz massive sulfide deposit in 

Turkey to compare two different depressant systems. The deposit has two ores; the yellow ore is 

mostly copper with fine-grained pyrite while the black ore contains both copper and zinc that is 

finely disseminated. Both ores are very high in pyrite and thus required a specific depressant 

system that would depress the gangue sulfides without depressing the valuable sulfides. The 

copper rougher flotation was performed at a pH of 10.5-11.5, the copper cleaning at a lower pH 

4.5-5.5, and the zinc flotation was at a high pH above 11.5. The first depressant system used a 1:1 

mixture of cyanide and thiourea at 120 g/t in the copper rougher to depress zinc and lime was used 

to depress the pyrite at 8,000 g/t with controlled addition of SO2. The second system used the same 

additions of lime and SO2 in addition to 2H-BC, which is a mixture of quebracho and dextrin-
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maleic acid. The new addition of 2H-BC was successful at depressing the ultrafine pyrite and 

increased both the grade and recovery of the copper and zinc concentrates by several percentage 

points [21].  

 

Figure 2.5. Depression of non-oxidized pyrite with addition of xanthate and quebracho [3].  

 

A recent study taken out by the National University of San Juan in Argentina set out to 

prove that tannins and quebracho are a cleaner alternative to the conventional flotation reagents 

used in copper sulfide flotation. The work specifically set out to show that the Cu/Fe ratio could 

be improved by depressing pyrite with the organic depressant. Hallimond tube flotation tests were 

taken out on both pure pyrite and pure chalcopyrite minerals. The pyrite was floated at a pH 8 and 

showed good depression (around 40% pyrite depressed) with increasing tannin concentration up 

to around 0.25 g/L where it leveled off. The effect of pH on the recovery of pyrite was shown to 

favor in the alkaline and acidic range where only 5-10% pyrite was recovered with a mixture of 
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tannins and lime. It was also illustrated that the presence of Ca2+ ions (in the form of lime) 

improved the depression effect of the tannins on the pyrite system. Similar tests were carried out 

in the Hallimond tube for pure chalcopyrite. The recovery of pyrite and chalcopyrite with and 

without the addition of tannin is shown in Figure 2.7 [22].  

Figure 2.6. Depression of oxidized pyrite with addition of xanthate and quebracho [3]. 

  

Figure 2.7 clearly illustrates that the use of tannins have a marked depression effect on 

pyrite while having little influence on chalcopyrite recovery. Flotation work was carried out in a 

Denver cell where the pH was set constant at 10 with the addition of lime and a varying amount 

of tannins between 0 and 600 g/t. With increasing tannin addition, the pyrite was drastically 

reduced in the concentrate with the best results at 600 g/t. These tests concluded that the addition 

of tannins in the system significantly increased the grade of the copper while only sacrificing 1 

percent of recovery of copper due to the depression of pyrite [22].  
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Figure 2.7. The effect of tannins on pure chalcopyrite and pyrite Hallimond tube flotation [22].  

 

A United States patent titled “Separation of Polymetallic Sulphides by Froth Flotation” by 

Srdjan Bulatovic and Robert S. Salter investigates the use of quebracho as a depressant in complex 

sulfide ores. Bulatovic and Salter’s work focuses on comparing a newly invented depressant 

mixture to the traditional depressant system on several polymetallic sulfides. The new depressant 

is made by dissolving quebracho into solution with either dextrin or guar gum. This mixture 

undergoes a second reaction with a lignin sulphonate to make a water-soluble polymer. The 

polymer is then partially monomerized by at least one of the following reagents: alkali metal 

cyanide, alkaline earth metal cyanide, metal sulfate, and/or a sulfite. For the experimental trials, 

the lignin sulphonate polymers LS7 and LS8 are used; LS7 is the compound that is reacted with 

sodium cyanide while LS8 is the compound that has been reacted with zinc sulfate/sodium cyanide 

complex.  

The first set of experiments focused on the clean separation of copper and zinc from a 

massive sulfide deposit in Canada. The Cu-Zn ore contains valuable amounts of silver and the 

primary gangue minerals are quartz, pyrite and pyrrhotite. Experiments were conducted on two 

ore types, high and low copper, to compare the effects of the LS8 depressant versus sodium cyanide 

on the recovery and grade of the concentrates. The first set of experiments was laboratory scale 

while the second set was tested on a full-scale commercial plant. The LS8 depressant was added 
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during the grinding process and in the copper cleaner flotation circuit, with a total of 170 g/tonne 

added. In the lab scale trials, the LS8 depressant made large improvements over the sodium 

cyanide on the rejection of zinc and iron sulfides from the copper concentrate by several percentage 

points. The sequential zinc concentrate grade and recovery was also improved with the addition of 

LS8. In the plant trails, similar results were obtained whereby the zinc recovery in the copper 

circuit was reduced, copper concentrate grade was increased, and zinc recovery in the zinc circuit 

was improved.  

The second segment of laboratory experiments was conducted on two different massive 

sulfide ores containing mostly copper and nickel. The first ore, from British Columbia, contained 

copper and nickel as well as significant amounts of platinum and palladium. The comparison tests 

between the LS8 depressant and sodium cyanide proved that the LS8 reagent had a positive effect 

on the circuits. With the use of LS8 the copper was recovered to a higher degree in the copper 

flotation circuit, while the nickel was effectively depressed. The nickel recovery in the nickel 

circuit was increased and overall, the platinum and palladium recovery was improved. The second 

ore, from Northern Ontario, also showed improved results with the use of LS8. Most significantly, 

the nickel recovery in the nickel cleaner concentrate was increased by more than 50 percent. These 

examples prove that the LS8 depressant is highly effective for depressing nickel in the flotation of 

copper-nickel ores.  

The third installment of experiments involved a massive sulfide with mostly lead and zinc 

with large amounts of pyrite. Lime was compared to the LS7 depressant in laboratory testing. LS7 

was added during the grinding stage at 250 g/t while the lime was added in the lead circuit at 750 

g/t and the zinc circuit at 3500 g/t. The recovery of lead in the lead concentrate remained the same, 

while the grade improved over 30 percent with the addition of LS7. Zinc grade and recovery in the 

zinc concentrate was also improved with the use of LS7. In plant operations, testing was done to 

compare the addition of 300 g/t of LS7 to no addition of LS7. By using the LS7 reagent, grade of 

the lead concentrate was increased with no recovery loss.  

In summary, the work done by Bulatovic and Salter proved that the invention of a new 

series of quebracho containing depressants greatly improved the differential flotation of 

polymetallic sulfides in contrast to traditional reagent schemes [23].  
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2.3  Precipitation 

Recently, the use of tannins has been extended to hydrometallurgical precipitation 

operations. The following section describes the use of tannins for germanium precipitation. 

Germanium is not found as a primary ore and it is produced as a secondary product.  

2.3.1  Germanium 

Germanium is primarily consumed as a vital element for the production of semiconductors 

for electronics use. It is most closely associated with the elements C, Zn, Si, Cu, Fe, Ag, and Sn. 

Argyrodite, germanite, canfieldite, and renierite germanium containing minerals; however, these 

minerals do not form specific ore deposits. Thus, the majority of germanium is sourced from trace 

and minor amounts found in coal, iron ore, and Cu-Pb-Zn sulfide deposits [24]. Sphalerite ores 

with low amounts of iron prove to be the most important source of germanium containing a few 

hundred ppm that is contained within the lattice of the zinc sulfide [25]. As a minor element in 

zinc ores, the challenge comes in finding a way to selectively remove the germanium from the rest 

of the residual metals and compounds.  

There are a variety of different methods that germanium is recovered from zinc circuits. 

While germanium can be collected pyrometallurgically, the challenges of volatile germanium 

oxides and sulfides prove hydrometallurgical methods to be the most viable route. There are two 

main methods to recover germanium hydrometallurgically; the first is by precipitation with tannins 

and the second is solvent extraction (generally used for higher concentrations of germanium in 

solution) [26]. Tech Cominco’s process uses the latter. In practice a circuit is used whereby the 

zinc concentrate is calcined by two Lurgi Fluo-solid roasters and a suspension roaster. Zinc oxide 

is the product of this process, with the sulfides being roasted as gas oxides. ZnO from the roasting 

process is sent through a ball mill, cyclones, and electrostatic precipitators prior to being sent to 

the leaching plant. Leaching tanks contain the calcined zinc material at a pH from 1.7 to 3.5. The 

residue from the leaching is leached again with sulfuric acid to take the germanium and indium 

into solution. The germanium is recovered and concentrated by selective solvent extraction [27]. 

Another zinc operation in Russia, the Joint Stock Company Chelyabinsk Electrolytic Zinc Plant, 

also possesses germanium as a byproduct. This plant utilizes fluidized bed reactors to roast the 

sulfides and convert them to oxides that are leached. The underflow from the leaching process is 

dried and sent to another processing facility to recover the germanium from the residue [28]. The 

recovery of germanium from Cu-Pb-Zn ore was studied at the Cinkur Zinc Plant in Kayseri, 
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Turkey. This plant produces zinc electrolytically and requires that the leach solution be refined to 

remove impurity metals like Ge, Cd, Ni, Co, and Cu before electrolysis occurs. Figure 2.8 shows 

the operating flow sheet.  

Precipitation was used to hydrometallurgically recover these metals in solution. First, the cobalt 

and nickel were precipitated using CuSO4∙5H2O and As2O3 and zinc powder. The second 

precipitation utilized CuSO4∙5H2O, Sb2O3 and zinc to remove the cadmium from solution. These 

precipitated cake solutions provide the largest source of germanium at the plant with a 

concentration of over 700 ppm. The cake was leached with sulfuric acid and the leach solution 

treated with tannins to precipitate out germanium. Two different leaching schemes were created, 

one for selective leaching and one for collective leaching. The selective leaching found optimum 

operating conditions with a temperature from 40-60˚C, 100 grams per liter sulfuric acid, a 30-

minute leach time, a solid to liquid ratio of 1/4, and no air pumping. It was found that 78% of the 

germanium was recovered under these conditions. The collective leaching approach used a 

temperature of 85˚C, 150 grams per liter sulfuric acid, 1 hour of leach time, and a solid to liquids 

ratio of 1/8. Air pumping was advantageous in the process. The collective leaching method resulted 

in 92.7% germanium recovery although the solution had significant amounts of Cu, Zn, Ni, Co, 

and Cd.  

The tannin precipitation study indicated that 94% of the germanium could be selectively 

recovered from leach solution [26]. The primary reaction for the precipitation of germanium with 

tannins is shown below: 

 

Ge+4 + O2 + H6T → GeO2∙H6T             (2.1) 

 

Where T is tannic acid (C14H10O9) [26]. The study suggested that a more effective germanium 

precipitation from the zinc electrolytic solution could be done with tannins rather than the copper 

and zinc additives mentioned above. 

Precipitation methods as sulfides, hydroxides, or with tannic acid are a viable option for 

obtaining germanium hydrometallurgically. The role of tannins in the precipitation of germanium 

from zinc production has been given more weight in recent years. Tannins work by forming 

chelates that complex with metal ions in solution. Optimization of tannins use is of great interest 

as the reagents are expensive.  A study to understand the behavior of tannins chelation was done 
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on the Chinese Yunnan Chihong Zinc and Germanium plant, the largest germanium producer in 

the world. The experiment was two-stage with the first part looking into the binding of tannins to 

metal ions individually and second, the effect of binding in a polymetallic system. It was shown 

by the experiments that the metals with higher valences (like that of germanium and ferric iron) 

had the best binding ability with tannins. This is explained by the electrostatic attraction that favors 

ions with larger valence. Figures 2.9 and 2.10 show the binding ability, noted as the precipitation 

yield for metals in both a single metal solution and a polymetallic solution. The best conditions for 

this complexation reaction were a stirring rate of 10rps, temperature of 373K, and a duration of 

500 seconds [29].  

 

 
Figure 2.8. Flow sheet of the Cinkur plant in Turkey [26].  
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Figure 2.9. Binding ability of various metals in a single metal solution with tannins [29].  

 

The complexation reaction of metals with tannins is described as follows: 

Ge+4 + 2HT → (GeT)2+ + 2H+  

Where T is tannins (H2(GeO2C76H52O46∙nH2O) [29]  

 

 

Figure 2.10. Binding ability of various metals in polymetallic system with tannins [29].  
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Additional research was also done to determine if adding tannins in stages produced 

different results than adding tannins in one step. In the study the same amount of tannins was 

introduced, 50 grams, divided equally among the number of stages to the 1 L leach solution. It was 

shown that yield increased dramatically with additional stages. The single step tannin addition 

resulted in a percent yield of 85.2 and steadily increased each time as stages were added to the 

five-stage addition that had a yield of 99.8 percent. A possible explanation for this behavior is 

diffusion; with the single step addition, diffusion had a shorter time to react with more difficulty. 

In addition, the tannins concentration may affect the binding ability of metal ions [29].  

2.4  Precious Metals Recovery  

An interesting use that has recently been developed for tannins is precious metals 

applications. Tannins have proven to be particularly useful to recover fine and ultrafine precious 

metals. The following section details tannins and precious metals recovery. 

2.4.1 Gold Bacterial Oxidation 

The Fosterville Gold Mine in central Victoria, Australia, treats primary sulfide refractory 

gold by means of bacterial oxidation, cyanidation, and froth flotation. Nearly 80% of the gold is 

contained within the pyrite and the remainder in the arsenopyrite and stibnite, while the gangue 

consists of carbonates, quartz and other silicates. The gold occurs as a solid solution within the 

sulfide mineral; thus, it cannot be separated by direct cyanide leaching. The BIOX biooxidation 

system was implemented to oxidize and break down the minerals from sulfides to sulfate and make 

iron and arsenic soluble. The counter-current decantation system removes the sulfate, iron, and 

arsenic in solution and the solids remaining are leached with cyanide. 

While the majority of gold remains in the solids, part of it is lost to the waste liquor stream. 

The gold grade has been upwards of 10ppm in this stream and represents around two to four 

percent gold loss in total. It was found that the majority of the gold lost was under 0.2 microns, in 

the ultrafine range, and that it occurred as colloidal gold. Several methods to recover the colloidal 

gold were researched and tested including coagulation and gold capture by means of creating a 

solid surface for the gold to adsorb onto. Both limestone and Portland cement precipitation 

generated undesirable affects within the circuit.  

Quebracho was investigated as a means to precipitate a surface for the colloidal gold to 

adsorb. The tannins formed fine precipitates from the soluble iron in the liquor and thus created a 
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large surface area for the collection of the ultrafine gold. Multiple series of tests were completed; 

in all cases, the addition of quebracho decreased the gold loss. Full-scale plant trials proved 

successful, reducing gold loss from the waste liquor by 40 %. Given the results, the plant installed 

a tannins mixing and addition station to implement it long-term. With the implementation of 

tannins into the circuit, the overall gold recovery in the Fosterville plant has increased by 2.6 

percent [30].  

Golden Star Resources Limited in Bogoso, Ghana follows a similar processing scheme to 

that of Fosterville. The primary source of gold is submicron particles entrapped within pyrite and 

arsenopyrite. The BIOX bacterial oxidation process is used to oxidize the sulphides and free up 

the gold. Counter-current decantation (CCD) is done to collect the solids, which contains the 

majority of gold and is further processed with cyanide. The gold that remains in the CCD solution 

is not soluble, but colloidal gold. The Golden Star plant saw 0.57 g/L gold go to tailings with the 

CCD solution. A quebracho tannin supplied by Nowata Mining Chemical Manufacture and Supply 

was tested on the CCD solution. 

Varied concentrations, between 0.05 g/L and 1 g/L, of quebracho tannin were prepared at 

10 percent strength and were tested at a laboratory scale. Total suspended solids (TSS) and 

reduction in gold loss were the two main end goals of the study. It was found that the quebracho 

tannin was optimum at a level of 0.05 g/L where there was a 21.25% reduction in the TSS and a 

45.79% gold loss reduction. These results warranted the industrial scale test, which resulted in 

53.51% reduction in TSS and an additional recovery of 0.13 grams of gold per tonne of ore [31]. 

2.4.2  Tannin Gel Adsorption 

The use of tannins to create a gel adsorbent to recover precious metals from aqueous 

solutions has been studied by several groups. One of the first to study adsorption behavior with 

tannin gels was Takeshi Ogata and Yoshio Nakano from the Tokyo Institute of Technology. Their 

work focused on the synthetization of a tannin gel derived from wattle tannin for the application 

of recovering gold from electronic waste as an alternative to other hydrometallurgical operations 

like solvent extraction and ion exchange. Ogata and Nakano developed a method to immobilize 

the tannin particles, which are naturally soluble in water. The tannin powder was dissolved into a 

sodium hydroxide solution before adding formaldehyde to act as a cross-linking agent. The 

solution was allowed to gelatinize for 12 hours at an elevated temperature of 353K. The tannin gel 

was then crushed to 125-250 micron particles. The particles were added to a gold solution 
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containing 100 ppm gold prepared from hydrogen tetrachloroaurate tetrahydrate. With varying pH, 

different chlorogold complexes were created. In the pH range from 2-3.8 the predominant complex 

was AuCl4-. Between pH 2-3.8, there was no dependence on initial pH for the recovery of gold. 

This was interpreted by Ogata and Nakano to be explained by the conversion of chlorogold 

complexes. It was shown that the adsorption rate of gold increased with increasing temperature. 

Additional tests were completed with 5 mg of tannin gel in 100 ppm gold solution to obtain the 

maximum adsorption capacity of the gold onto the gel. An extremely high value of 8000 mg of 

gold per 1 gram of tannin gel was found for the adsorption capacity. Through XRD and FT-IR 

spectra research, it was shown that the hydroxyl groups on the tannin gel particles were oxidized 

to carbonyl groups during the adsorption testing. Trivalent gold in solution is reduced to elemental 

gold on the surface of the tannin gel particles [32].  

Work done by a group at Saga University in Japan and Memorial University of 

Newfoundland in Canada expanded on the initial study done by Ogata and Nakano. This 

collaborative study focused on the use of tannin gel to selectively recover precious metals from a 

polymetallic acidic leach solution of circuit boards from spent mobile phones. The tannin gel was 

prepared to the procedure specified by Ogata and Nakano. Persimmon tannin was used to create 

the original tannin gel. This was further processed to create a chloromethylated persimmon tannin, 

which was treated to obtain the final tannin gel with bisthiourea functional groups. This tannin gel 

was labeled BTU-PT. It was shown that the adsorption behavior varied for different metal ions. 

Precious metals in the hydrochloric acid solution, particularly gold and palladium, had a drastically 

higher percent adsorption onto the tannin gel than the base metals like copper, iron, zinc and nickel. 

Maximum adsorption capacities of the tannin gel were found to be 5.18 mol kg-1 for Au(III) ions, 

1.80 mol  kg-1 for Pd(II) ions, and 0.67 mol kg-1 for Pt(IV) ions. The mechanism behind the 

adsorption was studied with FT-IR technology. It was found that ion exchange, electrostatic 

interactions, and  thiocarbonyl coordination were all mechanisms of adsorption for precious metals 

on the BTU-PT gel. It was shown that tannin gel could be successfully regenerated for up to 5 

cycles of use. Finally, an industrial study was done using actual circuit board leach liquor and as 

indicated in the initial laboratory work, the BTU-PT tannin gel acted as a successful adsorbent for 

precious metals while not taking up base metals in solution [33].  

Work done by Yurtsever and Sengil at Sakarya University in Turkey explored the use of a 

valonia tannin gel for the removal of silver ions from solution. The valonia tannin was sourced 
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from a Turkish leather company and the gel was prepared similarly to Ogata and Nakano’s 

procedure. It was shown in the study that the major factors influencing the adsorption of silver 

ions onto the tannin gel were solution pH, temperature of solution, and concentration of silver ions, 

and contact time. The peak of adsorption was seen at a pH 5. As temperature increased, from 20 

to 90 degrees Celsius, the amount of silver ions adsorbed onto the tannin gel decreased. In addition, 

the more silver ions initially in the system lead to a higher amount of adsorption [34]. 

2.5  Pressure Leaching 

 Currently, several different working operations utilize tannins in pressure leaching circuits. 

Sherritt Gordon is the most notable, using tannins in the zinc pressure leaching operation. The 

following section details the work done using tannins in pressure leaching applications. 

2.5.1  Zinc and Nickel 

In the 1960’s Gordon Sherritt Mines Limited filed a number of patents for the extraction 

of zinc from iron containing sulfide ores. In this process, elevated temperature and pressure with 

the addition of oxygen and sulfuric acid, leached zinc.  Up until the 1970’s,  pressure leaching of 

zinc complexes was done below the melting point of sulfur at around 120°C to avoid the formation 

of elemental sulfur at higher temperatures. However, it was found that if the temperature was 

increased, a more advantageous rate of reaction occurred. With the formation of elemental sulfur 

at temperatures above 120°C, the zinc sulfide particles were wetted by the molten sulfur and thus 

were not available for leaching. To provide the best kinetics and complete extraction of zinc, an 

additive was needed to prevent the unreacted zinc sulfide particles from being occluded by the 

molten sulfur. The additives found to be beneficial were those tannin compounds like quebracho, 

lignins, and lignosulphonates. The amount of additives needed was found to be around 0.1-0.3 

grams per liter. In a series of tests conducted at 150°C, it was proven that the additives significantly 

improved the extraction of zinc. By adding 0.1 grams per liter calcine lignosulphonate and 0.2 

grams per liter quebracho, the zinc extraction was increased from 54.4% to 90.0% in one test and 

63.3% to 97.8% in another.  The use of additives such as quebracho greatly increased the metal 

recovery in the elevated temperature leaching and became part of the commercialized Sherritt Zinc 

Pressure Leach Process [35].  

Similar work investigating the effects of these additives was done on other sulfide systems. 

Libin Tong and David Dreisinger conducted research at the University of British Columbia on 

pentlandite, nickeliferous pyrrhotite, pyrrhotite, and chalcopyrite. Studies were conducted on the 
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work of adhesion which is the work required to separate liquid sulfur from the mineral surface. 

This is expressed by the Dupre equation:  

 � = ��+ � − � = −Δ /�  
(2.2)  

 

where Wa is the work of adhesion,  are interfacial tension, Gw is the surface free energy and  

is the surface area of the mineral.  

It was shown that in three different systems, pentlandite, nickeliferous pyrrhotite, and 

pyrrhotite that the work of adhesion was significantly lowered with the addition of quebracho, 

lignosulphonate, and humic acid. This implies that the additives should be good dispersing agents 

of the molten sulfur [32] [36]. 
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CHAPTER 3 FLOTATION FUNDAMENTALS 

 
Froth flotation is one of the most widely used methods to beneficiate ores. To better 

understand the froth flotation process, it must be broken down into the fundamentals. At the core 

of froth flotation is the interaction between the mineral surface, the solution, and the reagents used, 

including frothers, collectors and depressants. Collectors and depressants are used to modify the 

hydrophobicity of the mineral surface, which determines its flotability. These interactions are 

explored through three main methods including adsorption density, zeta potential, and 

microflotation. These methods define the adsorption behavior and provide information to predict 

optimal conditions for bench scale flotation. The following sections will highlight the fundamental 

methods leading up to bench scale flotation.  

3.1  Electrical Double Layer and Zeta Potential  

 It is vital to have a thorough understanding of the surface charge of a mineral in solution, 

as this charge often dictates the nature of adsorption. Zeta potential has been used as a parameter 

for flotation for decades and stems from the knowledge of the electrical double layer.  

 When a solid mineral is immersed into a liquid solution, there is a balance of charge at the 

solid-liquid interface. The solid surface exhibits an excess positive or negative charge that is met 

by an equal but opposite charge region, this is known as the electrical double layer. 

Electroneutrality is maintained by counter ions balancing the solid surface charge. Figure 3.1 

depicts the electrical double layer where a negatively charged solid surface is surrounded by a 

diffuse layer of positively charged ions in the liquid. From this figure, it can be seen that there are 

two distinct planes labeled β and δ that correspond to the inner and outer Stern planes respectively, 

although the two are often referred to as one Stern plane for simplicity. The Stern plane is the 

closest distance that counter ions will approach the mineral surface. The surface potential is 

denoted as ψo, while the potential at the Stern plane is ψδ. [37] When a solid particle travels through 

an electric field, the liquid closest to the particle moves with the same velocity; the distance from 

the surface between the moving fluid and the static liquid is known as the surface of shear. [38] 

Zeta potential is taken as the potential at the surface of shear, which is often approximated as 

ψδ.[37] 



31 
 

 

Figure 3.1. Depiction of the electrical double layer and potential. [37] 

 
 The zeta potential of a solid-liquid system is generated over a range of pH. The most 

valuable measurement taken is the isoelectric point (IEP) which corresponds to the pH at which 

the zeta potential is zero. This measurement is significant as it indicates the point at which the zeta 

potential moves from positive to negative, or vice versa. In the case of physically adsorbing 

reagents, the zeta IEP is a critical point; anionic collectors that physically adsorb achieve maximum 

recovery in the region where zeta potential is positive, whereas cationic collectors work best where 

zeta potential is negative. Since a mineral can exhibit both positive and negative zeta potentials, it 

is imperative to know at what pH each is occurring.    

Figure 3.1 also displays the change in potential from the solid surface. Some ionic species 

can pass through the liquid and the lattice phase and alter the potential called potential determining 

ions. These ions in turn control the magnitude and sign of the zeta potential. In the case of fluorite, 

these ions are Ca++ and F-. For sulfide systems, the potential determining ions are H+ and OH-. [38] 
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3.2  Adsorption Density  

 In order for reagents to modify the mineral surface, adsorption must occur. Once the zeta 

potential has been determined for the minerals and an IEP value is found, the adsorption behavior 

must be researched. The nature of adsorption, chemical or physical, is of importance for 

understanding at what conditions will best aid the adsorption process.  

In the case of physical adsorption, counter ions adsorb through electrostatic attraction 

forces or van der Waals bonding. In chemical adsorption, a chemical reaction occurs at the surface. 

Physical adsorption is characterized by weaker bonds, decreased adsorption, with an increase in 

temperature, while chemical adsorption has stronger covalent bonds, and increased adsorption at 

higher temperatures. Determining the mechanism of adsorption is done through several 

observations. Zeta potential of the mineral provides one method to understand the adsorption 

behavior. If there is a cationic reagent that adsorbs onto a mineral in a negative zeta potential 

region, it may indicate that physisorption is taking place, as is an anionic reagent adsorbing in a 

positive zeta potential region. The adsorption mechanism may be considered chemical if the 

opposite situation occurs where a reagent with the same sign as the zeta potential region is 

adsorbed. Table 3.1 depicts the main differences between chemisorption and physisorption.  

 

Table 3.1. Distinctions Between Chemical and Physical Adsorption [39] 

Physisorption Chemisorption 

van der Waals attraction forces Forces due to chemical bonding  

Low enthalpy of adsorption (20-40 kJ/mol) High enthalpy of adsorption (200-400 kJ/mol) 

Observed at low temperatures Observed at high temperatures 

Multi-molecular layers may be formed  Generally, mono-molecular layer formed 

Reversible process Irreversible process 

 
In addition to the knowledge gained from the mechanism, adsorption studies are extremely 

useful in understanding at what conditions adsorption occurs best. Kinetic experiments are done 

to clearly observe the time at which the adsorption of a reagent reaches equilibrium on the surface 

of a mineral. Adsorption studies are also done at different pH to see differences in acidic and 

alkaline regions. Varying temperatures can give insight into the adsorption mechanism as stated 

above.  
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Adsorption isotherms, whereby the thermodynamic feasibility is studied through the Stern-

Grahame equation are often used. The Stern-Grahame equation is as follows:  

  = − ∆ ���, �   (3.1) 

     

Where the r is the radius of the adsorbate, and C is the equilibrium concentration of the 

adsorbate, R is the gas constant, and T is the temperature in K and ΔG°Ads, SG is the free energy of 

adsorption. From this calculation, the free energy of adsorption can be used to calculate other 

thermodynamic factors like enthalpy and entropy. These enthalpy values determined indicate 

whether the adsorption reaction is exothermic and gives off heat or endothermic and absorbs heat. 

The entropy values tell about the disorder in the system. 

Another aspect that is studied concerning adsorption experiments is the formation of hemi-

micelles and micelles onto the surface of the mineral. The most important measurement regarding 

the formation of micelles is the critical micelle concentration (CMC). The CMC of an adsorption 

system is the surfactant concentration where no further addition of surfactant can be adsorbed onto 

the mineral surface. The CMC is also described as the lowest concentration of surfactant where 

the formation of micelle aggregates is thermodynamically favored. [40] The CMC is practically 

useful as flotation performance generally decreases drastically after this point, which is used in 

determining the dosage of reagents in a flotation system, specifically collectors. Figure 3.2 

illustrates monolayer and bilayer adsorption and the formation of hemi-micelles and micelles.  

 

 

Figure 3.2. Surface coverage models for a surfactant are depicted on a solid surface. [40] 
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Monolayer and bilayer coverage of an absorbed surfactant is also a generally researched 

topic and can be determined by analyzing adsorption isotherms. However, monolayer and bilayer 

coverage is not investigated in this study due to lack of information regarding the vertical and 

horizontal monolayer measurements of tannins.  

3.3  Microflotation 

 Flotation is a relatively complex process with many variables. There is a dizzying array of 

operation parameters including pH, collector concentration and collector type, frother 

concentration and type, temperature, airflow rate etc. In order to deconstruct the flotation process 

and understand the parameters that affect grade and recovery, it is often useful to turn to 

microflotation.  

 Microflotation is often used as a precursor to bench scale flotation testing. Generally, 

microflotation can be performed on pure minerals as well as the ores in question. In the case of 

pure minerals, microflotation is used to understand the interaction between the reagents and the 

mineral in question, whether gangue or valuable. Pure mineral microflotation is extremely useful 

in understanding specific interactions between reagents and mineral and can be used to find areas 

where flotation is best suited. For instance, when pure mineral flotation is done with the valuable 

and the gangue mineral, and area is often found (under constant conditions) where the gangue is 

depressed and the valuable mineral floats. Microflotation is not only useful for looking into pure 

minerals, but is also advantageous, as it does not use large quantities of material as generally seen 

in bench scale flotation.  

3.4  Bench Scale Flotation 

Bench scale flotation is generally undertaken as a laboratory experiment prior to pilot plant 

testing or industrial scale trials. The cells range from one to four liters and the ore used is usually 

no more than a couple kilograms. The work done with bench scale tests is taken as the most 

realistic laboratory tests done to predict flotation behavior in a full industrial scale.  
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CHAPTER 4 EXPERIMENTAL MATERIALS AND METHODS 

 
 The following chapter describes the experimental work that was performed for this project. 

This discussion includes the materials used for the study, the equipment utilized to do the testing 

and the design of experiments.  

4.1  Materials  

 Two separate ore types were studied in this work, one on fluorite and calcite flotation and 

the other on polymetallic sulfide flotation. The following section details the materials used for 

each study.  

4.1.1  Materials: Fluorite Study 

 Pure minerals were used for the fundamental studies including zeta potential, adsorption 

density and microflotation. Pure calcite samples were sourced from Ward’s Natural Science and 

the pure fluorite samples were sources from a company called Bliss Crystals. A sample from a 

Mexican fluorite mine was used for the bench-scale flotation tests with sodium oleate and 

quebracho tannin in the form of Tupasol ATO. The main purpose was to use the knowledge gained 

from the studies on the pure minerals and apply it to the ore. The effects of pH, temperature, 

collector concentration and depressant concentration were all studied.  

4.1.2  Materials: Polymetallic Sulfide Study  

 Pure minerals were utilized for the fundamental sulfide studies including zeta potential, 

adsorption density, and microflotation. Pure chalcopyrite, pyrite, and molybdenite in their mineral 

form were all sourced from Alfa Aesar. Two different polymetallic sulfide ores were studied in 

this work. One ore was from the Freeport McMoRan mine in Morenci, Arizona and another was 

from a mine in Peru. The findings from the surface chemistry studies were used to plan the 

parameters for the bench scale flotation.  

4.2  Reagents 

 As two different ore types were studied, two different reagent schemes were developed. 

The following sub-sections describe all of the reagents used for each of the studies including the 

collectors, modifiers, and depressants.  

4.2.1  Reagents: Fluorite Study 

 There are three primary reagents in every flotation system that are controlled including 

collector, frother, and depressant. In addition to these three key reagents, modifying reagents are 
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used to control the pH in a system. Sodium oleate, sourced from TCI (Tokyo Chemical Industry 

Co, Ltd.) was the primary collector used in the fluorite flotation study. Sodium oleate is a fatty 

acid collector, has a molecular weight of 304.45 g/mol, and has the chemical formula C18H33NaO2. 

Sodium oleate is classified as an anionic collector in the oxhydryl group and is one of the most 

used collectors in industry. [4] Figure 4.1 shows a representation of sodium oleate and the 

breakdown of the chemical itself. 

 

 

Figure 4.1. The molecular structure and breakdown of sodium oleate. [4] 

 

 The modified quebracho tannin, Tupasol ATO was used in this study as a depressant for 

gangue minerals. Quebracho is extracted from the inner core of the quebracho-colorado tree, 

heated to around 230 °F under pressure and evaporated under a vacuum, and  finally is treated with 

sodium bisulfate. This form of quebracho is soluble at all ranges of pH and temperatures. The 

frother methyl iso-butyl carbinol (MIBC), sold as Aero 70 from Cytec Inc., was used for all the 

microflotation and bench scale flotation studies. MIBC is characterized as a neutral, organic frother 

with the molecular weight of 102.18 g/mol. Hydrochloric acid and potassium hydroxide were 

sourced from Sigma Aldrich and were used as pH modifiers in all the surface chemistry studies as 

well as the bench scale flotation.  

4.2.2  Reagents: Polymetallic Sulfide Study  

Three key reagents including a collector, depressants and a frother were used in addition 

to pH modifiers in this study. Potassium Ethyl Xanthate (PEX) was used as the collector for the 

microflotation system. PEX was sourced from Alfa Aesar and has a chemical formula of 

C3H5KOS2 and a molecular mass of 160.29 g/mol. PEX is part of the xanthate group of collectors, 
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which one of the most widely used reagents in froth flotation. A different xanthate, potassium amyl 

xanthate (PAX), was found to have better performance in the bench scale flotation trials and was 

used for both the Morenci and Peruvian copper ores. PAX was sourced from FloMin and goes by 

the name of FloMin C 3505.  The frother supplied from Cytec was OREPREP® F549, which is a 

mixture of polyglycols. Both hydrochloric acid and potassium hydroxide sourced from Sigma 

Aldrich were used as pH modifiers for the microflotation tests while lime was used for the bench 

scale flotation experiments. 

A depressant reagent scheme was tested for the polymetallic sulfide study. The following 

reagents were used to determine what mixture (if any) was suitable for the depression of pyrite 

and other gangue minerals in a copper ore. Table 4.1 displays the information on the different 

depressants tested in the polymetallic sulfide study. Tupafin ATO, Gere 60, and Gere PT are all 

forms of modified tannins, Pionera F-250 is a modified lignosulfonate, and tara gum is similar to 

guar gum. Sodium metabisulfite has the chemical formula Na2S2O5 and a molecular weight of 

190.1 g/mol.  

 

Table 4.1. Depressants Tested in Polymetallic Sulfide Studies. 

Reagent Source 

Tupafin ATO Silvateam  

Pionera F-250 Pionera  

Sodium Metabisulfite Alfa Aesar 

Gere 60 Silvateam 

Gere PT Silvateam 

Tara Gum Silvateam  

 

 

4.3.  Experimental Methods  

The following section describes all the methods and procedures used to carry out the 

experimental work done for this study. Detailed is the experimental equipment and setups for zeta 

potential, adsorption density, microflotation, and bench scale flotation. 
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4.3.1  Mineral Characterization 

 The mineral characterization for the three different ores studied was done at The Center for 

Advanced Mineral and Metallurgical Processing at Montana Tech (CAMP) in Butte, Montana. 

Prior to the ore being sent to CAMP for analysis, all the ore samples were crushed below 20 US 

Mesh. The samples were jaw crushed, roll crushed, and pulverized using a plate pulverizer to 100 

percent passing 20 US Mesh. Analytical results included MLA mineralogy analysis, XRD mineral 

phase analysis and total sulfur and carbon by combustion analysis. These results can be seen in 

section 5.1 and 6.1.  

4.3.2  Zeta Potential  

 There are four ways to evaluate the zeta potential of a system; they include electrophoresis, 

streaming potential, electro-osmosis, and sedimentation potential. The method utilized in this 

research was streaming potential, whereby the magnitude of an induced electric potential is 

measured. [38]  The zeta potential experiments were carried out using a Microtrac Stabino 

instrument. The Stabino uses a piston/cylinder setup whereby the piston mechanically moves up 

and down in a cylinder with a stationary electrode pair while being titrated through a pH range. 

The shearing force created in the gap between the piston and the cylinder induces the streaming 

potential electrode pair, and is recorded as a zeta potential value at a specific pH. [41] Figure 4.2 

displays the Microtrac Stabino instrument.  

 

Figure 4.2. The Stabino machine with the cylindrical cell and piston with titrants and pH probe. 
[42] 
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 All of the experiments done on the Stabino had the same preparation procedure. The 

mineral samples were crushed with a mortar and pestle and wet screened to 100% passing a 325 

US Mesh (44 µm) screen. Mineral samples of 0.004g were added to 40mL of solution in a 50mL 

polyethylene tube to have a 0.1g/L solids concentration. Each solution mixture was conditioned 

on a shaking platform for 24 hours prior to being tested. Immediately before testing each sample, 

it was sonicated for 90 seconds to disperse the solids in solution. Both hydrochloric acid and 

potassium hydroxide solutions at 0.1 N were used as modifiers over the pH range from 3.5 to 11. 

Triplicate zeta potential measurements were run is order to ensure the reproducibility of the results.  

4.3.3  Adsorption Density  

Adsorption density tests were completed in this study using the solution depletion method. 

With this method, a known amount of solids is added to a solution with a known concentration of 

the depressant. Adsorption tests for the fluorite study were done at 10 g/L solids concentration in 

40 mL polypropylene tubes. Adsorption tests for the polymetallic sulfide study were done with 10 

g/L solids concentration and 15 mL polypropylene tubes to reduce the amount of mineral used for 

each sample. The samples were agitated on a shaking platform at 650 RPM for the required amount 

of time to reach equilibrium. After conditioning, the samples were centrifuged at 6,500 RPM for 

20 minutes to ensure a separation of the suspended solids in the liquid solution. The amount of 

reagent found remaining in solution, compared to the known amount from the start of the test, was 

determined to give the amount adsorbed onto the surface of the mineral. 

Adsorption density tests were initially done using the UV/VIS Spectrophotometer method. 

A Shimadzu UV160U Spectrophotometer was used to run samples whereby a curve was generated 

that showed intensity peaks at a given wavelength corresponding to the reagent used. For the 

quebracho tannins studied in this research, the peaks generated were not at a consistent wavelength, 

thus an alternative method was needed to analyze the adsorption density.  

For the purposes of this research, the total organic carbon method (TOC) was used for the 

adsorption density measurements. The instrument used was a GE Sievers InnovOx Laboratory 

TOC Analyzer. This method uses the supercritical water oxidation (SCWO) method to determine 

the organic carbon in the solution. High temperature and pressure are applied with a persulfate 

oxidizer to convert the organic carbon in solution to carbon dioxide. The carbon dioxide is 

measured using non-dispersive infrared radiation (NDIR) technique. There are several different 

modes that InnovOx can run; all tests done in this study were run in non-purgeable organic carbon 
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(NPOC) mode. In this mode, inorganic carbon is removed from the sample prior to the oxidation 

process. NPOC mode is the fastest and most accurate and precise mode, which is why it was chosen 

for all the testing.  

The output units for NPOC are in ppm carbon. Generally, the amount of carbon found in 

NPOC mode can be compared to the carbon in the molecular formula for the organic molecule. As 

the tannins in this study do not have definite molecular formulas, calibration curves were 

generated. These curves plotted a known concentration of tannin versus the output ppm from the 

NPOC. The equation of the line was then used to determine the amount of tannin in solution from 

the adsorption studies given the NPOC output. In addition, a sizable reading of NPOC was found 

with the pure mineral interaction with water. These values were subtracted out from the NPOC 

readings given from adsorption experiments with tannins. Both the calibration curves and the 

mineral-water NPOC values can be seen in the Appendix C.  

For the solution depletion method used in this study, the following equation was used to 

calculate the adsorption density:  

 � �  �  � =  ∆� �         (4.1) 

 

Where ΔC is the change in tannin concentration in g/L during the adsorption process measured by 

solution depletion, V is the volume of tannin solution in L, m is the mass of mineral sample in g, 

and A is the specific surface area in m2/g.  

 

Table 4.2. Average surface area values for pure minerals using BET method. 

Mineral BET Specific Surface Area [m2/g] 

Calcite  1.703 

Chalcopyrite 1.233 

Fluorite 1.622 

Pyrite  2.087 

 

 

 



41 
 

 For the fluorite study, the volume remained constant at 40mL with 0.4g of mineral used 

per adsorption test. The polymetallic sulfide study used a volume of 15mL with 0.15g of mineral 

used per adsorption test. The specific surface area was measured for each pure mineral using the 

BET method. The surface area was measured in triplicate for each mineral and the average values 

are reported in Table 4.2.  

4.3.4  Microflotation and Stat-Ease Design Expert  

 Microflotation tests were done for both the fluorite and polymetallic study. As mentioned 

before, microflotation is extremely useful in understanding the effects of a reagent scheme on 

individual minerals that makeup an ore. This information is advantageous in understanding areas 

where recovery of the valuable mineral is maximized and the recovery of the gangue minerals is 

minimized. In addition to understanding the individual interactions, microflotation is helpful in 

contrast to bench scale flotation because it uses a small sample size and many tests can be 

completed in a short amount of time.  

 There are several different apparatuses typically used for microflotation, including the 

Hallimond tube flotation cell. The setup used in this study was developed by Anthony C. Partridge 

for his master’s thesis on flotation at McGill University in Montreal, Canada. The Partridge-Smith 

cell has a column where the mineral particles are mixed via a mechanical or magnetic stirrer. Air 

is flowed through a fritted glass disk at the bottom of the float cell. [43] Minerals that exhibit a 

hydrophobic surface attach themselves to the bubbles rising to the top of the column where a froth 

is created and collected. Minerals that display a hydrophilic surface sink to the bottom of the cell, 

but do not pass through the fritted glass disk. Figure 4.3 displays the Partridge-Smith cell apparatus 

that was used for this study.  

The Partridge-Smith cell was used for all microflotation tests and 0.5 grams of sample was 

used for each experiment. All of the microflotation tests completed for this work were conditioned 

for 15 minutes in a beaker on a stirring plate prior to floating. The standard conditioning time was 

10 minutes with the depressant only and the remaining 5 minutes with the addition of the collector 

and frother. One drop of frother (0.0156g) was added for each test. The conditioned solution was 

transferred to the cell using a syringe the same solution to rinse the mineral sample out of the 

bottom of the conditioning beaker. The tests were conditioned and floated at room temperature 

unless otherwise noted. A flow rate of 80 CCM breathing air and a magnetic stirrer at 500RPM 

were used for all tests. Other parameters including pH, collector concentration, depressant 
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concentration, and depressant types were all manipulated to see different effects. Only pure 

minerals were used for the microflotation experiments, which expedited the analysis of concentrate 

and tailings. With a known starting mass of mineral sample, it was simple to calculate the 

flotability (recovery) of each microflotation experiment was determined using Equation 4.2.  

 � ���  % = �      �  ∗           (4.2) 

 

 

 

Figure 4.3. A SolidWorks representation of the Partridge-Smith microflotation cell used in this 
work. [44] 
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 In order to set up a coherent design of microflotation experiments, a statistical software 

called Stat-Ease Design-Expert 9® was used to aid in designing experiments and preliminary 

optimization of flotation. A series of scoping studies was done to look at individual effects of 

changing parameters in microflotation prior to completing the factorial design experiments. Tests 

were randomized by the software to avoid error and bias when running the experiments. The 

ANOVA (analysis of variance) that was generated using the software was interpreted to understand 

the results of changing different parameters. Both 2D and 3D models were produced and can be 

seen in the experimental results section in Chapter 5 and Chapter 6.  

4.3.5  Bench Flotation  

 For the bench scale flotation three individual ores were tested including the Mexican 

fluorite ore, Peruvian copper ore and Morenci copper ore. All of the ores were stage crushed and 

ground using jaw crushers, roll crushers and finally a plate pulverizer. The material was 

crushed/ground in stages, and sieved using dry screens and a Ro-Tap®. Particle size distributions 

were found using the Microtrac particle size analyzer. Figure 4.4 displays the particle size 

distribution for the Mexican fluorite ore. This material was screened at 80% passing 100 mesh 

(149 µm). The Microtrac results in Figure 4.4 indicate the material has a P80 around 110 µm. Figure 

4.5 displays the particle size distribution for the Morenci fluorite ore. This material was screened 

at 80% passing 170 mesh (88 µm). The Microtrac results in Figure 4.5 indicate the material has a 

P80 around 95 microns. Figure 4.6 illustrates the particle size distribution for the Peruvian copper 

ore that was screened at 100% passing 170 mesh (88 µm). The Microtrac results displayed in 

Figure 4.6 show the P80 of the Peruvian copper ore to be around 60 microns.  

All flotation experiments were performed using the Metso Denver D-12 flotation machine. 

All experiments were completed at 25% solids with 360-gram charges using distilled water. For 

the fluorite tests, a heated cell was used to keep the high temperature stable during the conditioning 

and flotation stages. Table 4.3 displays the general operating conditions for all three bench 

flotation studies. 
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Figure 4.4. Particle size distribution for the Mexican fluorite ore. 
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Figure 4.5. Particle size distribution for the Morenci copper ore.  
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Figure 4.6. Particle size distribution for the Peruvian copper ore.  
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Table 4.3. Flotation operating conditions for bench scale experiments on Metso D-12 machine. 

Ore 

Rotor 

Speed 

[RPM] 

Air Flow 

Rate [CCM] 
Conditioning Time [minutes] 

Mexican Fluorite 900 278 
10 (Tupasol ATO) 

5 (Sodium Oleate & Aero Froth 70) 

Morenci Copper 1000 365 
5 (Tupafin ATO & PAX) 

3 (Oreprep F549) 

Peruvian Copper 1000 365 
5 (Tupafin ATO & PAX) 

3 (Oreprep F549) 
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CHAPTER 5 EXPERIMENTAL RESULTS AND DISCUSSION FLUORITE STUDY 

 
 This chapter explains the experimental results from the fluorite flotation study. The 

characterization of the ore, surface chemistry studies, and bench scale flotation are all explained 

and discussed in detail. 

5.1  Mineral Characterization 

A sample of each ore was sent to the Center for Advanced Mineral and Metallurgical 

Processing (CAMP) at Montana Tech for analysis. Mineral liberation analysis (MLA), x-ray 

diffraction (XRD), and total carbon and total sulfur measurements were made. 

5.1.1  Mexican Fluorite Ore 

The Mexican fluorite ore was sieved to 100% passing a 20 US mesh screen prior to being 

sent for analysis at CAMP. The material was then wet screened through seven different sieves 

sizes 50, 70, 100, 140, 200, 270, and 400 US mesh. The eight different size fractions were used 

for the MLA analysis while the XRD and total carbon and sulfur were carried out on pulverized 

specimens from the provided sample. The mass distribution for the sieved fractions is shown in 

Table 5.1.  

 

Table 5.1. The mass distribution for the Mexican fluorite ore is shown for eight different size 
fractions. 

Sieve (US Mesh) Weight % 

20 X 50  46.1 

50 X 70 8.5 

70 X 100 9.1 

100 X 140 7.2 

140 X 200 7.5 

200 X 270 4.6 

270 X 400  4.3 

-400  12.7 

TOTAL 100 
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The MLA analysis was carried out on random specimens pulled from each of the size 

fractions. The XBSE method was utilized to generate a backscatter electron image to distinguish 

mineral phases based on the grayscale variation, which relates to the average atomic number of 

the phases present. In addition, X-ray spectrums were found for each phase and compared to a 

database to determine the mineral phases present in the ore. The surface area of the identified 

minerals were calculated to give quantitative information. Figure 5.1 shows a BSE image that was 

taken of the 50 x 70 mesh sieve fraction. It can be seen that fluorite and calcite are the main 

minerals present in the ore with mostly liberated particles; however, there are some middling 

particles present that contain a mixture of minerals that are not well liberated. The circled particle 

in Figure 5.1 is one such middling particle containing fluorspar, calcite, and quartz.    

Figure 5.1. A backscatter electron image displaying the major minerals of fluorite and calcite in 
the 50 x 70 mesh sieve fraction. 
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Figure 5.2. The MLA image taken from the sieve fraction 50 x 70 mesh. The different colors correspond to different minerals, which 
can be seen in the legend.
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A classified MLA image was also created to show the different minerals present. This can 

be seen in Figure 5.2. The image displays the collection of minerals present in the specimen of ore 

taken from the 50 x 70 mesh sieve fraction. The array of pixels represent the particles in the ore, 

with each color representing a different mineral. It can be seen that the majority of the ore is fluorite 

(represented as the grey color) with the majority of the gangue as calcite (represented in yellow). 

The other gangue minerals present include quartz, dolomite, and potassium feldspar.  

MLA modal analysis was completed where the makeup of the ore was found by phase. 

These can be seen in Table 5.2. Fluorite composes the majority of the ore at 69.5%, while calcite 

was found to be the most abundant gangue mineral at 23% followed by quartz at 4.14% and 

dolomite at 1.72%. Only the minerals that had more than 0.01% occurrence were shown in the 

table. The bulk elemental analysis was also calculated out for the ore by using the chemical 

formulas in Table 5.2 in the modal analysis. 

 

Table 5.2. Mexico fluorite ore mineral content by weight percent. 

Mineral Formula Fluorite 

Fluorite  CaF2  69.5  

Calcite  CaCO3  23.0  

Quartz  SiO2  4.13  

Dolomite  CaMg(CO3)2  1.72  

K_Feldspar  KAlSi3O8  0.79  

Kaolinite  Al2Si2O5(OH)4  0.35  

FeO  Fe2O3  0.21  

Muscovite  KAl2(AlSi3O10)(OH)2  0.11  

Plagioclase  (Na,Ca)(Al,Si)4O8  0.04  

Albite  NaAlSi3O8  0.04  

Biotite  K(Mg,Fe)3(AlSi3O10)(OH)2  0.02  

Sphalerite  ZnS  0.02  

Amph_Pyx  (Ca2,Na)(Mg2FeAl)Si6O22(OH)2  0.02  

Monazite  (La,Ce)PO4  0.01  

Pyrite  FeS2  0.01  

 
  

The elemental weight percent breakdown can be seen in Table 5.3. Only elements 

occurring more than 0.01 weight percent were shown in the table. Calcium is the most abundant 

element as it is present in both fluorite and calcite which collectively makeup 92.5% of the ore. 

Fluorite is around 34% and is solely from the mineral fluorite. 
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Table 5.3. The elemental analysis in weight percent calculated from the MLA modal mineralogy. 

Element wt. % 

Calcium  45.3 

Fluorine  33.8 

Oxygen  14.9 

Carbon  2.99 

Silicon  2.30 

Magnesium  0.23 

Aluminum  0.19 

Iron  0.16 

Potassium  0.12 

Zinc  0.01 

Sulfur  0.01 

Hydrogen  0.01 

Sodium  0.01 

 

X-ray diffraction (XRD) was used as a quantitative method to determine the minerals 

present in the ore. The acquisition conditions for the Mexican fluorite ore are shown in Table 5.4. 

Figure 5.3 displays the diffractogram taken and the peaks of phases thought to be present in the 

ore. It can be seen that highest intensity peak corresponds to fluorite, the most abundant mineral 

in the ore. XRD results and MLA results were quite comparable with each method getting about 

the same percentage of mineral phases present. Table 5.5 displays the values obtained for each 

method. 

Table 5.4. XRD measurement conditions for the Mexican fluorite ore. 

X-Ray  40 kV, 40mA Scan Speed/Duration 

Time 

5.0000 deg./min. 

Goniometer - Step Width 0.0200 deg. 

Attachment - Scan axis 2theta/theta 

Filter K-beta filter Scan range 5.0000-90.0000 

deg 

CBO selection slit BB Incident slit 2/3 deg 

Diffracted beam 

mono 

- Length limiting slit - 

Detector D/teX Ultra Receiving slit #1 2/3 deg. 

Scan Mode Continuous  Receiving slit #2  0.15 mm  
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Figure 5.3. Diffractogram of the Mexican fluorite ore with the phases present in the ore.



54 
 

In addition to the work done with MLA and XRD to characterize the minerals present in 

the ore, a grain size and liberation study was done to understand what separation measures needed 

to be taken after the liberation stage. The P80 for fluorite grain size was found to be 400µm while 

the P80 of the Mexican fluorite particles was found to be 500 µm. Mineral locking information 

showed that fluorite was well liberated at sizes below 70 mesh but was optimal in the size fractions 

140 X 200 mesh and 200 X 270 mesh. Figure 5.4 displays the mineral locking graphs for each size 

fraction investigated. 

Table 5.5. The comparison of XRD and MLA results. 

Phase Name XRD [%] MLA [%] 

Fluorite 75.0 69.5 

Calcite 17.6 23.0 

Dolomite 4.8 1.7 

Quartz 2.5 4.13 

  

Finally, a LECO analysis was done on the Mexican fluorite ore to determine the total sulfur 

and total carbon content. The values found from LECO were compared to those from MLA. Table 

5.6 shows the results for the two methods.  

  
Table 5.6. The MLA and LECO methods are compared for total sulfur and carbon content. 

Mexican Fluorite LECO MLA 

Carbon [%] 2.93 2.99 

Sulfur [%] <0.01 0.01 

 

 Overall, the analysis done for the characterization for the Mexican fluorite ore was 

informative to understand how to treat the ore during bench scale flotation tests, and which surface 

chemistry experiments were needed. It was found that the ore contained around 70% fluorite and 

the major gangue mineral to be depressed was calcite at 23%, indicating these to be the primary 

minerals for pure studies with surface chemistry including microflotation. The fluorite mineral 

grain size had a large P80 of 400 µm with best liberation size overall passing 70 mesh (210 µm) 

meaning that excessive grinding of the ore would not be needed for flotation to succeed.  
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Figure 5.4. Mineral locking data for fluorite by each size fraction.
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5.2  Adsorption Density  

 Adsorption density measurements are utilized to understand the adsorption behavior of a 

reagent with the mineral surface. Observing adsorption under differing conditions including time, 

temperature, and pH help to provide an understanding for how the reagent used adsorbs onto the 

mineral surface and the specific conditions where adsorption is favored. This section explains the 

adsorption work done with pure calcite and fluorite samples.  

 Initially, the time at which the mineral and reagent reach equilibrium was tested. Samples 

of pure minerals were mixed with a fixed concentration of 50 mg/L Tupasol ATO solution, varying 

time. Figure 5.5 illustrates the adsorption tests for fluorite and calcite run over a period of three 

days. It can be seen from the fluorite curve that there is not a drastic change between 24 and 48 

hours, but 72 hours has a significantly smaller adsorption density. For this reason, a time of 24 

hours was chosen for subsequent fluorite adsorption testing.  For calcite, the adsorption density 

remained relatively constant throughout the entire three days; a time of 24 hours was chosen for 

all future adsorption experiments.  

 

 

Figure 5.5. Adsorption density measurements of Tupasol ATO on fluorite and calcite over time.  
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 While calcite and fluorite adsorption densities are similar, fluorite adsorbs more tannin per 

surface area than calcite. This is an interesting point to understand, as it would appear that Tupasol 

would not work as an effective depressant. However, this can be explained by the interaction of 

Tupasol ATO and the collector, sodium oleate. Work done by Iskra and Kitchener had similar 

results when testing Tupasol ATO on calcite and fluorite minerals. Fluorite adsorbed slightly more 

Tupasol ATO than calcite when only the depressant was added. The benefit of Tupasol ATO as a 

depressant is demonstrated when it is in the presence of sodium oleate. Significantly less collector 

is adsorbed onto calcite when in the presence of quebracho. [3] From adsorption density 

observations, this interaction between the collector and depressant in the fluorite/calcite mineral 

system is indicative of why Tupasol ATO is an effective depressant. 

 Secondly, the adsorption densities of Tupasol ATO for fluorite and calcite were studied 

over a range of pH. Figure 5.6 displays the adsorption density measurements taken for fluorite and 

calcite with 50 mg/L Tupasol, varying pH. Again, it is observed that fluorite adsorbs more tannin 

than calcite. Both calcite and fluorite have a sharp dip in adsorption in the mid-alkaline pH range. 

The highest adsorption occurs in the acidic range.  

 

 

Figure 5.6. Adsorption of Tupasol ATO on pure calcite and fluorite over a range of pH.  
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From this adsorption information, it would appear the best results would be seen at low pH values. 

However, practical operating conditions including the cost to maintain such acidic pulp suggest 

that fluorite is best floated around a pH of 8 to 9.5.    

 Adsorption isotherms were also made for pure calcite and fluorite with Tupasol ATO to 

understand the thermodynamic propensity of the adsorption process. Different starting 

concentrations of tannins were added to the pure minerals with two different temperatures, 25ºC 

and 80ºC, studied. Figure 5.7 displays the isotherms for fluorite. It can be seen that both 25ºC and 

80ºC exhibit similar adsorption densities, although adsorption increases dramatically for the 80ºC 

tests. The isotherms are also useful in predicting the mechanism of adsorption. One of the 

characteristics of chemisorption is increased adsorption with an increase in temperature. From this 

information, is appears that the adsorption mechanism of Tupasol ATO onto fluorite may be 

chemisorption.  

 

 

Figure 5.7. Adsorption isotherm for fluorite with Tupasol ATO.  

 

 The adsorption isotherm for calcite is shown in Figure 5.8. Different starting concentrations 

of Tupasol ATO were tested at 25ºC and 80ºC. It can clearly be seen that the adsorption density of 

the tannins on the calcite mineral surface is greatly increased with increasing temperature. Again, 
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the increased adsorption with increasing temperature indicates that the adsorption mechanism for 

Tupasol ATO onto the calcite mineral surface may be chemisorption. Based on the adsorption 

results for both calcite and fluorite, it appears that running flotation experiments at an elevated 

temperature would be advantageous.  

 

 

Figure 5.8. Adsorption isotherm for fluorite with Tupasol ATO. 

 

 While the adsorption isotherms generated helped to provide knowledge regarding the 

mechanism of adsorption, the isotherms were also key in understanding the thermodynamics of 

the adsorption process. The thermodynamic driving force of adsorption can be determined by using 

the Stern-Grahame equation with values taken from the isotherm curves. The free energy of 

adsorption was calculated for 25ºC and 80ºC using the Stern-Grahame equation:  

 

� = −� ˚
        (5.1) 

 

Where  is the adsorption density, r is the radius of the adsorbed ion, C is the equilibrium 

concentration and ΔGºads is the standard free energy of adsorption.  
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 Figure 5.9 illustrates the thermodynamic data calculated using the Stern-Grahame 

equation. Fluorite has a larger negative free energy of adsorption, indicating that Tupasol ATO has 

a thermodynamic affinity to adsorb onto fluorite more than calcite. It would be of interest to study 

the thermodynamics of adsorption of Tupasol ATO with the presence of sodium oleate, as it 

appears the interaction between the two reagents creates dramatically different results.   

 

 

Figure 5.9. Stern-Grahame adsorption free energy for Tupasol ATO on fluorite and calcite at 
25ºC and 80ºC.  

 

 By finding the free energy of adsorption, additional thermodynamic values entropy and 

enthalpy were calculated using the following equations:  

 ° = ��° −��°−      (5.2) 

 ° = ∆ ° −∆ °−       (5.3) 



61 
 

Table 5.7 displays the results for entropy, enthalpy, and free energy values for fluorite and 

calcite adsorption of Tupasol ATO. As stated above a negative free energy value indicates a 

thermodynamically favorable reaction; Tupasol ATO has a thermodynamically favorable 

adsorption onto both calcite and fluorite. The enthalpy values are both positive for fluorite and 

calcite meaning that the adsorption reaction is endothermic and heat is absorbed in the process. A 

positive entropy value specifies a more disordered system as the reaction progresses.  

 

Table 5.7. Thermodynamic parameters of adsorption for calcite and fluorite with Tupafin ATO. 

Mineral ΔG298 [kJ/mol] ΔG353 [kJ/mol] ΔH [kJ/mol] ΔS [J/mol] 

Fluorite -57.615 -71.203 16.010 247.06 

Calcite -52.660 -68.781 34.684 293.10 

 

5.3 Zeta Potential  

 Zeta potential measurements are used to determine the surface charge of a mineral in an 

aqueous environment. As the electrical surface charge plays a role in the adsorption of reagents 

onto the surface of a mineral, it is important to understand this behavior. The following data will 

detail the zeta potential of different minerals over a wide range of pH.  

5.3.1  Fluorite  

As fluorite is the valuable mineral of interest in this particular study, it is important to 

understand how the surface charge changes with the addition of tannins. Figure 5.10 displays the 

zeta potential data collected for fluorite in water. Throughout the vast pH range, the surface charge 

is almost exclusively negative, becoming more negative as pH is increased. It can be seen in Figure 

5.10 that the iso-electric point (IEP) of fluorite in water is approximately 2.5, which is on the low 

end of previously measured IEP values for calcite. Historical IEP values can be seen in Table 5.8.  

It should be noted that IEP values are rarely consistent, as technique, procedures and 

mineral quality vary between each study. In this study, the addition of Tupasol ATO (the modified 

quebracho tannin) was observed. Figure 5.11 displays the zeta potential comparison between 

fluorite in water and fluorite in the quebracho solution. It can be seen that there is a significant 

increase in surface potential with the addition of the tannin. This is indicative that adsorption of 

the tannin is occurring on the surface of the mineral. 
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Table 5.8. Historical IEP values for fluorite in water. [45] 

IEP (pH) Technique Reference 

10.2 Sedimentation Miller and Hiskey 1972 

7.0 Electrophoresis Choi, 1963 

10.6 Electrophoresis Fuerstenau et al., 1967 

6.2-8.8 Electrophoresis Rao, 1968 

Negative for all pH values Streaming potential Miller et al., 2004 

 

 

 

Figure 5.10. Zeta potential of fluorite in water. 

 

In the case of ionic reagents, the mechanism of adsorption may be predicted by the zeta 

potential data. In physical adsorption, whereby a chemical adsorbs onto the surface of a mineral 

by electrostatic interactions, the reagent must be oppositely charged the measured zeta potential at 

a given pH. For chemical adsorption, this is not the case. Tannins are part of the non-ionic polymer 

group of reagents and are not positively or negatively charged. Looking at the zeta potential curves 

in Figure 5.11, the mechanism itself cannot be confirmed but it is certain that quebracho is indeed 

adsorbing onto the surface.   
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Figure 5.11. Zeta potential for fluorite in the presence of Tupasol ATO and in water. 

 

5.3.2  Calcite  

In this study, calcite is the primary gangue mineral. It is vital to understand the surface 

charge behavior of calcite in order to depress it successfully. Figure 5.12 displays the zeta 

potential curve for calcite in water over a wide pH range. It can be seen that the IEP of calcite in 

water is approximately 3.5 for this study. This is lower than the values historically reported 

although it should be noted that all IEP measurements could vary due to differences in technique, 

preparation, surface structures, and mineral compositions. [46] Values from different sources are 

reported in Table 5.9. 

In this research, the addition of Tupasol ATO (the modified quebracho tannin) was studied. 

Figure 5.13 displays the zeta potential comparison between fluorite in water and fluorite in the 

quebracho solution. It can be seen that there is a significant change in surface potential with the 

addition of the tannin. This is indicative that adsorption of the tannin is occurring on the surface 

of the mineral. As stated previously, the adsorption mechanism of the quebracho tannin onto the 

surface of the mineral cannot be determined by zeta potential; however, it is clear that the tannin 

is adsorbing onto the mineral surface, as there is a significant change in zeta potential. 
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Figure 5.12. Zeta potential measurements for calcite in water.  

 

 

Figure 5.13. Zeta potential measurements for calcite in water and Tupasol ATO. 
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  Table 5.9. Historical IEP values of calcite in water. [46] 

IEP (pH) Technique Reference 

9.5 Streaming potential D.W. Thompson et al 1989 

8.2 Streaming potential P. Somasundaran et al. 1967 

11 Electrophoretic mobility D.W. Fuerstenau et al 1992 

5.5 Streaming potential M.S. Smani 1975 

10 Electrophoretic mobility Pradip 1981 

 

5.4  Microflotation 

 A series of microflotation experiments were performed in this study. Microflotation is a 

small-scale laboratory measurement that is designed to emulate the general flotation process. It is 

particularly helpful as it does not require very much material and it can be done with pure minerals 

to identify individual effects of changing parameters. The following sections detail the results and 

conclusions gained from running microflotation experiments.  

5.4.1  Scoping Studies  

 Microflotation experiments were completed on pure calcite and fluorite minerals that were 

100% passing 325 mesh. The Partridge-Smith cell described and detailed in Chapter 4 was used 

for all the tests, using 0.5 grams of mineral sample. Fluorite and calcite minerals were floated 

separately to observe the responses to changing flotation parameters on each mineral individually. 

Initial scoping studies were done to understand the general operation parameters where a clear 

separation of calcite and fluorite could be made. The same operation parameters were tested for 

both calcite and fluorite to find these optimal conditions. There are multitudes of factors that affect 

the flotation process. For the initial testing, four different parameters were chosen that included 

pH, conditioning time, collector concentration and depressant concentration. 

 For the first series of testing, the pH was varied while the rest of the parameters remained 

constant. Based on general operation pH values for fluorite in industry, a range from pH 7-9 was 

tested. No depressant was added for this series of tests in order to see if any pH had a naturally 

better separation potential. Sodium oleate was used as the collector at 10-5 M and 43.3 g/ton Cytec 

Aero 70 was used.  An airflow rate of 80 CCM was used for all tests. The conditioning time was 

taken as 10 minutes for water and the mineral, followed by 5 minutes with the addition of the 

collector and frother. Flotability, or recovery, was calculated by weighing the amount of mineral 



66 
 

floated in each test. Figure 5.14 displays the results for flotability of calcite and fluorite varying 

pH while keeping everything else constant. From this graph, it can be seen that the best recovery 

of fluorite occurs at pH 8.5; however, this is also the pH where the least amount of calcite is 

depressed. The most amount of calcite was depressed at pH 9. Based on previous research done, 

it is suggested that a pH of 9 or above is best to depress the calcite while still maintaining a 

successful recovery of fluorite. [47] Thus, a pH of 9 was selected as the optimum pH for further 

testing.  

 

 

Figure 5.14. Recovery data for fluorite and calcite varying pH. 

 

 After the optimum pH was found, the concentration of the collector was manipulated. 

Sodium oleate concentrations of 10-5M, 5*10-5M, and 10-4M were tested on fluorite and calcite 

samples. All tests were done at pH 9, conditioning time of 10 minutes for the mineral in water and 

an additional 5 minutes with 43.3 g/ton Aero 70 frother and collector, with no depressant added. 

Figure 5.15 illustrates the flotability under these conditions. The most fluorite was recovered with 

increasing concentrations of sodium oleate; this is also true for calcite. The lowest concentration 

tested, 10-5M sodium oleate, displayed good fluorite recovery while recovering less calcite, 
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indicating a good separation possibility. A sodium oleate concentration of 10-5 M was used as the 

optimum collector concentration in further testing.  

 

 

Figure 5.15. Recovery of calcite and fluorite with different concentrations of sodium oleate.  

 

With an optimum pH and collector concentration determined, a depressant was tested to 

aid in the separation of calcite from fluorite.  The depressant used for this series of tests was 

Tupasol ATO, a modified quebracho tannin explained in Chapter 2. Three different concentrations 

10 mg/L, 50 mg/L, and 100 mg/L were examined. It is important to note the reason why the 

depressant concentrations are reported in milligrams per liter rather than molar. Tannin molecular 

weights are rarely reported to a single value. This is due to the differing number of phenol groups 

that make up the quebracho tannin. Quebracho has reported molecular weights ranging from 200 

g/mol to 50,000 g/mol; thus, it is more effective to measure by milligrams per liter rather than 

molar. [4] A pH 9 and optimum collector concentration of 10-5M sodium oleate remained constant. 

The mineral was conditioned with the depressant for 10 minutes before adding the collector and 

frother for an additional 5 minutes of conditioning. Figure 5.16 shows the results of changing the 

depressant concentration for fluorite and calcite microflotation. The highest recovery of both 
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calcite and fluorite occurs when there is no depressant added at all, which is logical. With the 

addition of the lowest concentration of tannin added (10 mg/L), there was a significant decrease 

in the recovery of calcite. At 10 mg/L Tupasol ATO there was also a decrease in the fluorite 

recovery but it was not nearly as prominent as the drop in calcite recovery. It can also be seen that 

increasing concentration of the depressant past 10 mg/L does not have a positive impact on 

depressing the calcite, but has an increasingly negative impact on the fluorite flotability.  

 

 

Figure 5.16. Flotability of fluorite and calcite varying depressant concentration.  

  

Finally, the effect of conditioning time was taken into account. Two different conditioning 

times were tested. A combined 15 minutes for conditioning with the depressant and conditioning 

with the collector/frother were explored. The original time of 10 minutes for the depressant and an 

additional 5 minutes for the collector/frother and a shortened depressant conditioning time of 8 

minutes followed by a collector conditioning time of 7 minutes were studied. Figure 5.17 exhibits 

the effect of conditioning time on fluorite and calcite flotability. From the results, it is clear that as 

the conditioning time increases the flotability of both calcite and fluorite increases. This is likely 
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due to the displacement of depressant from the surface of the mineral. Both Tupasol ATO and 

sodium oleate act as competitive adsorbates, meaning that each chemical fights to adsorb onto the 

surface of the mineral. [3] For this reason, the order in which the modifying reagents are added to 

the pulp is important; the depressant is added first and allowed to condition for a period prior to 

the collector being introduced into the system.  

 

 
Figure 5.17. Flotability of fluorite and calcite varying collector conditioning times. 

 

5.4.2  Statistical Modeling: Comparison of Tannin Types  

 After the scoping studies were completed to gain a general knowledge of fluorite flotation 

parameters, Stat-Ease Design-Expert 9® software was used for statistical modeling and 

optimization. In this study, three different tannin types (Tupasol ATO quebracho tannin, wattle 

tannin, and Gere 60 chestnut tannin) were researched using the same experimental matrix for 

comparison purposes. A five factor, two level, half-factorial design was used with three midpoint 

tests. Full factorial designs are robust in that they give the most information on interactions 

between the different factors; however, full factorial designs have the largest number of runs. In 

order to gain information about factor interactions, while also limiting the number of tests run, a 
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fractional factorial design was completed. In this case, a half-factorial design was utilized. In the 

case of a full factorial, the number of runs is expressed as 2k, where k is the number of factors to 

be tested. For the five factors used in this study, that would have been 32 tests, without midpoints. 

The half-factorial design is expressed as 2k-p, where k is the number of factors and p is the fraction 

exponent, which is equal to 1 in this case. The number of runs is cut in half, thus it is a half-factorial 

design. This design has a resolution V (Rv) rating, meaning the design does not alias main effects 

or two-way interactions with each other. Main effects and two-factor interactions can be clearly 

observed. [48]  

 For this study, five different factors were chosen with the goal to optimize flotability. Four 

quantitative factors were researched including pH, tannin conditioning time, collector 

concentration, and tannin concentration. One qualitative factor, tannin type, was used. The 

collector type, sodium oleate was used in all tests. The frother (Cytec Aero 70) and the airflow rate 

at 80 CCM was also kept consistent throughout all runs. In this five factor, two level, half-factorial 

design, low and high levels of the factors were tested in addition to a midpoint that was run in 

triplicate. Table 5.10 displays the lower and upper limits of the process parameters tested in this 

study. It should be noted that the high and low levels for tannin type are the two different tannins 

tested, as that parameter is qualitative not quantitative.  

 

Table 5.10. Lower and upper limits for the process parameters for tannin flotation experiments. 

Process Parameter Lower Limit Upper Limit 

Tannin Type Quebracho (Tupasol ATO) Wattle (or Chestnut) 

pH 7 10 

Tannin Conditioning Time  6 12 

Collector Concentration 10-5 M 10-4 M 

Tannin Concentration  0 mg/L 20 mg/L 

 

 Four different experimental matrices were tested to observe the differences in tannin 

performance on both fluorite and calcite microflotation individually. For this scheme with one 

qualitative parameter, 6 midpoints were tested in addition to the 16 runs for a five-factor half-

factorial design.   
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5.4.2.1 Comparing Quebracho and Wattle Tannins 

The first study done compared wattle tannin to quebracho tannin (Tupasol ATO) for calcite 

flotation. This design matrix can be seen in Table 5.11. The standard number shown in the first 

column is the test designation where the run number is the sequence in which the tests should be 

run that was assigned randomly to avoid systematic error. The response for the testing is the 

recovery of calcite from each microflotation test. The midpoint value was run in triplicate to 

provide insight into reproducibility of results and statistical experimental error.  

In the case of the calcite matrix, the ideal response occurs at minimum recovery values, as 

the calcite should be depressed. The minimum percentage recovery was Run #20, with quebracho 

tannin dosed at 20 mg/L, pH 7, sodium oleate concentration at 10-5 M and a tannin conditioning 

time of 12 minutes. The maximum percentage recovery was Run #3 with no depressant added, a 

pH of 10, sodium oleate at 10-4 M, and only 6 minutes of conditioning before the collector was 

added.  Figure 5.18 displays the Half-normal plot that was generated by the Stat-Ease software. 

This plot indicates that the interaction parameters that were significant for the model were C 

(tannin concentration), D (sodium oleate concentration), AE, BD, and CD. In order to include the 

two-way interactions, the system requires that the individual parameters are included as well thus, 

B (pH), E (tannin conditioning time), and A (tannin type) were all found to be significant. 

Figure 5.19 shows the Pareto chart for this model. The Pareto illustrates that the tannin 

concentration (parameter C) and sodium oleate concentration (parameter D) and the interactions 

AE, BD, and CD all played a significant effect on the process. Although pH (parameter B), tannin 

type (parameter A), and tannin conditioning time (parameter E) were not above the t-value or 

Bonferroni limits themselves, the interactions AE, BD, and CD were so the individual parameters 

were included.   

Once the significant operation parameters were chosen in the Pareto chart, an analysis of 

variance (ANOVA) was performed. With the testing of midpoints, both an unadjusted and adjusted 

model were generated to account for curvature in the modeling, the basic results for these two 

models is shown in Table 5.12. With a p-value of <0.0001, the curvature was found to be 

significant so the adjusted model was taken.  Table 5.13 shows the results of the ANOVA 

generated by the Stat-Ease design software. 
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Table 5.11. Half-factorial design results for calcite study comparing quebracho and wattle tannin. 

Std Run 
Tannin 

Type 
pH 

Tannin 

Concentration 

[mg/L] 

Sodium Oleate 

Concentration 

[M] 

Tannin 

Conditioning 

Time [min] 

Recovery 

[%] 

18 1 Wattle 8.5 10 5*10-5 M 9 38 ± 3.64 

14 2 Wattle 7 20 10-5 M 6 10.34 ± 3.64 

3 3 Quebracho 10 0 10-4 M 6 94.06 ± 1.77 

6 4 Wattle 7 20 10-4 M 12 85.46 ± 3.64 

12 5 Wattle 10 0 10-5 M 6 86.28 ± 3.64 

10 6 Wattle 7 0 10-5 M 12 83.54 ± 3.64 

8 7 Wattle 10 20 10-4 M 6 39.72 ± 3.64 

9 8 Quebracho 7 0 10-5 M 6 84.1 ± 1.77 

22 9 Wattle 8.5 10 5*10-5 M 9 43.98 ± 3.64 

21 10 Quebracho 8.5 10 5*10-5 M 9 55.76 ± 1.77 

16 11 Wattle 10 20 10-5 M 12 53.72 ± 3.64 

11 12 Quebracho 10 0 10-5 M 12 77.8 ± 1.77 

7 13 Quebracho 10 20 10-4 M 12 58.4 ± 1.77 

15 14 Quebracho 10 20 10-5 M 6 47.68 ± 1.77 

20 15 Wattle 8.5 10 5*10-5 M 9 46.72 ± 3.64 

19 16 Quebracho 8.5 10 5*10-5 M 9 52.5 ± 1.77 

2 17 Wattle 7 0 10-4 M 6 89.78 ± 3.64 

5 18 Quebracho 7 20 10-4 M 6 83.84 ± 1.77 

1 19 Quebracho 7 0 10-4 M 12 90.56 ± 1.77 

13 20 Quebracho 7 20 10-5 M 12 4.58 ± 1.77 

4 21 Wattle 10 0 10-4 M 12 91.46 ± 3.64 

17 22 Quebracho 8.5 10 5*10-5 M 9 51.64 ± 1.77 
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Figure 5.18. The Half-normal plot for the quebracho vs. wattle tannin design matrix for calcite 
microflotation showing the relevant interaction parameters.  

 

 

Figure 5.19. Pareto chart for the calcite microflotation matrix comparing wattle and quebracho 
tannins. 
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Table 5.12. Stat-Ease statistical model comparison between the adjusted and unadjusted model.  

 Adjusted Model Unadjusted Model 

 F-value p-value F-value p-value 

Model 55.57 < 0.0001 9.65 0.0002 

Curvature 31.92 < 0.0001   

Lack of Fit 2.97 0.1545 18.32 0.0066 

 

 

Table 5.13. Stat-Ease Design ANOVA for calcite microflotation model comparing wattle and 
quebracho tannin. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value p-value 

Model 12342.31 8 1542.79 55.57 < 0.0001 

A-Tannin Type 0.032 1 0.032 1.167E-003 0.9734 

B-pH 17.89 1 17.89 0.64 0.4391 

C-Tannin Concentration 6155.97 1 6155.97 221.74 < 0.0001 

D-Sodium Oleate Concentration 2144.62 1 2144.62 77.25 < 0.0001 

E-Tannin Conditioning Time 5.90 1 5.90 0.21 0.6536 

AE 1730.56 1 1730.56 62.34 < 0.0001 

BD 1386.07 1 1386.07 49.93 < 0.0001 

CD 854.98 1 854.98 30.80 0.0002 

Curvature 1772.26 2 886.13 31.92 < 0.0001 

Residual 305.38 11 27.76   

Lack of Fit 256.17 7 36.60 2.97 0.1545 

Pure Error 49.22 4 12.30   

Cor Total 14419.95 21    

 

 A Model F value of 55.57 indicates that the model is significant. There is only a 0.01% 

chance that an F-value this large could occur due to noise. P-values that are less than 0.05 indicate 

significant parameters. In this case, parameters C, D and AE, BD, and CD are all significant. It 

should be noted that terms A and B are not significant individually but the terms AE and BD have 

p-values <0.05 and terms A and B are needed to support hierarchy. The lack of fit F value at 2.97 

and the p value 0.1545 indicate an insignificant lack of fit, which is a positive attribute for the 

model.   

 Finally, the correlation factors were calculated and generated with the ANOVA analysis. 

Table 5.14 displays the R-squared values for this model. These values are relatively low. The 

predicted R-squared value is in reasonable agreement with the adjusted R-squared value as the 

difference is less than 0.2. The adequate precision value is measuring the signal to noise ratio, a 
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value above 4 is wanted. Although the R-squared values are relatively low, based on the other 

statistical indicators, the model is significant, the lack of fit is insignificant and there is a fine 

adequate precision. Based on these indicators, the model should provide adequate predictions for 

average outcomes.  

  

Table 5.14. Correlation factors for the calcite microflotation experiments comparing wattle and 
quebracho tannin. 

Correlation Factor Value 

R-Squared 0.8559 

Adjusted R-Squared 0.7673 

Predicted R-Squared  0.6571 

Adequate precision 10.908 

 

 

 Once the ANOVA was completed, an equation was generated based on the model to predict 

recovery values of calcite within the lower and upper limits of the process parameters. Two 

different equations were generated based on each tannin type. The response equation for calcite 

recovery using quebracho tannin is:  

 

Calcite recovery [%] = 619.81 – 55.14*pH + 4.6175*Tannin Concentration – 114.02*Sodium 

Oleate Concentration – 3.26417*Tannin Conditioning Time + 12.41*pH*Sodium Oleate 

Concentration – 1.462*Tannin Concentration*Sodium Oleate Concentration                  (5.1)  

 

The response equation for calcite recovery using wattle tannin is:  

 

Calcite recovery [%] = 554.50818 – 55.14*pH + 4.6175*Tannin Concentration – 114.02*Sodium 

Oleate Concentration + 3.66917*Tannin Conditioning Time + 12.41*pH*Sodium Oleate 

Concentration – 1.462*Tannin Concentration*Sodium Oleate Concentration                 (5.2) 
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A series of plots and 3D response surfaces were generated to provide a visual display of 

the model created. Figure 5.20 displays the contour curves for the calcite model for both wattle 

tannin and quebracho tannin. The graphs display the predicted outcomes for changing 

concentrations of tannin and the pulp pH. The lines on the curves with the corresponding numbers 

represent the response, in this case calcite flotability. By comparing the two graphs, it is clear that 

the responses appear very similar. With regards to calcite depression, wattle tannin and quebracho 

tannin are predicted to perform nearly the same over the range of conditions studied. This is 

feasible, as both reagents are tannins made up of the same polyphenol structures. 

Figure 5.20. Contour curves generated by Stat-Ease software for the calcite flotability model 
displaying the relationship between tannin concentration, pH and the recovery of calcite for 

wattle tannin and quebracho tannin. 

 

 The second part of this comparison study between wattle and quebracho tannin was to 

observe the effects of each tannin on the recovery of fluorite. Table 5.15 displays the test matrix 

and recovery results for this work. The standard number shown in the first column is the test 
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Figure 5.21 displays the half-normal plot that was generated by the Stat-Ease software. 

This plot indicates that the interaction parameters that were significant for the model were C 

(tannin concentration), B (pH), and BC.  Figure 5.22 displays the Pareto chart showing that the 

most significant parameter is tannin concentration, the interaction between tannin concentration 

and pH, and pH. The interaction between tannin type and tannin concentration was the next most 

significant interaction, although it was not above the t-value limit or the Bonferroni limit, so it was 

not included in the model. Once the significant operation parameters were chosen in the Pareto 

chart, an analysis of variance (ANOVA) was performed. With the testing of midpoints, both an 

unadjusted and adjusted model were generated to account for curvature in the modeling, the basic 

results for these two models is shown in Table 5.16. Both the adjusted and unadjusted models had 

a p-value of <0.0001. The lack of fit for the adjusted model was stronger, thus the adjusted model 

was chosen.  

The adjusted model ANOVA analysis is shown in Table 5.17. A Model F value of 58.87 

indicates that the model is significant. There is only a 0.01% chance that an F-value this large 

could occur due to noise. P-values that are less than 0.05 indicate significant parameters. In this 

case, as all parameters included in the model have a p-value <0.0001, they are all significant. The 

lack of fit F value at 1.04 and the p value 0.5380 indicate an insignificant lack of fit, which is a 

positive attribute for the model.   

Finally, the correlation factors were calculated and generated with the ANOVA analysis. 

Table 5.18 displays the R-squared values for this model. These values are relatively moderate. The 

predicted R-squared value is in reasonable agreement with the adjusted R-squared value as the 

difference is less than 0.2. The adequate precision value is measuring the signal to noise ratio, a 

value above 4 is wanted. Although the R-squared values are somewhat low, based on the other 

statistical indicators, the model is significant, the lack of fit is insignificant and there is a fine 

adequate precision. Based on these indicators, the model should provide adequate predictions for 

average outcomes.  
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Table 5.15. Half-factorial design of experiments test matrix comparing wattle tannin and 
quebracho tannin on the flotability of fluorite. 

Std Run 
Tannin 

Type 
pH 

Tannin 

Concentratio

n [mg/L] 

Sodium Oleate 

Concentration 

[M] 

Tannin 

Conditioning 

Time [min] 

Recovery 

[%] 

18 1 Wattle 8.5 10 5*10-5 M 9 81.04 ± 5.88 

14 2 Wattle 7 20 10-5 M 6 88.14 ± 5.88 

3 3 Quebracho 10 0 10-4 M 6 90.46 ± 2.2 

6 4 Wattle 7 20 10-4 M 12 83.58 ± 5.88 

12 5 Wattle 10 0 10-5 M 6 90.96 ± 5.88 

10 6 Wattle 7 0 10-5 M 12 88.66 ± 5.88 

8 7 Wattle 10 20 10-4 M 6 58.72 ± 5.88 

9 8 Quebracho 7 0 10-5 M 6 88.04 ± 2.2 

22 9 Wattle 8.5 10 5*10-5 M 9 89 ± 5.88 

21 10 Quebracho 8.5 10 5*10-5 M 9 91.64 ± 2.2 

16 11 Wattle 10 20 10-5 M 12 43.04 ± 5.88 

11 12 Quebracho 10 0 10-5 M 12 93.86 ± 2.2 

7 13 Quebracho 10 20 10-4 M 12 40.94 ± 2.2 

15 14 Quebracho 10 20 10-5 M 6 40.84 ± 2.2 

20 15 Wattle 8.5 10 5*10-5 M 9 74.62 ± 5.88 

19 16 Quebracho 8.5 10 5*10-5 M 9 86.5 ± 2.2 

2 17 Wattle 7 0 10-4 M 6 87.32 ± 5.88 

5 18 Quebracho 7 20 10-4 M 6 87.74 ± 2.2 

1 19 Quebracho 7 0 10-4 M 12 91.6 ± 2.2 

13 20 Quebracho 7 20 10-5 M 12 81.42 ± 2.2 

4 21 Wattle 10 0 10-4 M 12 85.1 ± 5.88 

17 22 Quebracho 8.5 10 5*10-5 M 9 90.44 ± 2.2 

 

 

 



79 
 

 

Figure 5.21. Half-normal plot generated using Stat-Ease for the fluorite flotation study 
comparing wattle tannin and quebracho tannin. 

 

 

Table 5.16. Stat-Ease statistical model comparison between the adjusted and unadjusted model.  

 Adjusted Model Unadjusted Model 

 F-value p-value F-value p-value 

Model 58.87 < 0.0001 40.48 < 0.0001 

Curvature 9.18 0.0076   

Lack of Fit 1.04 0.5380 1.65 0.3364 
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Figure 5.22. Pareto chart for the fluorite microflotation matrix comparing wattle and quebracho 
tannins. 

   

Table 5.17. Stat-Ease Design ANOVA for fluorite microflotation model comparing wattle and 
quebracho tannin. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value p-value 

Model 5391.25 3 1797.08 58.87 < 0.0001 

B-pH 1455.04 1 1455.04 47.67 < 0.0001 

C-Tannin Conc 2293.93 1 2293.93 75.15 < 0.0001 

BC 1642.28 1 1642.28 53.80 < 0.0001 

Curvature 280.23 1 280.23 9.18 0.0076 

Residual 518.94 17 30.53   

Lack of Fit 400.69 13 30.82 1.04 0.5380 

Pure Error 118.25 4 29.56   

Cor Total 6190.42 21    
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Table 5.18. Correlation factors for the fluorite microflotation experiments comparing wattle and 
quebracho tannin. 

Correlation Factor Value 

R-Squared 0.8709 

Adjusted R-Squared 0.8494 

Predicted R-Squared  0.8212 

Adequate precision 15.560 

 

Once the ANOVA was completed, an equation was generated based on the model to predict 

recovery values of fluorite within the lower and upper limits of the process parameters. The 

response equation for fluorite flotation is: 

 

Fluorite recovery [%] = 88.3139 +0.39667*pH + 4.54367*Tannin Concentration – 

0.67542*pH*Tannin Concentration                  Eqn. 5.3 

 

A series of plots and 3D response surfaces were generated to provide a visual display of the model 

created. Figure 5.23 displays the contour curve for the fluorite model. The graph displays the 

predicted outcomes for changing concentrations of tannin and the pulp pH. As tannin type was not 

found significant in the model, this contour curve is representative of using either wattle or 

quebracho. The lines on the curves with the corresponding numbers represent the response, in this 

case fluorite flotability. It can be seen from the contour curve that fluorite recovery is best at low 

values of tannin concentrations across a wide range of pH. The lowest recoveries of fluorite 

occurred at the maximum tannin concentration at 20 mg/L and the maximum pH of 10.   

 Although this statistical model did not prove tannin type to be a statistically significant 

term, a comparison can still be made from the results. The three highest recoveries for fluorite 

using Tupasol ATO quebracho and wattle tannin are reported in Table 5.19. The average fluorite 

recovery for the top three tests for quebracho was found to be 89.94 ± 2.2 whereas the average 

fluorite recovery for the top three tests using wattle tannin was found to be 86.91 ± 5.88. With this 

information, it appears that quebracho may have marginally better performance concerning fluorite 

recovery than wattle tannin does and comparable performance for calcite depression.  
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Figure 5.23. Stat-Ease generated contour curve comparing pH and tannin concentration for 
fluorite recovery. 

 

Table 5.19. Comparing wattle tannin and quebracho tannin for highest recoveries of fluorite from 
Stat-Ease testing. 

Run 

# 

Tannin 

Type 
pH 

Tannin 

Concentration 

Sodium 

Oleate 

Concentration 

Tannin 

Conditioning 

Time 

Fluorite 

Recovery 

10 Quebracho 8.5 10 4.5 9 91.64 ± 2.2 

22 Quebracho 8.5 10 4.5 9 90.44 ± 2.2 

18 Quebracho 7 20 4 6 87.74 ± 2.2 

9 Wattle 8.5 10 4.5 9 89 ± 5.88 

2 Wattle 7 20 5 6 88.14± 5.88 

20 Wattle  7 20 4 12 83.58± 5.88 
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5.4.2.2 Comparing Quebracho and Chestnut Tannins   

The same matrices used to compare quebracho and wattle tannins for calcite and fluorite 

flotation were used to evaluate quebracho and chestnut tannins.  The design matrix for calcite 

microflotation can be seen in Table 5.20. The standard number shown in the first column is the 

test designation where the run number is the sequence in which the tests should be run that was 

assigned randomly to avoid systematic error. The response for the testing is the recovery of calcite 

from each microflotation test.  

In the case of the calcite matrix, the ideal response occurs at minimum recovery values, as 

the calcite should be depressed. The minimum percentage recovery was Run #20, with quebracho 

tannin dosed at 20 mg/L, pH 7, sodium oleate concentration at 10-5 M and a tannin conditioning 

time of 12 minutes. The maximum percentage recovery was Run #3 with no depressant added, a 

pH of 10, sodium oleate at 10-4 M, and only 6 minutes of conditioning before the collector was 

added.  Figure 5.24 displays the Half-normal plot that was generated by the Stat-Ease software.  

This plot displays the significant model parameters were C (tannin concentration), D 

(sodium oleate concentration), AE, BD, and CD. In order to include the two-way interactions, the 

system requires that the individual parameters are included as well thus, B (pH), E (tannin 

conditioning time), and A (tannin type) were all found to be significant. 

The Pareto chart in shown in Figure 5.25 illustrates that the tannin concentration (parameter 

C) and sodium oleate concentration (parameter D) and the interactions AE, BD, and CD all played 

a significant effect on the process. Although pH (parameter B), tannin type (parameter A), and 

tannin conditioning time (parameter E) were not above the t-value or Bonferroni limits themselves, 

the interactions AE, BD, and CD were so the individual parameters were included. 

Once the significant operation parameters were chosen in the Pareto chart, an analysis of 

variance (ANOVA) was performed. With the testing of midpoints, both an unadjusted and adjusted 

model were generated to account for curvature in the modeling, the basic results for these two 

models is shown in Table 5.21. Both the adjusted and the unadjusted models had p-values of 

<0.0001; however, the p-value for curvature is >0.1, indicating that it is not significant. The 

original, unadjusted model was used for the remainder of the ANOVA analysis. Table 5.22 shows 

the results of the ANOVA generated by the Stat-Ease design software.  
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Table 5.20. Half-factorial design of experiments test matrix comparing chestnut tannin and 
quebracho tannin on the flotability of calcite. 

Std Run 
Tannin 

Type 
pH 

Tannin 

Concentration 

[mg/L] 

Sodium Oleate 

Concentration 

[M] 

Tannin 

Conditioning 

Time [min] 

Recovery 

[%] 

18 1 Chestnut  8.5 10 5*10-5 M 9 57.24 ± 0.22 

14 2 Chestnut  7 20 10-5 M 6 9.34 ± 0.22 

3 3 Quebracho 10 0 10-4 M 6 94.06 ± 1.77 

6 4 Chestnut  7 20 10-4 M 12 69.74 ± 0.22 

12 5 Chestnut  10 0 10-5 M 6 86.28 ± 0.22 

10 6 Chestnut  7 0 10-5 M 12 83.54 ± 0.22 

8 7 Chestnut  10 20 10-4 M 6 43.46 ± 0.22 

9 8 Quebracho 7 0 10-5 M 6 88.04 ± 1.77 

22 9 Chestnut  8.5 10 5*10-5 M 9 57 ± 0.22 

21 10 Quebracho 8.5 10 5*10-5 M 9 55.76 ± 1.77 

16 11 Chestnut  10 20 10-5 M 12 46.48 ± 0.22 

11 12 Quebracho 10 0 10-5 M 12 77.8 ± 1.77 

7 13 Quebracho 10 20 10-4 M 12 58.4 ± 1.77 

15 14 Quebracho 10 20 10-5 M 6 47.68 ± 1.77 

20 15 Chestnut  8.5 10 5*10-5 M 9 57.54 ± 0.22 

19 16 Quebracho 8.5 10 5*10-5 M 9 52.5 ± 1.77 

2 17 Chestnut  7 0 10-4 M 6 89.78 ± 0.22 

5 18 Quebracho 7 20 10-4 M 6 83.84 ± 1.77 

1 19 Quebracho 7 0 10-4 M 12 90.56 ± 1.77 

13 20 Quebracho 7 20 10-5 M 12 4.58 ± 1.77 

4 21 Chestnut  10 0 10-4 M 12 91.46 ± 0.22 

17 22 Quebracho 8.5 10 5*10-5 M 9 51.64 ± 1.77 
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Figure 5.24. Half-normal plot generated using Stat-Ease for the calcite flotation study comparing 
chestnut tannin and quebracho tannin. 
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Figure 5.25. Pareto chart for the calcite microflotation matrix comparing chestnut and quebracho 
tannins. 

 

 

Table 5.21. Stat-Ease generated unadjusted and adjusted models for calcite flotation with 
chestnut and quebracho tannin. 

 Adjusted Model Unadjusted Model 

 F-value p-value F-value p-value 

Model 28.70 < 0.0001 24.39 < 0.0001 

Curvature 2.15 0.1628   

Lack of Fit 0.48 0.8137 0.69 0.7035 
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Table 5.22. Stat-Ease Design ANOVA for calcite microflotation model comparing chestnut and 
quebracho tannin. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value p-value 

Model 12296.08 8 1537.01 24.39 < 0.0001 

A-Tannin Type 62.97 1 62.97 1.00 0.3358 

B-pH 42.90 1 42.90 0.68 0.4242 

C-Tannin Conc 7140.25 1 7140.25 113.28 < 0.0001 

D-Sodium Oleate Conc 1970.47 1 1970.47 31.26 < 0.0001 

E-Tannin Cond. Time 24.80 1 24.80 0.39 0.5413 

AE 1307.55 1 1307.55 20.74 0.0005 

BD 889.23 1 889.23 14.11 0.0024 

CD 857.90 1 857.90 13.61 0.0027 

Residual 819.39 13 63.03   

Lack of Fit 499.13 9 55.46 0.69 0.7035 

Pure Error 320.26 4 80.06   

Cor Total 13115.46 21    

 

A Model F value of 24.39 indicates that the model is significant. There is only a 0.01% 

chance that an F-value this large could occur due to noise. P-values that are less than 0.05 indicate 

significant parameters. In this case, parameters C, D and AE, BD, and CD are all significant. It 

should be noted that terms A, B, and E are not significant individually but the terms AE, BD, and 

CD have p-values <0.05 and terms A, B, and E are needed to support hierarchy. The lack of fit F 

value at 0.69 and the p value 0.7035 indicate an insignificant lack of fit, which is a positive attribute 

for the model. 

Finally, the correlation factors were calculated and generated with the ANOVA analysis. 

Table 5.23 displays the R-squared values for this model. These values are relatively high. The 

predicted R-squared value is in reasonable agreement with the adjusted R-squared value as the 

difference is less than 0.2. The adequate precision value is measuring the signal to noise ratio, a 

value above 4 is wanted. Since the R-values are reasonably good, the model is significant, the lack 

of fit is insignificant and there is a fine adequate precision, this model should provide adequate 

predictions for average outcomes.  

Once the ANOVA was completed, an equation was generated based on the model to predict 

recovery values of calcite within the lower and upper limits of the process parameters. Two 

different equations were generated based on each tannin type. The response equation for calcite 

recovery using quebracho tannin is:  
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Calcite recovery [%] = 523.16083 – 43.63833*pH + 4.47775*Tannin Concentration – 

92.04*Sodium Oleate Concentration – 3.42833*Tannin Conditioning Time + 9.94*pH*Sodium 

Oleate Concentration – 1.4645*Tannin Concentration*Sodium Oleate Concentration     (5.3)  

 

The response equation for calcite recovery using chestnut tannin is:  

 

Calcite recovery [%] = 465.53720 – 43.63833*pH + 4.47775*Tannin Concentration – 

92.04*Sodium Oleate Concentration + 2.59833*Tannin Conditioning Time + 9.94*pH*Sodium 

Oleate Concentration – 1.4645*Tannin Concentration*Sodium Oleate Concentration      (5.4) 

 

Table 5.23. Correlation factors for the calcite microflotation experiments comparing chestnut and 
quebracho tannin. 

Correlation Factor Value 

R-Squared 0.9375 

Adjusted R-Squared 0.8991 

Predicted R-Squared 0.8413 

Adequate precision 17.563 

 

 

A series of plots and 3D response surfaces were generated to provide a visual display of 

the model created. Figure 5.26 displays the contour curves for the calcite model for both chestnut 

tannin and quebracho tannin. The graphs display the predicted outcomes for changing 

concentrations of tannin and the pulp pH. The lines on the curves with the corresponding numbers 

represent the response, in this case calcite flotability. By comparing the two graphs, it is clear that 

the responses appear very similar. Concerning calcite depression, chestnut tannin and quebracho 

tannin are predicted to perform nearly the same over the range of conditions studied. This is 

feasible, as both reagents are tannins made up of the same polyphenol structures  

The second part of this comparison study between chestnut and quebracho tannin was to 

observe the effects of each tannin on the flotability of fluorite. Table 5.24 displays the test matrix 

and recovery results for this work. The standard number shown in the first column is the test 

designation where the run number is the sequence in which the tests should be run that was 
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assigned randomly to avoid systematic error. The response for the testing is the recovery of fluorite 

from each microflotation test. The maximum recovery of fluorite was Run #12 with no depressant 

added, 10-5M sodium oleate, and 12 minutes conditioning time prior to the collector being added. 

The minimum values were found at the high tannin concentrations of 20 mg/L and high pH values.  

Figure 5.27 displays the Half-normal plot that was generated by the Stat-Ease software. 

This plot indicates that the interaction parameters that were significant for the model were C 

(tannin concentration), B (pH), A (tannin type) and BC.  Figure 5.28 displays the Pareto chart 

showing that the most significant parameter is tannin concentration, the interaction between tannin 

concentration and pH, pH, and tannin type.  

 

Figure 5.26. Stat-Ease contour curves for the calcite recovery displaying the relationship between 
tannin concentration, pH and the recovery of calcite for chestnut tannin and quebracho tannin. 

 

Once the significant operation parameters were chosen in the Pareto chart, an analysis of 

variance (ANOVA) was performed. With the testing of midpoints, both an unadjusted and adjusted 

model were generated to account for curvature in the modeling, the basic results for these two 

models is shown in Table 5.25. Both the adjusted and the unadjusted models had p-values of 

<0.0001; however, the p-value for curvature is >0.1, indicating that it is not significant. The 

original, unadjusted model was used for the remainder of the ANOVA analysis. Table 5.26 shows 

the results of the ANOVA generated by the Stat-Ease design software.  
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Figure 5.27. Half-normal plot generated using Stat-Ease for the fluorite flotation study 
comparing chestnut tannin and quebracho tannin. 

 

 

Figure 5.28. Pareto chart for the fluorite microflotation matrix comparing chestnut and 
quebracho tannin. 

0.00 8.84 17.68 26.52 35.36

0
10
20
30

50

70

80

90

95

99

Half-Normal Plot

|Standardized Effect|

H
a

lf
-
N

o
r
m

a
l 

%
 P

r
o

b
a

b
il

it
y

A-Tannin Type 
B-pH

C-Tannin Conc

BC

0.00

1.70

3.41

5.11

6.82

8.52

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Pareto Chart

Rank

t
-

V
a

l
u

e
 
o

f
 
|
E

f
f
e

c
t
|

Bonferroni Limit 3.48368

t-Value Limit 2.13145

C-Tannin Conc

BC
B-pH

A-Tannin Type 



91 
 

Table 5.24. Half-factorial design of experiments test matrix comparing chestnut tannin and 
quebracho tannin on the flotability of fluorite. 

Std Run 
Tannin 

Type 
pH 

Tannin 

Concentration 

[mg/L] 

Sodium 

Oleate 

Concentration 

[M] 

Tannin 

Conditioning 

Time [min] 

Recovery 

[%] 

18 1 Chestnut 8.5 10 4.5 9 54.72 ± 0.22 

14 2 Chestnut 7 20 5 6 43.76 ± 0.22 

3 3 Quebracho 10 0 4 6 90.46 ± 1.63 

6 4 Chestnut 7 20 4 12 60.16 ± 0.22 

12 5 Chestnut 10 0 5 6 90.96 ± 0.22 

10 6 Chestnut 7 0 5 12 88.66 ± 0.22 

8 7 Chestnut 10 20 4 6 38.86 ± 0.22 

9 8 Quebracho 7 0 5 6 88.04 ± 1.63 

22 9 Chestnut 8.5 10 4.5 9 71.76 ± 0.22 

21 10 Quebracho 8.5 10 4.5 9 91.64 ± 1.63 

16 11 Chestnut 10 20 5 12 39.4 ± 0.22 

11 12 Quebracho 10 0 5 12 93.86 ± 1.63 

7 13 Quebracho 10 20 4 12 40.94 ± 1.63 

15 14 Quebracho 10 20 5 6 40.84 ± 1.63 

20 15 Chestnut 8.5 10 4.5 9 66.76 ± 0.22 

19 16 Quebracho 8.5 10 4.5 9 86.5 ± 1.63 

2 17 Chestnut 7 0 4 6 87.32 ± 0.22 

5 18 Quebracho 7 20 4 6 87.74 ± 1.63 

1 19 Quebracho 7 0 4 12 91.6 ± 1.63 

13 20 Quebracho 7 20 5 12 81.42 ± 1.63 

4 21 Chestnut 10 0 4 12 85.1 ± 0.22 

17 22 Quebracho 8.5 10 4.5 9 90.44 ± 1.63 
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Table 5.25. Stat-Ease generated adjusted and unadjusted models for the fluorite study comparing 
quebracho and chestnut tannins.  

 Adjusted Model Unadjusted Model 

 F-value p-value F-value p-value 

Model 27.97 < 0.0001 23.47 < 0.0001 

Curvature 2.63 0.1051   

Lack of Fit 1.87 0.2859 2.25 0.2255 

 

  

Table 5.26. Stat-Ease Design ANOVA for fluorite microflotation model comparing chestnut and 
quebracho tannin. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value p-value 

Model 7707.87 4 1926.97 23.47 < 0.0001 

A-Tannin Type 1106.47 1 1106.47 13.48 0.0019 

B-pH 732.78 1 732.78 8.93 0.0083 

C-Tannin Conc 5001.32 1 5001.32 60.92 < 0.0001 

BC 867.30 1 867.30 10.57 0.0047 

Residual 1395.54 17 82.09   

Lack of Fit 1227.64 13 94.43 2.25 0.2255 

Pure Error 167.90 4 41.98   

Cor Total 9103.42 21    

 

A Model F value of 23.47 indicates that the model is significant. There is only a 0.01% 

chance that an F-value this large could occur due to noise. P-values that are less than 0.05 indicate 

significant parameters. In this case, parameters A, B, C, and BC are all significant. The lack of fit 

F value at 2.25 and the p value 0.2255 indicate an insignificant lack of fit, which is a positive 

attribute for the model. 

Finally, the correlation factors were calculated and generated with the ANOVA analysis. 

Table 5.27 displays the R-squared values for this model. These values are relatively low. The 

predicted R-squared value is in reasonable agreement with the adjusted R-squared value as the 

difference is less than 0.2. The adequate precision value is measuring the signal to noise ratio, a 

value above 4 is wanted. Since the R-values are reasonably good, the model is significant, the lack 

of fit is insignificant and there is a fine adequate precision, this model should provide adequate 

predictions for average outcomes.  
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Table 5.27. Correlation factors for the calcite microflotation experiments comparing chestnut and 
quebracho tannin. 

Correlation Factor Value 

R-Squared 0.8467 

Adjusted R-Squared 0.8106 

Predicted R-Squared  0.7392 

Adequate precision 14.879 

 

Once the ANOVA was completed, an equation was generated based on the model to predict 

recovery values of calcite within the lower and upper limits of the process parameters. Two 

different equations were generated based on each tannin type. The response equation for fluorite 

recovery using quebracho tannin is: 

 

Fluorite Recovery = 94.62470 + 0.39667*pH +2.40408*Tannin Concentration – 

0.49083*pH*Tannin Concentration             (5.5) 

 

The response equation for fluorite recovery using chestnut tannin is:  

 

Fluorite Recovery = 80.44106 + 0.39667*pH +2.40408*Tannin Concentration – 

0.49083*pH*Tannin Concentration                (5.6) 

 

A series of plots and 3D response surfaces were generated to provide a visual display of 

the model created. Figure 5.29 displays the contour curves for the fluorite model for both chestnut 

tannin and quebracho tannin. The graphs display the predicted outcomes for changing 

concentrations of tannin and the pulp pH. The lines on the curves with the corresponding numbers 

represent the response, in this case fluorite flotability. By comparing the two graphs, it is clear that 

the quebracho tannin has better performance concerning fluorite recovery than chestnut tannin. In 

addition, the calcite depression was comparable for chestnut and quebracho tannin. With this 

study, quebracho would be the tannin of choice to depress calcite while not hindering fluorite 

flotability.  
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Figure 5.29. Contour curves generated by Stat-Ease software for the fluorite flotability model 
displaying the relationship between tannin concentration, pH and the recovery of fluorite for 

chestnut tannin and quebracho tannin. 

 

5.5  Bench Flotation  

After performing all of the surface chemistry studies, the knowledge gained from these 

experiments was applied to bench scale flotation. Flotation was completed using a Metso Denver 

D12 flotation machine. The Mexican fluorite ore, detailed earlier was studied.  

 Similar to the pure mineral microflotation studies, a statistical analysis was completed for 

bench scale flotation using Stat-Ease Design Expert 9® software. A three factor, two level, full 

factorial design was used with three midpoint tests. Full factorial designs are robust in that they 

give the most information on interactions between the different factors. With only eight runs and 

three midpoints, the full factorial design was the best option.  

 For this study, three different factors were chosen with the goal to optimize fluorite grade 

and recovery. The factors tested were pH, temperature, and Tupasol ATO concentration. The 

collector type, sodium oleate, was used in all tests at 325 g/ton. Cytec Aero 70 was used as the 

frother at 43.3 g/ton. An airflow rate of 365 CCM was also kept consistent throughout all runs. In 

this three factor, two-level, full factorial design, low and high levels of the factors were tested in 

addition to a midpoint that was run in triplicate. Table 5.28 displays the lower and upper limits of 

the process parameters tested in this study. 
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Table 5.28. Process parameter lower and upper limits for Mexican fluorite bench scale flotation. 

Process Parameter Lower Limit Upper Limit 

pH 8 10 

Temperature 25ºC 75ºC 

Tupasol ATO Concentration 100 g/ton 500 g/ton 

 

 

The design matrix for this study can be seen in Table 5.29. The standard number shown in 

the first column is the test designation where the run number is the sequence in which the tests 

should be run that was assigned randomly to avoid systematic error. The midpoint values were run 

in triplicate to provide insight into reproducibility of results and statistical experimental error. Two 

different responses were generated for the matrix, fluorine grade and fluorine recovery. According 

to the MLA analysis on the Mexican ore, fluorite (CaF2) is the only mineral containing fluorine 

except apatite (Ca5(PO4)3F), which accounts for less than 0.01% of the ore makeup; thus, analyzing 

the trends for fluorine is indicative of fluorite behavior.  

 

Table 5.29. Stat Ease results on bench scale flotation study for Mexican fluorite ore. 

Std Run pH Temperature 

[ºC] 

Tupasol 

ATO 

[g/ton] 

Fluorite 

Grade 

[%] 

Fluorite 

Recovery [%] 

3 1 8 75 100 84.0 ± 5.0 94.5 ± 6.8 

2 2 10 25 100 81.3 ± 5.0 75.3 ± 6.8 

6 3 10 25 500 89.1 ± 5.0 30.5 ± 6.8 

10 4 9 50 300 75.7 ± 5.0 90.1 ± 6.8 

9 5 9 50 300 63.5 ± 5.0 75.5 ± 6.8 

4 6 10 75 100 48.3 ± 5.0 89.6 ± 6.8 

1 7 8 25 100 74.7 ± 5.0 71.8 ± 6.8 

11 8 9 50 300 68.5 ± 5.0 76.0 ± 6.8 

7 9 8 75 500 69.3 ± 5.0 75.6 ± 6.8 

8 10 10 75 500 57.6 ± 5.0 75.8 ± 6.8 

5 11 8 25 500 97.2 ± 5.0 34.9 ± 6.8 
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The maximum fluorite recovery was Run #1 at 94.5%, with a pH 8, 100 g/ton Tupasol 

ATO at 75ºC. The maximum fluorite grade was achieved with Run #11 at 97.2%. Figure 5.30 

displays the half-normal plot that was generated by the Stat-Ease software for the fluorine recovery 

response. This plot indicates that the interaction parameters that were significant for the model 

were B (temperature) and C (tannin concentration). Figure 5.31 shows the Pareto chart for this 

model. The Pareto chart illustrates that the temperature (parameter B) and tannin concentration 

(parameter C) both had a significant effect on the process.  

Once the significant parameters were chosen in the Pareto chart, an analysis of variance 

(ANOVA) was performed. Table 5.30 shows the results of the ANOVA generated by the Stat-

Ease design software. A Model F value of 30.27 indicates that the model is significant. There is 

only a 0.12% chance that an F-value this large could occur due to noise. P-values that are less than 

0.05 indicate significant parameters. In this case, parameters B and C are significant. The lack of 

fit F value at 0.78 and the p value 0.6432 indicate an insignificant lack of fit, which is favorable.  

Figure 5.30. The Half-normal plot for the fluorite recovery response showing the relevant 
interaction parameters.  
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Table 5.30. Stat-Ease ANOVA for the fluorite recovery model on Mexican fluorite flotation. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value p-value 

Model 3531.66 2 1765.83 30.27 0.0004 

B-Temperature 1564.70 1 1564.70 26.82 0.0013 

C-Tannin Concentration 1966.96 1 1966.96 33.71 0.0007 

Curvature 393.22 1 393.22 6.74 0.0356 

Residual 408.42 7 58.35   

Lack of Fit 270.45 5 54.09 0.78 0.6432 

Pure Error 137.96 2 68.98   

Cor Total 4333.30 10    

 

 

 

Figure 5.31. Pareto chart for the fluorine recovery matrix for Mexican fluorite bench flotation. 
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the difference is less than 0.2. The adequate precision value is measuring the signal to noise ratio, 

a value above 4 is wanted. Based on these factors, the model is a good representation of fluorine 

recovery.  

 

Table 5.31. Correlation factors for the Mexican fluorite flotation for fluorite recovery. 

Correlation Factor Value 

R-Squared 0.8150 

Adjusted R-Squared 0.7688 

Predicted R-Squared  0.6810 

Adequate precision 11.349 

 

Once the ANOVA was completed, an equation was generated based on the model to predict 

recovery values of fluorine within the lower and upper limits of the process parameters. The 

response equation for fluorine recovery is:  

 

Fluorite recovery [%] = 66.33574 + 0.55941*Temperature – 0.078401*TanninConcentration  (5.7) 

 

It can be seen that temperature has a much larger impact on the fluorine recovery than that 

of tannin concentration based on the multiplication factors. A series of plots and 3D response 

surfaces were generated to provide a visual display of the model created. Figure 5.32 displays the 

contour curves for the fluorite recovery model. The graph displays the predicted outcomes for 

changing concentrations of tannin and temperature. The lines on the curves with the corresponding 

numbers represent the response, in this case fluorite recovery.  

This model indicates that increasing temperature in recovery leads to an increased recovery 

of fluorite, while increasing the Tupasol ATO concentration would lead to a decline in fluorite 

recovery. In addition to fluorite recovery, a model was created for the fluorite grade of the Stat 

Ease experiments on Mexican fluorite ore. For this model, no factors were found to be significant, 

meaning no predictions could be made about the process parameters and their affect. Two 

additional tests were done in addition to the Stat Ease matrix tests. The results for all tests 

completed on the Mexican fluorite ore can be seen in Table 5.32.  
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Figure 5.32. Contour curves generated by Stat-Ease software for the fluorite recovery model 
displaying the relationship between tannin concentration, temperature and fluorite recovery. 

 

Table 5.32. Additional bench flotation tests for Mexican fluorite ore. 
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8 75 100 84.0 ± 5.0 94.5 ± 6.8 

10 25 100 81.3 ± 5.0 75.3 ± 6.8 

10 25 500 89.1 ± 5.0 30.5 ± 6.8 

9 50 300 75.7 ± 5.0 90.1 ± 6.8 

9 50 300 63.5 ± 5.0 75.5 ± 6.8 

10 75 100 48.3 ± 5.0 89.6 ± 6.8 

8 25 100 74.7 ± 5.0 71.8 ± 6.8 

9 50 300 68.5 ± 5.0 76.0 ± 6.8 

8 75 500 69.3 ± 5.0 75.6 ± 6.8 

10 75 500 57.6 ± 5.0 75.8 ± 6.8 

8 25 500 97.2 ± 5.0 34.9 ± 6.8 

10 25 0 88.5 ± 5.0 46.0 ± 6.8 

10 75 0 83.2 ± 5.0 84.5 ± 6.8 
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From the two additional tests at zero Tupasol ATO addition, it can be seen that the addition 

of quebracho tannin is favorable for the flotation process. Both the grade and recovery are 

improved over the baseline tests at different conditions of Tupasol ATO addition. An explanation 

for the increased recovery is that Tupasol ATO acts as a dispersant, and thus recovery benefits 

from the addition of tannins. For additional testing, alternate limits would have been chosen, 

primarily having the lower limit of the Tupasol ATO parameter be equal to zero. Through this 

study, it is clear that Tupasol ATO has a positive effect on the grade and recovery of fluorite 

flotation and warrants its current use in the industrial separation of fluorite from calcite.  
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CHAPTER 6 EXPERIMENTAL RESULTS AND DISCUSSION SULFIDE STUDY 

 
This chapter explains the experimental results from the polymetallic sulfide flotation study. 

The characterization of the ore, surface chemistry studies, and bench scale flotation are all 

explained and discussed in detail. 

6.1  Mineral Characterization 

A sample of each ore was sent to the Center for Advanced Mineral and Metallurgical 

Processing (CAMP) at Montana Tech for analysis. Mineral liberation analysis (MLA), x-ray 

diffraction (XRD), and total carbon and total sulfur measurements were made. 

6.1.1  Morenci Ore  

The Morenci copper ore was sieved to 100% passing a 20 US mesh screen prior to being 

sent for analysis at CAMP. The material was then wet screened through seven different sieves 

sizes 50, 70, 100, 140, 200, 270, and 400 US mesh. The eight different size fractions were used 

for the MLA analysis while the XRD and total carbon and sulfur were carried out on pulverized 

specimens from the provided sample. The mass distribution for the sieved fractions is shown in 

Table 6.1.  

 
Table 6.1. The mass distribution for the Morenci copper ore is shown for eight different size 

fractions. 

Sieve (US Mesh) Weight % 

20 X 50  67.0 

50 X 70 8.6 

70 X 100 6.7 

100 X 140 3.6 

140 X 200 3.3 

200 X 270 2.0 

270 X 400  1.9 

-400  6.8 

TOTAL 100 
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The MLA analysis was carried out on random specimens pulled from each of the size 

fractions. The XBSE method was utilized to generate a backscatter electron image to distinguish 

mineral phases based on the grayscale variation, which relates to the average atomic number of 

the phases present. In addition, X-ray spectrums were found for each phase and compared to a 

database to determine the mineral phases present in the ore. The surface area of the identified 

minerals were calculated to give quantitative information. Figure 6.1 shows a BSE image that was 

taken of the 50 x 70 mesh sieve fraction. It can be seen that the chalcopyrite present in the circled 

particle in this image in part of a middling particle that is not liberated. Also present are the gangue 

minerals quartz and potassium feldspar.  

 

 

Figure 6.1. A BSE image of the Morenci copper ore showing the minerals present in the ore in 
the 50 X 70.
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Figure 6.2. The MLA image taken from the sieve fraction 50 x 70 mesh. The different colors correspond to different minerals, which 
can be seen in legend.
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A classified MLA image was also created to show the different minerals present. This can 

be seen in Figure 6.2. The image displays the collection of minerals present in the specimen of the 

copper ore taken from the 50 x 70 mesh sieve fraction. The array of pixels represent the particles 

in the ore, with each color representing a different mineral. It can be seen that the majority of the 

ore is composed of the gangue minerals quartz and potassium feldspar (represented by lavender 

and mint colors respectively). In the image taken, there was a particle of chalcopyrite, depicted as 

the orange particle, although it was not liberated. The other gangue minerals present include 

muscovite, albite, and kaolinite.  

 

Table 6.2. Modal mineral composition of the Morenci copper ore. 

Mineral Formula Weight % 

Quartz  SiO2  47.6  

K_Feldspar  KAlSi3O8  29.1  

Muscovite  KAl2(AlSi3O10)(OH)2  11.8  

Albite  NaAlSi3O8  3.13  

Pyrite  FeS2  2.47  

Kaolinite  Al2Si2O5(OH)4  1.83  

Chalcopyrite  CuFeS2  0.73  

FeO  Fe2O3  0.70  

Biotite  K(Mg,Fe)3(AlSi3O10)(OH)2  0.62  

Covellite  CuS  0.40  

Alunite  KAl3(SO4)2(OH)6  0.34  

Plagioclase  (Na,Ca)(Al,Si)4O8  0.33  

Rutile  TiO2  0.22  

Zircon  ZrSiO4  0.14  

Fluorite  CaF2  0.10  

Chalcocite  Cu2S  0.09  

Molybdenite  MoS2  0.07  

Calcite  CaCO3  0.07  

Amph_Pyx  (Ca2,Na)(Mg2FeAl)Si6O22(OH)2  0.05  

Leucoxene  (TiO2)(FeO)  0.04  

Monazite  (La,Ce)PO4  0.04  

Chlorite  (Mg3,Fe2)Al(AlSi3)O10(OH)8  0.02  

Xenotime  YPO4  0.01  

Sphalerite  ZnS  0.01  

Cuprite  Cu2O  0.01  

Dolomite  CaMg(CO3)2  0.01  
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MLA modal analysis was completed where the makeup of the ore was found by mineral 

phase. These can be seen in Table 6.2. Quartz and potassium feldspar were found to be the most 

abundant minerals present at 47.6 and 29.1 percent respectively. Chalcopyrite was the most 

abundant copper sulfide mineral at 0.73%, with covellite at 0.40% and chalcocite at 0.09% and 

copper oxides in the form of cuprite at 0.01%.  

Additional sulfides were found including pyrite at 2.47%, molybdenite at 0.07%, and 

sphalerite at 0.01%. Only the minerals that had equal to or more than 0.01% occurrence were 

shown in the table. The different chemical groupings by weight percent were found for the ore; 

94.5% was silicates, 2.56% was non-copper sulfides, 1.67% consisted of sulfates, phosphates, and 

carbonates. Copper sulfides accounted for 1.22%, while copper oxides accounted for around 

0.01%.  The bulk elemental analysis was also calculated out for the ore by using the chemical 

formulas in Table 6.2 in the modal analysis. These results are shown in Table 6.3. It can be seen 

that copper accounts for about 0.60% by weight of the ore specimen taken for MLA analysis.  

  

Table 6.3. The elemental analysis from the MLA results by weight percent for Morenci copper 
ore. 

Element Weight % 

Oxygen 48.1 

Silicon 35.2 

Aluminum 6.10 

Potassium 5.34 

Iron 1.97 

Sulfur 1.82 

Copper 0.60 

Sodium 0.29 

Titanium 0.15 

Calcium 0.11 

Hydrogen 0.10 

Zirconium 0.07 

Fluorine 0.05 

Molybdenum 0.04 

Magnesium 0.04 

Cerium 0.01 

Lanthanum 0.01 

Carbon 0.01 

Phosphorus 0.01 

Zinc 0.01 

Yttrium 0.01  
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 The copper in the ore was found to be distributed into four different minerals—covellite, 

chalcopyrite, chalcocite, and cuprite. Chalcopyrite is the most abundant mineral of the four, but by 

weight, it only carries 42.4% of the total copper. Covellite contains 44.7% of the copper 

distribution and chalcocite makes up 11.7%, while the only copper oxide, cuprite only has 1.3% 

of the copper distribution. The mineral grain size distribution was found for the copper bearing 

minerals and can be seen in Figure 6.3. In order of most abundant, chalcopyrite had a P80 of 400 

µm, covellite had a P80 of 200 µm, and chalcocite had a P80 of 90 µm. With this, it appears that the 

mineral grain size is directly related to the abundance of the mineral within in the ore.  

 

Figure 6.3. The mineral grain size distribution for the three copper bearing minerals in the 
Morenci copper ore. 

 
The mineral liberation was also found for the three copper bearing minerals. It was shown 

there was a correlation between the grain size of the mineral and the liberation achieved. 

Chalcopyrite, the most abundant mineral with the largest P80, was the best-liberated mineral of the 

three reaching an overall liberation of about 78%. The liberation data for chalcopyrite, chalcocite, 

and covellite can be seen in Figure 6.4.  
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Figure 6.4. Liberation data for the three copper bearing minerals in the Morenci copper ore. 

 
 The liberation of chalcopyrite, chalcocite, and covellite was found by size fraction. Eight 

different size fractions in US Mesh were studied including 20 X 50, 50 X 70, 70 X 100, 100 X 

140, 140 X 200, 200 X 270, 270 X 400, and -400. For chalcopyrite, these results can be seen in 

Figure 6.5. The best liberation occurs in the size fraction -400 mesh and 200 X 270 mesh where 

there is minimal mineral locking and high liberation. Similar results were found for the covellite 

liberation study, whereby the best liberation (around 90%) was achieved at the size fraction -400 

mesh. These results are displayed in Figure 6.6. The data for chalcocite was less telling as there 

were not as many chalcocite particles found for each size fraction. However, it can be understood 

that the best liberation was found in the smaller size fractions, just as chalcopyrite and covellite 

behaved. The liberation data for chalcocite is shown in Figure 6.7.  
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Figure 6.5. Chalcopyrite liberation and mineral locking per size fraction in the Morenci copper ore.
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Figure 6.6. Covellite liberation and mineral locking data by size fraction for Morenci ore. 
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Figure 6.7. Chalcocite liberation and mineral locking data by size fraction for Morenci ore.
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The mineral associations of the ore were found with chalcopyrite strongly associated with 

the sulfides covellite and pyrite (with the exception of the common gangue minerals such as quartz, 

potassium feldspar and muscovite). Covellite was most strongly associated with chalcopyrite. 

Chalcocite was associated with pyrite, covellite, and chalcopyrite in addition to the gangue 

minerals. These associations are displayed in Table 6.4.  

  
Table 6.4. Mineral associations of the prevalent copper bearing minerals in the Morenci ore. 

Mineral Chalcocite Chalcopyrite Covellite 

Albite 0.98 0.12 1.35 

Chalcocite 0.00 0.87 1.80 

Chalcopyrite 3.95 0.00 13.46 

Covellite 8.04 11.22 0.00 

K_Feldspar 12.82 5.14 6.08 

Kaolinite 0.56 2.74 1.64 

Muscovite  8.13 3.78 8.54 

Pyrite 8.17 3.96 4.23 

Quartz 11.26 6.45 12.51 

Free Surface 43.83 64.85 47.72 

 
 

X-ray diffraction (XRD) was used as a quantitative method to determine the minerals 

present in the ore. The acquisition parameters for the Morenci copper ore can be seen in Table 6.5. 

Figure 6.8 displays the diffractogram taken and the peaks of phases thought to be present in the 

ore. It can be seen that highest intensity peaks corresponds to quartz, the most abundant mineral 

in the ore. The results from XRD were compared to the MLA analysis results and can be seen in 

Table 6.6.  

Table 6.5. XRD measurement conditions for the Morenci copper ore. 

X-Ray  40 kV, 40mA Scan Speed/Duration Time 5.0000 deg./min. 

Goniometer - Step Width 0.0200 deg. 

Attachment - Scan axis 2theta/theta 

Filter K-beta filter Scan range 5.0000-90.0000 deg 

CBO selection slit BB Incident slit 2/3 deg 

Diffracted beam mono - Length limiting slit - 

Detector D/teX Ultra Receiving slit #1 2/3 deg. 

Scan Mode Continuous  Receiving slit #2  0.15 mm  
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Table 6.6. Comparative data between quantitative XRD analysis and MLA for Morenci copper 

ore. 

Phase XRD [%] MLA [%] 

Quartz 58.5 47.6 

K_Feldpsar 35.1 29.1 

Pyrite 1.1 2.47 

Muscovite 1.49 11.8 

Albite 3.1 3.13 

Kaolinite 0.9 1.83 

 

Comparing the XRD and the MLA results, it can be seen that the major phases quartz and 

potassium feldspar were found in similar percentages. With regards to the much lower values of 

muscovite reported with XRD, this could be explained by the similar EDS X-ray patterns of K-

feldspar and muscovite; thus, some of the muscovite could have been reported as potassium 

feldspar. The pyrite value reported for XRD at 1.1% is supported by the LECO sulfur data seen in 

the following section. 

Finally, a LECO analysis was done on the Morenci copper ore to determine the total sulfur 

and total carbon content. The values found from LECO were compared to those from MLA. Table 

6.7 shows the results for the two methods. The majority of the sulfur content comes from the pyrite. 

The amount of pyrite may be overestimated in the MLA analysis as the LECO analysis is nearly 

half that of MLA. 

 

Table 6.7. The MLA and LECO methods are compared for total sulfur and carbon content for the 
Morenci ore. 

Mexican Fluorite LECO MLA 

Carbon [%] <0.10 0.01 

Sulfur [%] 1.09 1.82 
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Figure 6.8. Diffractogram of the Morenci copper ore with the phases present in the ore. 
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Overall, the analysis done for the characterization of the Morenci copper ore was 

informative in understanding conditions for future surface chemistry and bench scale flotation 

tests. It was found that the most abundant copper bearing mineral in the ore was chalcopyrite at 

0.73%, followed by covellite at 0.40% and chalcocite at 0.09%. Pyrite was the most abundant 

sulfide mineral present at 2.5% and was the major sulfide gangue mineral to be depressed. From 

this information, chalcopyrite and pyrite were to be the primary minerals for pure studies with 

surface chemistry including microflotation. Chalcopyrite mineral grain size had a P80 of around 

400 µm, covellite with a P80 of 200 µm and chalcocite with a P80 around 100 µm. Liberation was 

good for chalcopyrite, generally ranging from 70-80%, okay for covellite at about 40-60% in most 

size fractions, and poor for chalcocite. In general, this gave information for the grinding conditions 

and size fraction to be used for the surface chemistry experiments and the bench scale flotation.  

6.1.2  Peruvian Ore 

The Peruvian copper ore was sieved to 100% passing a 20 US mesh screen prior to being 

sent for analysis at CAMP. The material was then wet screened through seven different sieves 

sizes 50, 70, 100, 140, 200, 270, and 400 US mesh. The eight different size fractions were used 

for the MLA analysis while the XRD and total carbon and sulfur were carried out on pulverized 

specimens from the provided sample. The mass distribution for the sieved fractions is shown in 

Table 6.8.  

 

Table 6.8. The mass distribution for the Peruvian copper ore reported in weigh percent.  

Sieve (US Mesh) Weight % 

20 X 50  31.8 

50 X 70 7.9 

70 X 100 7.6 

100 X 140 6.9 

140 X 200 6.6 

200 X 270 5.0 

270 X 400  5.0 

-400  29.3 

TOTAL 100 
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The MLA analysis was carried out on random specimens pulled from each of the size 

fractions. The XBSE method was utilized to generate a backscatter electron image to distinguish 

mineral phases based on the grayscale variation, which relates to the average atomic number of 

the phases present. In addition, X-ray spectrums were found for each phase and compared to a 

database to determine the mineral phases present in the ore. The surface area of the identified 

minerals were calculated to give quantitative information. Figure 6.9 shows a BSE image that was 

taken of the 70 X 100 mesh sieve fraction. It can be seen that the chalcopyrite present in the circled 

particle in this image in part of a middling particle that also contains muscovite, pyrite, and 

kaolinite. Also present are the gangue minerals quartz and potassium feldspar.  

 

 

Figure 6.9. BSE image taken from the 70 x 100 mesh size fraction of the Peruvian copper ore.  

 

A classified MLA image was made to show the different minerals present. This can be seen 

in Figure 6.10. The image displays the collection of minerals present in the specimen of the 

Peruvian copper ore taken from the 70 x 100 mesh sieve fraction. The individual pixels represent 
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the individual particles in the ore, with each color representing a different mineral. It can be seen 

that the majority of the ore is composed of the gangue minerals quartz, muscovite, and potassium 

feldspar (represented by light blue and dark grey and light grey colors respectively). In the image 

taken, there was a particle zoomed in on which consists of chalcopyrite (denoted as the color 

orange) as well as pyrite, muscovite and kaolinite. The other gangue minerals present include 

muscovite, albite, and kaolinite.  

MLA modal analysis was completed where the makeup of the ore was found by mineral 

phase. These can be seen in Table 6.9. Quartz and muscovite were found to be the most abundant 

minerals present at 41.5 and 14 percent respectively. Chalcopyrite (CuFeS2) was the most abundant 

copper sulfide mineral at 1.53%, with chalcocite (Cu2S) at 0.04% and bornite (Cu5FeS4) at 0.02%. 

Tennantite ((Cu,Fe,Zn)12(As,Sb)4S13)) was present in the ore, but calculated to be at less than 

0.01%.  

 The most abundant mineral of non-copper sulfides was pyrite at 6.8%. Sphalerite was 

found to be 0.03% while galena and molybdenite were under 0.01% and thus are not reported. 

Only the minerals that had equal to or more than 0.01% occurrence were shown in the table. The 

different chemical groupings by weight percent were found for the ore; 82.8% was silicates, 6.79% 

was non-copper sulfides, 4.46% was oxides and hydroxides, 3.35% was carbonates, and 1.02% 

were sulfates, phosphates and other minerals. Copper sulfide minerals accounted for 1.59% of the 

ore.  

The bulk elemental analysis was also calculated out for the ore by using the chemical 

formulas in Table 6.9 in the modal analysis. These results are shown in Table 6.10. It can be seen 

that copper accounts for about 0.57% by weight of the ore specimen taken for MLA analysis. 

Oxygen and silicon make up the large majority of the ore, which makes sense as the majority of 

the ore was classified as silicates. Iron is also present as the fourth most abundant element and 

sulfur as the sixth most common element, which is indicative of the polymetallic sulfides present 

in the ore. Elements that were calculated to be present but under 0.01% were not reported.  

Of the total copper minerals present, chalcopyrite contains 92.1% of the copper in the 

Peruvian copper ore. Chalcocite is responsible for 6.1%, while bornite accounts for 1.7% and 

tennanite has 0.1% of the copper contained in the ore. These values are reported in weight percent. 

A particle size distribution was completed on the as received ore. The P80 was found to be around 

330 µm. The copper mineral grain size and liberation was also found. For chalcopyrite, the P80 
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was about 90 µm. The less abundant copper bearing minerals, chalcocite and bornite, had much 

smaller P80 values, 38 µm and 28 µm respectively. These can be seen in Figure 6.11. 

 

Table 6.9. Modal mineral composition of the Peruvian copper ore. 

Mineral Formula Peru Cu 

Quartz  SiO2  41.5  

Muscovite  KAl2(AlSi3O10)(OH)2  14.0  

K_Feldspar  KAlSi3O8  9.69  

Pyrite  FeS2  6.75  

Albite  NaAlSi3O8  5.18  

FeO  Fe2O3  4.32  

Biotite  K(Mg,Fe)3(AlSi3O10)(OH)2  3.61  

Kaolinite  Al2Si2O5(OH)4  3.56  

Siderite  FeCO3  2.42  

Chalcopyrite  CuFeS2  1.53  

Plagioclase  (Na,Ca)(Al,Si)4O8  1.50  

Chlorite  (Mg3,Fe2)Al(AlSi3)O10(OH)8  1.21  

Grossular  Ca3Al2Si3O12  1.02  

Andradite  Ca3Fe2(SiO4)3  0.99  

Calcite  CaCO3  0.93  

Apatite  Ca5(PO4)3F  0.79  

Hornblende  (Ca2,Na)(Mg2FeAl)Si6O22(OH)2  0.36  

Pyroxene  CaMgSi2O6  0.18  

Wavellite  Al3(PO4)2(OH,F)3 . 5H2O  0.18  

Rutile  TiO2  0.13  

Barite  BaSO4  0.05  

Chalcocite  Cu2S  0.04  

Sphalerite  ZnS  0.03  

Zircon  ZrSiO4  0.02  

Bornite  Cu5FeS4  0.02  

Titanite  CaTiSiO5  0.01  

 
The best liberation for chalcopyrite was shown to be at smaller particle sizes. The best 

liberation was found to be around 70-80% in the finest size fractions of -400 and 270 X 400 mesh. 

Data illustrating this can be seen in Figure 6.12. Mineral locking information is consistent with the 

liberation data and can be seen in Figure 6.13. Parallel testing was done for the chalcocite in the 

ore and similar results were found, with the best liberation being in the -400 mesh fraction. The 

least amount of mineral locking was found in the 50 x 70 size fraction but was only due to five 

particles and the -400 mesh size fraction. 
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Figure 6.10. Classified MLA image taken from the Peruvian copper ore 70 x 100 mesh size fraction. 
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Table 6.10. The MLA bulk chemical analysis of the Peruvian copper ore. 

Element Weight % 

Oxygen 45.0 

Silicon 29.4 

Iron 8.73 

Aluminum 5.86 

Sulfur 4.17 

Potassium 3.06 

Calcium 1.38 

Copper 0.57 

Sodium 0.53 

Magnesium 0.39 

Carbon 0.36 

Phosphorus 0.17 

Hydrogen 0.16 

Titanium 0.08 

Fluorine 0.04 

Barium 0.03 

Zinc 0.02 

Zirconium 0.01  

 

 

Figure 6.11. Mineral grain size distribution for the copper bearing minerals in the Peruvian 
copper ore. 
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Figure 6.12. Chalcopyrite mineral liberation by size fraction.
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Figure 6.13. Mineral locking information for chalcopyrite in the Peruvian copper ore.  
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The copper mineral assoications were found and reported in Table 6.11. Chalcopyrite was 

mainly associated with quartz and pyrite with some lesser associations to potassium feldspar and 

muscovite. Chalcoite, bornite, and tennantite were all strongly associated with chalcopyrite and 

secondly pyrite. Bornite and chalcocite were assoicated with each other as well. 

 

Table 6.11. Copper mineral associations in the Peruvian copper ore.  

Mineral Bornite Chalcocite  Chalcopyrite Tennantite  

Biotite 3.9 4.7 1.4 1.0 

Bornite 0.0 3.9 0.4 0.5 

Chalcocite 6.6 0.0 0.4 1.2 

Chalcopyrite 16.8 10.6 0.0 12.3 

FeO 0.3 0.1 1.3 0.0 

K_Feldspar 0.2 0.2 3.3 0.0 

Muscovite 2.4 5.9 3.6 5.6 

Pyrite 9.4 5.3 7.4 6.3 

Quartz 6.9 5.3 11.8 5.5 

Free Surface 50.7 59.7 67.1 67.6 

 

X-ray diffraction (XRD) was used as a quantitative method to determine the minerals 

present in the ore. The acquisition parameters for the XRD are shown in Table 6.12. Figure 6.14 

displays the diffractogram taken and the peaks of phases thought to be present in the ore. It can be 

seen that highest intensity peaks corresponds to quartz, the most abundant mineral in the ore. The 

results from XRD were compared to the MLA analysis results and can be seen in Table 6.13.  

The results comparing the XRD and MLA analysis methods are quite consistent with the 

major phases present. However, there are some differences particularly with kaolinite values for 

XRD. This may be explained by looking at muscovite and kaolinite together. EDS spectra blending 

may be the cause in the discrepancy due to the similar spectrums of muscovite and kaolinite.  

Finally, a LECO analysis was done on the Peruvian copper ore to determine the total sulfur 

and total carbon content. The values found from LECO were compared to those from MLA and 

are shown in Table 6.14. Values taken by MLA were significantly larger than those of the LECO 

method, although the figures are reasonable. 
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Table 6.12. XRD measurement conditions for the Peruvian copper ore.  

X-Ray  40 kV, 40mA Scan Speed/Duration 

Time 

10.0000 

deg./min. 

Goniometer - Step Width 0.0200 deg. 

Attachment - Scan axis 2theta/theta 

Filter K-beta filter Scan range 5.0000-90.0000 

deg 

CBO selection slit BB Incident slit 2/3 deg 

Diffracted beam mono - Length limiting slit - 

Detector Scintillation Counter Receiving slit #1 2/3 deg. 

Scan mode Continuous Receiving slit #2 0.15 mm  

 
 
Table 6.13. Comparison between quantitative XRD analysis and MLA for -400 mesh in Peru ore.  

Phase XRD [%] MLA [%] 

Quartz 26.3 30.0 

Muscovite 9.1 18.0 

K_Feldspar 11.0 9.6 

Pyrite 4.9 8.3 

Iron Oxide 11.0 5.4 

Kaolinite 19.2 4.3 

Albite 18.0 5.4 

Biotite 0.0 3.3 

Chalcopyrite  1.4 2.91 

  

Table 6.14. The MLA and LECO methods are compared for total sulfur and carbon content. 

 

Peruvian Copper Ore LECO MLA 

Carbon [%] 0.19 0.36 

Sulfur [%] 2.93 4.17 
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Figure 6.14. Diffractogram taken of the Peruvian copper ore at -400 mesh fraction. 
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Overall, the analysis done for the characterization of the Peruvian copper ore was revealing 

to understand conditions for future surface chemistry and bench scale flotation tests. It was found 

that the most abundant copper bearing mineral in the ore was chalcopyrite at 1.53%, followed by 

chalcocite at 0.04%, bornite containing 0.02%, and tennantite present but under 0.01% .  Pyrite 

was the primary sulfide mineral present at 6.8% and was the major sulfide gangue mineral to be 

depressed. From this information, chalcopyrite and pyrite were to be the primary minerals for pure 

studies with surface chemistry including microflotation. Chalcopyrite mineral grain size had a P80 

of around 90 µm, with chalcocite, bornite and tennantite having liberation sizes smaller than 90 

µm. Liberation of the copper bearing minerals was not very good as the peak liberation was 

achieved in the finest material (-270 mesh) and was only liberated in the 70-80% range. In general, 

this gave information for the grinding conditions and size fraction to be used for the surface 

chemistry experiments and the bench scale flotation.  

6.2  Adsorption Density  

Adsorption density measurements are utilized to understand the adsorption behavior of a 

reagent with the mineral surface. Observing adsorption under differing conditions including time, 

temperature, and pH help to provide an understanding for how the reagent used adsorbs onto the 

mineral surface and the specific conditions where adsorption is favored. This section explains the 

adsorption work done with pure pyrite and chalcopyrite samples.  

 Initially, the time at which the mineral and reagent reach equilibrium was tested. Samples 

of pure minerals were mixed with a fixed concentration of 50 mg/L Tupafin ATO solution, varying 

time. Figure 6.15 illustrates the adsorption tests for pyrite and chalcopyrite run over a period of 

three days.  

It can be seen from the chalcopyrite curve that there is not a drastic change between 24 and 

72 hours, although the experimental error is high. For pyrite, the adsorption density remained 

extremely stable throughout (even with a high error). A time of 24 hours was chosen for all future 

adsorption experiments for chalcopyrite and pyrite. 

Secondly, the adsorption densities of Tupafin ATO for pyrite and chalcopyrite were studied 

over a range of pH. Figure 6.16 displays the adsorption density measurements taken for 

chalcopyrite and pyrite with 100 mg/L Tupafin ATO, varying pH. The adsorption density of 

chalcopyrite and pyrite are extremely alike. From this data, it can be seen that the adsorption 

densities remain quite constant throughout the pH range studied. No clear benefit at one pH versus 
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another can be determined through adsorption density. Similar to fluorite study mentioned in 

Section 5.2, Tupafin ATO adsorbs onto the valuable mineral (chalcopyrite in this study) slightly 

more than on the gangue mineral (pyrite). With the fluorite study, the benefit of using tannins as a 

depressant was explained by the reduction of collector adsorption onto the gangue mineral surface. 

This may also be the reason in this case for pyrite and chalcopyrite. 

 

 

Figure 6.15. Equilibrium time determination for pyrite and chalcopyrite adsorption. 

 

  Adsorption isotherms were also made for pure pyrite and chalcopyrite with Tupafin ATO 

to understand the thermodynamic propensity of the adsorption process. Different starting 

concentrations of tannins were added to the pure minerals with two different temperatures, 25ºC 

and 80ºC, studied. Figure 6.17 displays the isotherms for chalcopyrite. It can be seen that both 

25ºC and 80ºC exhibit very similar adsorption densities with higher adsorption values at 25ºC. The 

isotherms are also useful in predicting the mechanism of adsorption. One of the characteristics of 

chemisorption is increased adsorption with an increase in temperature. From this information, is 

appears that the adsorption mechanism of Tupafin ATO onto chalcopyrite may be physisorption, 

as there is not an increase in adsorption with temperature. 

 

Chalcopyrite  Pyrite  
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Figure 6.16. Adsorption density results for chalcopyrite and pyrite with Tupafin ATO varying 
pH.  

  

 

Figure 6.17. Adsorption isotherm for chalcopyrite with Tupafin ATO.  
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The adsorption isotherm for pyrite is shown in Figure 6.18. Different starting 

concentrations of Tupafin ATO were tested at 25ºC and 80ºC. The adsorption density of the tannins 

on the pyrite mineral surface is slightly higher at 80ºC than 25ºC. It appears that the adsorption 

mechanism of Tupafin ATO onto pyrite may be chemisorption, as there is an increase in adsorption 

with temperature. 

 

 

Figure 6.18. Adsorption isotherm for pyrite with Tupafin ATO. 

 

 Based on previous work done by Iskra and Kitchener, the depression action of Tupafin 

ATO on pyrite is much different from that of Tupasol ATO on calcite. The collector and depressant 

are not competitive adsorbates, and the tannin does not displace the collector on the pyrite mineral 

surface. The explanation for the depression action of pyrite is attributed to pyrite adsorbing Tupafin 

ATO, rendering it hydrophilic. [3]  

While the adsorption isotherms generated helped to provide knowledge regarding the 

mechanism of adsorption, the isotherms were also key in understanding the thermodynamics of 

the adsorption process. The thermodynamic driving force of adsorption can be determined by using 

the Stern-Grahame equation with values taken from the isotherm curves.  
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The free energy of adsorption was calculated for 25ºC and 80ºC using the Stern-Grahame 

equation:  

� = −� ̊
           (6.1) 

 

Where  is the adsorption density, r is the radius of the adsorbed ion, C is the equilibrium 

concentration and ΔGºads is the standard free energy of adsorption.  

 

 Figure 6.19 illustrates the thermodynamic data calculated using the Stern-Grahame 

equation. Pyrite has a larger negative free energy of adsorption, indicating that Tupafin ATO has 

a thermodynamic affinity to adsorb onto pyrite more than chalcopyrite.  

 

 

Figure 6.19. Stern-Grahame adsorption free energy for Tupafin ATO on chalcopyrite and pyrite 
at 25ºC and 80ºC.  

 

By finding the free energy of adsorption, additional thermodynamic values entropy and 

enthalpy were calculated using the following equations:  
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˚° = ��° −��°−           (6.2) 

 ° = ∆ ° −∆ °−            (6.3) 

 

Table 6.15 displays the results for entropy, enthalpy, and free energy values for pyrite and 

chalcopyrite adsorption of Tupafin ATO. As stated above a negative free energy value indicates a 

thermodynamically favorable reaction; Tupafin ATO has a thermodynamically favorable 

adsorption onto both pyrite and chalcopyrite. The enthalpy value for pyrite is positive meaning 

that the adsorption reaction is endothermic and heat is absorbed in the process. The enthalpy value 

for chalcopyrite is negative meaning the process is exothermic and heat is given off, which makes 

sense as the adsorption density decreases with increasing temperature. One important factor to 

note is that the ΔGads values become more negative with increasing temperature in this data, which 

is not possible under the Gibbs-Helmholtz equation. One possible explanation for this is a change 

in adsorption mechanism, at a change in temperature.  A positive entropy value specifies a more 

disordered system as the reaction progresses. 

 

Table 6.15. Thermodynamic parameters of adsorption for Tupafin ATO with chalcopyrite and 
pyrite. 

Mineral ΔG298 [kJ/mol] ΔG353 [kJ/mol] ΔH [kJ/mol] ΔS [J/mol] 

Chalcopyrite -63.582 -74.739 -4.756 197.40 

Pyrite -64.436 -77.271 5.110 233.38 

 

6.3  Zeta Potential  

Zeta potential measurements are used to determine the surface charge of a mineral in a 

solution. As the electrical surface charge plays a significant role in the adsorption of reagents onto 

the surface of a mineral, it is important to understand this behavior. The following data will detail 

the zeta potential of different minerals over a titrated range of pH values.  
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6.3.1  Chalcopyrite  

 For the polymetallic sulfide study outlined in this chapter, chalcopyrite is the main valuable 

copper mineral of interest. It is vital to understand how the surface charge changes with the 

addition of tannins. Figure 6.20 displays the zeta potential curves for chalcopyrite in water. 

Throughout the entire pH range, the surface charge is negative, becoming more negative as pH is 

increased. For the pH range tested, 3.5 to 11, the surface charge never reaches zero; thus, no IEP 

value is reported.  

 

Figure 6.20. Zeta potential measurement for chalcopyrite in water.  

 

Historical IEP values can be seen in Table 6.16. It should be noted that IEP values are 

rarely consistent, as technique, procedures and mineral quality vary between each study. The 

results of this study are consistent with the values previously recorded for the IEP of chalcopyrite.   

In the polymetallic sulfide study, the addition of Tupafin ATO (the non-modified 

quebracho tannin) was observed. Figure 6.21 displays the zeta potential of chalcopyrite in water 

and chalcopyrite in the quebracho tannin solution. It can be seen that there is an increase in surface 

potential with the addition of the tannin. This is indicative that adsorption of the tannin is occurring 

on the surface of the mineral. 
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Table 6.16. Historical IEP values of Chalcopyrite. [49] 

IEP Instrument Source 

<3 if any  Zetasizer Gregory, Bottely and Lloyd 

<3 Zeta-Meter Malanjkhand Copper Mines 

2.2 Rank Brothers Mark II Quebec, Canada  

1.8 Zeta-Meter Fusseberg 

<3  Zeta-Meter 3.0 Messina, South Africa  

 

 

 

Figure 6.21. Zeta potential for chalcopyrite in water and in Tupafin ATO solution.  

 

As was the case for the calcite and fluorite study, the tannin used in this set of experiments 

is a nonionic reagent. In the case of ionic reagents, the mechanism of adsorption may be determined 

by the zeta potential data. In physical adsorption, a cationic reagent is used in a pH range where 

the zeta potential of the mineral is negative, or vice versa for an anionic reagent. For chemical 

adsorption, this is not the case, as adsorption does not solely depend electrostatic attractions. With 

the zeta potential curves in Figure 6.21 indicating a change in surface charge with the addition of 
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the quebracho tannin, it can be seen that Tupafin ATO is adsorbing onto the chalcopyrite mineral 

surface.    

6.3.2.  Pyrite  

 Although there are many gangue minerals in polymetallic sulfide ores including quartz, 

feldspars, and muscovite, the primary focus of this study was to depress pyrite as it is traditionally 

more challenging to separate from the valuable minerals. It is imperative to understand the surface 

charge behavior as it is a contributing aspect to how a reagent adsorbs onto the surface of a mineral. 

Figure 6.22 illustrates the zeta potential results for pyrite in water.  

 

 

Figure 6.22. Zeta potential results for pyrite in water. 

 

 Throughout the pH range tested (3.5 to 11) the surface charge is negative, becoming more 

negative as pH is increased. The zeta potential never reaches zero; thus, no IEP value is reported. 

Historical IEP values for pyrite can be seen in Table 6.17. It should be noted that IEP values are 

seldom steady, as technique, procedures and mineral quality vary between each study. The results 

of this experiment are consistent with the values previously recorded for the IEP of pyrite.   

In this study, the addition of Tupafin ATO (the non-modified quebracho tannin) was 

observed. Figure 6.23 illustrates the zeta potential of pyrite in water and pyrite in the tannin bearing 
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solution. It can be seen that there is an increase in surface potential from pH 6.5 to 11 and a slight 

decrease in potential with the addition of the tannin from pH 3.5 to 6.5. This is indicative that 

adsorption of the tannin is occurring on the surface of the mineral. 

  

 Table 6.17. Historical values for iso-electric points of pyrite. [49] 

IEP Instrument Source 

3.2  Malvern Zetasizer 3000 Alminrock Indser Fabricks, Bangalore 

6.4 6 h equilibration East Khasi Hills Meghalaya, India  

2 Zeta-Meter Elba 

<3 Rank Brothers Mark II Huanzala, Peru 

6.2 Zeta-Meterr Unspecified source  

 

 

Figure 6.23. Zeta potential of pyrite in water and in quebracho solution. 

 

6.4  Microflotation 

 A series of microflotation experiments were performed in this study. Microflotation is a 

small-scale laboratory measurement that is designed to emulate the general flotation process. It is 

particularly helpful as it does not require very much material and it can be done with pure minerals 
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to identify individual effects of changing parameters. The following sections detail the results and 

conclusions gained from running microflotation experiments. 

6.4.1  Mixtures Stat-Ease Design 

 Microflotation was completed on chalcopyrite and pyrite minerals at 100% passing 325 

mesh. The Partridge-Smith cell described and detailed in Chapter 4 was used for all the tests, using 

0.5 grams of mineral sample. Chalcopyrite and pyrite minerals were floated separately to observe 

the responses to changing flotation parameters on each mineral individually.  For the copper study, 

experiments were set up differently than the fluorite study. Work done by several different 

researchers including studies at Falconbridge Limited in Canada suggested that a mixture of 

depressants was successful in the recovery of copper bearing minerals from polymetallic sulfide 

ores. In the Falconbridge study modified quebracho tannin, lignin sulfonate, guar gum, starch, 

water-soluble cyanide, and metal sulfates were mixed to create effective depressants. [23] It was 

of interest in this study to use less impactful chemicals for the depression of pyrite; thus, cyanide 

and metal sulfates were not tested. Prior to any scoping studies for operational parameters, a 

mixtures design was done to see if a particular mixture of depressants was more effective than 

another.  

The depressant mixture testing was only done on pyrite to understand the potential for 

pyrite depression. For this mixtures design, six different reagents were tested to make up a 

depressant mixture. These included Tupafin ATO (modified quebracho tannin), Gere 60 (chestnut 

tannin), Gere PT (modified chestnut tannin), sodium metabisulfite, Pionera F250 (modified lignin 

sulfonate), and tara gum. All microflotation tests run were kept at a constant pH 8, 80 CCM airflow 

rate, using 1 drop (0.043 g) of Cytec Oreprep® F-549 frother, a conditioning time of 10 minutes 

with the depressant and an additional 5 minutes with the frother and the collector (50 mg/L 

potassium ethyl xanthate).  

For the initial mixtures testing, a total of 200 mg/L depressant was used in each 

microflotation test with a number of different mixture combinations tested. The test matrix used 

can be seen in Table 6.18. Table 6.19 shows the ANOVA analysis completed. It proved the model 

insignificant with a model p-value of 0.4487. Table 6.20 displays very low R-Squared values and 

an adequate precision value below four, which suggests that the model should not be used for the 

design space. This analysis suggested no difference between using different mixtures of the six 

depressants for pyrite recovery. 
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Table 6.18. Stat-Ease generated mixtures matrix for depressant testing for pyrite. 

Run 

Tupafin 

ATO 

[mg/L] 

Gere 60 

[mg/L] 

Gere 

PT 

[mg/L] 

Sodium 

Metabisulfite 

[mg/L] 

Pionera 

F250 [mg/L] 

Tara 

Gum 

[mg/L] 

Recovery 

[%] 

1 0 40 40 110 0 10 7.64 ± 9.1 

2 40 0 40 120 0 0 21.58 ± 9.1 

3 40 40 0 110 0 10 15.98 ± 9.1 

4 0 0 40 110 40 10 17.04 ± 9.1 

5 40 40 0 120 0 0 28.28 ± 9.1 

6 40 0 0 120 40 0 25.7 ± 9.1 

7 0 0 40 120 40 0 22.88 ± 9.1 

8 22.65 22.65 22.65 102.65 22.65 6.75 25.88 ± 9.1 

9 22.65 22.65 22.65 102.65 22.65 6.75 20.9 ± 9.1 

10 40 0 40 120 0 0 34.18 ± 9.1 

11 40 0 0 110 40 10 30.66 ± 9.1 

12 22.65 22.65 22.65 102.65 22.65 6.75 17.38 ± 9.1 

13 40 40 40 40 40 0 24.64 ± 9.1 

14 22.65 22.65 22.65 102.65 22.65 6.75 47.4 ± 9.1 

15 0 40 0 120 40 0 25.88 ± 9.1 

16 40 40 40 30 40 10 7.64 ± 9.1 

17 22.65 22.65 22.65 102.65 22.65 6.75 21.58 ± 9.1 

 

Table 6.19. ANOVA analysis for depressant mixture on pyrite microflotation tests. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value p-value 

Model 407.78 5 81.56 1.03 0.4487 

Linear Mixture 407.78 5 81.56 1.03 0.4487 

Residual 874.85 11 79.53   

Lack of Fit 328.03 6 54.67 0.50 0.7884 

Pure Error 546.82 5 109.36   

Cor Total 1282.63 16    

 

Table 6.20. Correlation factors for the pyrite microflotation experiments. 

Correlation Factor Value 

R-Squared 0.3179 

Adjusted R-Squared 0.0079 

Predicted R-Squared  -0.3497 

Adequate precision 3.828 
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6.4.2  Microflotation Parameter Testing with Depressant Mixture  

As no statistical conclusion could be drawn from the Stat-Ease mixtures matrix design, the 

number of depressant reagents was reduced to three (Tupafin ATO, Sodium Metabisulfite, and 

Pionera F250) for subsequent work. These three reagents were selected based on success in 

previous work done in literature. Initial scoping studies were done to understand the general 

operation parameters where a clear separation of chalcopyrite and pyrite could be made. The same 

operation parameters were tested for both chalcopyrite and pyrite to find these optimal conditions. 

There are multitudes of factors that affect the flotation process. For the initial testing, three 

different parameters were chosen that included pH, collector concentration and depressant 

concentration.  

The first set of testing was done to compare the effect pH in the range from 7-11 on 

chalcopyrite and pyrite flotation. All microflotation tests run were kept at a constant 80 CCM 

airflow rate and a conditioning time of 10 minutes with the depressant mixture (100 mg/L sodium 

metabisulfite, 40 mg/L Tupafin ATO, and 40mg/L Pionera F250), and an additional 5 minutes 

with the frother (0.043g of Cytec Oreprep® F-549) and the collector (50 mg/L potassium ethyl 

xanthate). The results for the chalcopyrite microflotation tests are in Table 6.21. The results for 

the pyrite microflotation tests are shown in Table 6.22.  

Figure 6.24 illustrates the chalcopyrite and pyrite recovery concerning pH. The best 

chalcopyrite recovery occurred between pH 9-11, while pyrite was best depressed at pH 10; thus, 

pH 10 was chosen for future testing. With the optimum pH determined, the collector concentration 

was manipulated.  

Five different concentrations of potassium ethyl xanthate were used while keeping the pH 

constant at 10 and the depressant mixture (100 mg/L sodium metabisulfite, 40 mg/L Tupafin ATO, 

and 40mg/L Pionera F250) constant. The results for the tests are shown in Table 6.21 and Table 

6.22. The graphical comparison for varying concentrations of collector is displayed in Figure 6.25. 

It can be seen that the pyrite recovery does not change significantly as collector concentration 

increases. With increasing collector concentration, the chalcopyrite recovery is increased more 

than 10 percent. The optimum concentration of potassium ethyl xanthate was found to be 75 mg/L.  
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Table 6.21. Microflotation results for chalcopyrite recovery varying parameters. 

pH 

PEX 

Concentration 

[mg/L] 

Sodium 

Metabisulfite 

Concentration 

[mg/L] 

Tupafin ATO 

Concentration 

[mg/L] 

F250 

Concentration 

[mg/L] 

Chalcopyrite 

Recovery 

[%] 

7 50 100 40 40 31.52 ± 0.62 

8 50 100 40 40 23.08 ± 0.62 

9 50 100 40 40 48.82 ± 0.62 

10 50 100 40 40 49.62 ± 0.62 

11 50 100 40 40 50.42 ± 0.62 

10 10 100 40 40 45.84 ± 0.62 

10 20 100 40 40 40.00 ± 0.62 

10 50 100 40 40 49.62 ± 0.62 

10 75 100 40 40 51.14 ± 0.62 

10 100 100 40 40 45.18 ± 0.62 

10 75 0 0 0 78.14 ± 0.62 

10 75 25 10 10 53.88 ± 0.62 

10 75 50 20 20 48.48 ± 0.62 

10 75 100 40 40 51.14 ± 0.62 

10 75 150 60 60 27.30 ± 0.62 
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Table 6.22. Microflotation results for pyrite recovery varying parameters. 

pH 

PEX 

Concentration 

[mg/L] 

Sodium 

Metabisulfite 

Concentration 

[mg/L] 

Tupafin ATO 

Concentration 

[mg/L] 

F250 

Concentration 

[mg/L] 

Pyrite 

Recovery 

[%] 

7 50 100 40 40 14.04± 0.62 

8 50 100 40 40 13.58 ± 0.62 

9 50 100 40 40 19 ± 0.62 

10 50 100 40 40 11.24 ± 0.62 

11 50 100 40 40 31.58 ± 0.62 

10 10 100 40 40 10.58 ± 0.62 

10 20 100 40 40 13.46 ± 0.62 

10 50 100 40 40 11.24 ± 0.62 

10 75 100 40 40 14.04 ± 0.62 

10 100 100 40 40 10.26 ± 0.62 

10 75 0 0 0 14.04 ± 0.62 

10 75 25 10 10 13.58 ± 0.62 

10 75 50 20 20 19 ± 0.62 

10 75 100 40 40 11.24 ± 0.62 

10 75 150 60 60 31.58 ± 0.62 
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Figure 6.24. Comparing recovery values of chalcopyrite and pyrite varying pH. 

 

 

 

Figure 6.25. Recovery values of chalcopyrite and pyrite varying collector concentration.  
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 The last series of microflotation tests done varied the concentration of the depressant 

mixture. Sodium metabisulfite was varied between 0 and 150 mg/L while Tupafin ATO and 

Pionera F250 were varied between 0 and 60 mg/L. The test conditions and recoveries are presented 

in Table 6.21 and Table 6.22 for chalcopyrite and pyrite respectively. Figure 6.26 shows the 

flotability of pyrite and chalcopyrite for varied depressant concentrations. It should be noted that 

the x-axis on Figure 6.26 is reporting the sum of the depressant concentration mixture components. 

It can be interpreted from the results that as the depressant concentration increases, there is a 

dramatic decrease in chalcopyrite recovery and a modest decrease in pyrite recovery. Overall, from 

the microflotation tests completed the optimum operating conditions are at pH 10, potassium ethyl 

xanthate concentration of 75 mg/L, and a total depressant concentration of 45 mg/L.  

 

 

Figure 6.26. Flotability results for pyrite and chalcopyrite varying depressant concentration.  

 

6.5  Bench Flotation 

 After completing and reviewing all of the surface chemistry studies, the knowledge gained 

from these experiments was applied to bench scale flotation. Flotation was completed using a 

Metso Denver D12 flotation machine. Both the Morenci and Peruvian copper ore testwork was 

performed.  
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6.5.1  Morenci Copper Ore 

 Similar to the copper microflotation studies, a statistical analysis was completed for bench 

scale flotation using Stat-Ease Design Expert 9® software. A three factor, two level, full factorial 

design was used with three midpoint tests. Full factorial designs are robust in that they give the 

most information on interactions between the different factors. With only eight runs and three 

midpoints, the full factorial design was the best option.  

 For this study, three different factors were chosen with the goal to optimize copper grade 

and recovery. The factors tested were pH, Tupafin ATO concentration, and collector 

concentration. The collector type, potassium amyl xanthate, also known as PAX or KAX, was used 

in all tests. Oreprep® F-549 was used as the frother at 119 g/ton. An airflow rate of 365 CCM was 

also kept consistent throughout all runs. In this three factor, two-level, full factorial design, low 

and high levels of the factors were tested in addition to a midpoint that was run in triplicate. Table 

6.23 displays the lower and upper limits of the process parameters tested in this study.  

 

Table 6.23. Process parameters including low and high limits for Stat Ease Morenci flotation 
study. 

Process Parameter Lower Limit Upper Limit 

pH 8 10 

Collector Concentration 50 g/ton 100 g/ton 

Tupafin ATO Concentration 0 g/ton 300 g/ton 

 

The design matrix for this study can be seen in Table 6.24. The standard number shown in 

the first column is the test designation where the run number is the sequence in which the tests are 

run to avoid systematic error. Two different responses were generated for the matrix, copper grade 

and copper recovery. The midpoint values were run in triplicate to provide insight into 

reproducibility of results and statistical experimental error.  

The maximum copper recovery was Run #4 at 42.60%, with a pH 10, 100 g/ton PAX and 

300 g/ton Tupasol ATO depressant. The maximum copper grade was achieved with Run #9 at 

5.57%, with pH 8, 100 g/ton PAX, and 300 g/ton Tupasol ATO. These two experiments illustrate 

the tradeoff between grade and recovery, and how it is necessary to find a balance between the two 

for optimum results. Figure 6.27 displays the half-normal plot that was generated by the Stat-Ease 
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software for the copper recovery response. This plot indicates that the interaction parameters that 

were significant for the model were A (pH), B (PAX concentration), and AB.  

 

Table 6.24. Full factorial design results for Morenci copper ore bench flotation study.  

Std Run pH 

PAX 

Concentration 

[g/ton] 

Tupasol ATO 

Concentration 

[g/ton] 

Cu 

Recovery 

[%] 

Cu Grade 

[%] 

5 1 8 50 300 29.05± 0.99 4.15 ± 0.46 

9 2 9 75 150 38.40 ± 0.99 3.78 ± 0.46 

6 3 10 50 300 38.14 ± 0.99 3.24 ± 0.46 

8 4 10 100 300 42.60 ± 0.99 3.13 ± 0.46 

3 5 8 100 0 41.22 ± 0.99 3.51 ± 0.46 

10 6 9 75 150 39.07 ± 0.99 4.73 ± 0.46 

4 7 10 100 0 41.48 ± 0.99 2.53 ± 0.46 

2 8 10 50 0 41.52 ± 0.99 3.04 ± 0.46 

7 9 8 100 300 37.69 ± 0.99 5.57 ± 0.46 

1 10 8 50 0 23.73 ± 0.99 2.60 ± 0.46 

11 11 9 75 150 41.20 ± 0.99 3.73 ± 0.46 

 

  

Figure 6.27. The Half-normal plot for the Morenci copper recovery response showing the 
relevant interaction parameters.  
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Figure 6.28 shows the Pareto chart for this model. The Pareto illustrates that the pH 

(parameter A) and PAX concentration (parameter B) and the interaction parameter AB all played 

a significant effect on the process. The Tupafin ATO concentration did not have an effect on the 

model, and it was determined that the high level of 300 g/ton was not a high enough to show a 

pronounced effect. Further testing shown later in this section will demonstrate that Tupafin ATO 

does indeed have a positive effect on copper grade and recovery.  

 

 

 

 

Figure 6.28. Pareto chart for the copper recovery matrix for Morenci bench flotation. 

  

Once the significant parameters were chosen in the Pareto chart, an analysis of variance 

(ANOVA) was performed. Table 6.25 shows the results of the ANOVA generated by the Stat-

Ease design software. A Model F value of 10.04 indicates that the model is significant. There is 

only a 0.63% chance that an F-value this large could occur due to noise. P-values that are less than 

0.05 indicate significant parameters. In this case, parameters A, B, and AB are all significant. The 

lack of fit F value at 33.61 and the p value 0.0291 indicate a significant lack of fit, which indicates 

the model may not be a good fit.  
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Table 6.25. Stat-Ease Design ANOVA for the copper recovery model on Morenci flotation. 

Source 
Sum of 

Squares 
df 

Mean 

Square 
F Value p-value 

Model 1074.91 3 358.30 10.04 0.0063 

A-pH 485.86 1 485.86 13.62 0.0078 

B-Collector Concentration 330.63 1 330.63 9.27 0.0187 

AB 258.41 1 258.41 7.24 0.0310 

Residual 249.76 7 35.68   

Lack of Fit 246.83 5 49.37 33.61 0.0291 

Pure Error 2.94 2 1.47   

Cor Total 1324.67 10    

  

Finally, the correlation factors were calculated and generated with the ANOVA analysis. 

Table 6.26 displays the R-squared values for this model. These values are relatively low. The 

predicted R-squared value is not within the reasonable agreement to the adjusted R-squared value 

as the difference is more than 0.2. The adequate precision value is measuring the signal to noise 

ratio, a value above 4 is wanted. Based on the correlation values and the significant lack of fit 

values, this model does not properly represent the effects of pH, collector concentration, and 

Tupafin ATO on the copper grade and recovery.  

 

Table 6.26. Correlation factors for the Morenci flotation experiments on copper recovery. 

Correlation Factor Value 

R-Squared 0.8115 

Adjusted R-Squared 0.7306 

Predicted R-Squared  0.4877 

Adequate precision 7.897 

 

Further test work was needed to understand the effects of pH, PAX concentration, and 

Tupafin ATO concentration on the recovery and grade of the Morenci copper ore. The Stat Ease 

model did not prove to be a good representation of these parameter effects, so additional 

experiments were performed to show trends. A pH of 10 and a PAX concentration of 100 g/ton 

were chosen for subsequent test work, based on the results of the previous experiments done. 

Additional flotation experiments at pH 10 and 100 g/ton PAX were performed with increased 
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concentrations of Tupafin ATO. Figure 6.29 displays the copper recoveries for six different 

flotation experiments. It can be seen that the best copper recovery occurred at a dosage of 400 

g/ton. Increased recovery with the addition of Tupafin ATO was witnessed at 300, 400 and 500 

grams per ton. Figure 6.30 illustrates the copper grades for the six different flotation experiments. 

The highest grade was achieved at 400 g/ton Tupafin ATO addition, more than doubling the grade 

with no tannin addition. It can be seen that the copper grade was higher in every experiment with 

the addition of Tupafin ATO than when no tannin was added. Figure 6.31 displays the Cu/Fe ratio 

where it can be seen that the addition of Tupafin ATO increases amount of copper in the 

concentrate compared to iron. An increased Cu/Fe ratio is positive and is an indication that the 

pyrite is being depressed while the copper minerals are floating. Figure 6.32 displays the 

enrichment ratios versus tannin concentration; as tannin concentration increases, the enrichment 

ratio increases. 

  

 

Figure 6.29. Copper recoveries for Morenci flotation experiments at pH 10, 100 g/ton PAX, and 
varied Tupafin ATO concentrations.  
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Figure 6.30. Copper grades for Morenci flotation experiments at pH 10, 100 g/ton PAX, and 
varied Tupafin ATO concentrations. 

 

 

Figure 6.31. Cu/Fe ratios for Morenci flotation experiments at pH 10, 100 g/ton PAX, and varied 
Tupafin ATO concentrations. 
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Figure 6.32. Enrichment ratios for Morenci flotation experiments at pH 10, 100 g/ton PAX, and 
varies Tupafin ATO concentrations. 

 

The experiment at 400g/ton Tupafin ATO dosage was performed again to ensure that the 

high recovery and grade values were repeatable. Table 6.27 displays the results of the replicates. 

It can be seen that the high recovery and grade values were achieved again.  

 

Table 6.27. Original and replicate experiments for Morenci bench flotation at 400g/ton Tupafin 
ATO addition. 

pH 

PAX 

Conc. 

[g/ton] 

Tupafin 

ATO 

[g/ton] 

Con 

Weight 

Con 

Cu 

Assay 

[%] 

Con 

Fe 

Assay 

[%] 

Cu 

Recovery 

[%] 

Fe 

Recovery 

[%] 

Cu/Fe 

Ratio 

[%] 

Enrichment 

Ratio 

10 100 400 19.61 
5.89 

±0.46 
10.23 
±1.5 

46.74 
±0.99 

26.15 
±1.83 

0.5758 8.6 

10 100 400 18.54 
6.46 

±0.46 
10.84 
±1.5 

48.90 
±0.99 

24.36 
±1.83 

0.5959 9.4 

 

 It is interesting to note that at 400 g/ton and 500 g/ton of Tupafin ATO added both the 

grade and recovery of copper was increased compared to when no Tupafin ATO was added. In 

addition, good enrichment ratios between 8 and 9 were seen. Generally, grade and recovery do not 

both increase under the same conditions; usually when a higher recovery is achieved, grade is 
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sacrificed and vice versa. One explanation for this occurrence is that tannins are known to be strong 

dispersants for fine particles. [50] In a previous study done on a clay-rich porphyry copper ore, it 

was shown that both Tupasol ATO quebracho worked effectively to reduce pulp viscosity, which 

resulted in an increase in the copper recovery. [4] Table 6.27 shows the comparison of using 

sodium silicate versus Tupasol ATO for dispersion and the resulting copper recoveries. Sodium 

silicate is the standard dispersant for clays in sulfide ores. From the results in Table 6.28, it can be 

seen that both quebracho and sodium silicate work to reduce the pulp viscosity and increase the 

copper recovery. However, a sizable 14% increase in copper recovery was seen with the addition 

of quebracho while sodium silicate only increased the copper recovery by 5%. Based on this 

information, the Tupasol ATO was the superior dispersant for the clay rich copper ore.  

 

Table 6.28. Pulp viscosity and copper recovery data for a clay rich copper ore with the additions 
of Tupasol ATO and sodium silicate as dispersants. [4] 

Reagent 

Type 

Additions 

[g/ton] 

Pulp 

Viscosity [cP] 

Flotation 

pH 

Cu 

Recovery [%] 

Tupasol ATO 0 295 9.0 75 

Tupasol ATO 200 180 9.0 82 

Tupasol ATO 400 160 9.0 89 

Tupasol ATO 600 140 9.0 89 

Sodium Silicate 200 260 9.0 76 

Sodium Silicate 400 200 9.0 77 

Sodium Silicate 600 190 9.0 80 

 

 The mineral characterization done on the Morenci copper ore shows that kaolinite clay 

accounts for nearly 2 percent, and is the sixth most abundant mineral in the ore. Based on the 

experimental flotation work done, it appears that Tupafin ATO is working as both a dispersant and 

a depressant at dosages of 400 to 500 g/ton. In this situation, Tupafin ATO may prove to be a 

superior alternative depressant to depressants currently used as it plays a dual role of depressant 

and dispersant. Further test work should be done to determine if Tupafin ATO can replace a 

fraction or all of the dispersant added to a flotation scheme while also depressing gangue and thus 

increasing the grade of the concentrate.  
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6.5.2 Peruvian Copper Ore 

 After completing all of the surface chemistry experiments, bench scale flotation was 

performed on a Peruvian copper ore. As Stat Ease did not provide a good insight into the Morenci 

copper bench scale flotation, it was not performed for the Peruvian copper ore. Initially, an attempt 

to optimize the flotation of copper minerals from the Peruvian ore was made by changing collector 

concentration and grind size while adding no depressant. Potassium amyl xanthate (PAX) was 

used for all experiments as the collector. Table 6.29 shows the copper recoveries varying PAX 

concentration at pH 10, 100% passing 170 mesh, a 5-minute float time and no Tupafin ATO 

addition. The best recovery was found at 150 g/ton PAX addition, although better iron rejection 

and enrichment ratio was found at 100 g/ton PAX. With a significantly low recovery of copper, 

different grind sizes were researched in order to determine if a finer grind size could result in a 

better copper recovery. From the MLA analysis done on the Peruvian ore, it was determined the 

copper minerals were not well liberated and the best liberation occurred in the size fraction lower 

than 270 mesh. Table 6.30 displays the results of differing grind sizes. By reducing the grind size, 

the copper recoveries decreased, as did the copper grade. The ore was kept at 100% passing 170 

mesh for the remainder of the testing.  

 

Table 6.29. Varying potassium amyl xanthate concentration for Peruvian copper bench scale 
flotation.  

pH 

Mesh 

(100% 

pass) 

PAX 

Conc 

[g/ton] 

Concentrate 

Weight 

Con 

Cu 

Assay 

Con 

Fe 

Assay 

Cu 

Recovery  

Fe 

Recovery  

Cu/Fe 

Ratio 

Enrichment 

Ratio  

10 170 50 27.46 1.77 7 33.43 10.51 0.25 4.29 

10 170 100 21.68 1.82 7.07 24.85 7.51 0.26 4.41 

10 170 150 36.79 1.57 7 37.20 13.78 0.22 3.80 

 

Table 6.30. Varying grind sizes for Peruvian copper bench flotation.  

pH 

Mesh 

(100% 

pass) 

PAX 

Conc 

[g/ton] 

Concentrate 

Weight 

Con 

Cu 

Assay 

Con 

Fe 

Assay 

Cu 

Recovery  

Fe 

Recovery  

Cu/Fe 

Ratio 

Enrichment 

Ratio  

10 170 150 36.79 1.57 7 37.20 13.78 0.22 3.80 

10 200 150 28.88 1.47 7.03 26.87 10.49 0.21 3.56 

10 270 150 31.54 1.31 7.05 24.92 11.48 0.19 3.17 
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The last set of experiments varied Tupafin ATO concentration, while pH 10 and 100 g/ton 

PAX addition were constant throughout all tests. Figure 6.33 displays the copper recoveries for 

experiments varying tannin concentration. It can be seen that the copper recoveries increased with 

tannin addition at 400, 500 and 600 grams per ton compared to no tannin addition. The best 

recovery at 500 g/ton Tupafin ATO addition was significantly higher recovery than the test with 

no tannin added. Figure 6.34 displays the copper grade varying Tupafin ATO concentrations. 

Grade was enhanced at all levels of tannin addition, but was drastically improved at 400 g/ton 

Tupafin ATO.  

 

Figure 6.33. Copper recovery results varying Tupafin ATO concentration at pH 10 and 100 g/ton 
PAX for the Peruvian copper ore.  

 

 Figure 6.35 illustrates the copper-iron ratio response varying Tupafin concentration. At 

400 g/ton tannin addition, the ratio increases dramatically from zero tannin addition. The ratio 

remained static at 500 and 600 g/ton and increased slightly at 300 g/ton Tupafin addition.  
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Figure 6.34. Copper grade results varying Tupafin ATO concentration at pH 10 and 100 g/ton 
PAX for the Peruvian copper ore. 

 

 

Figure 6.35. Copper-iron ratio results varying Tupafin ATO concentration at pH 10 and 100 
g/ton PAX for the Peruvian copper ore. 
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 Figure 6.36 displays the enrichment ratio data for the Peru copper ore flotation experiments 

varying Tupafin ATO concentration. The best enrichment ratio was at 400 g/ton Tupafin ATO, 

which was double that of the enrichment ratio with no tannin addition. Tupafin ATO addition past 

400 g/ton did not show a significant improvement on the enrichment ratio.  

 In an attempt to improve recovery, the flotation time was increased from 5 minutes to 10 

minutes. Two experiments were performed, one at 0 g/ton and one at 400 g/ton Tupafin ATO 

addition. Figure 6.37 displays the copper recovery results for increasing flotation time. For both 

experiments, the copper recovery drastically increased with increasing flotation time, which is 

indicative of a slow floating ore.  

 

 

Figure 6.36. Enrichment ratio results varying Tupafin ATO concentration at pH 10 and 100 g/ton 
PAX for the Peruvian copper ore. 

 

Figure 6.38 illustrates the copper grade responses to increasing flotation time. Copper 

grade for the experiments with no tannins slightly increased from 5 to 10 minutes however, the 

grade for the experiments at 400 g/ton Tupafin ATO significantly declined. For the experiments 

performed for 10 minutes, makeup water was added to the cell in order to be able to collect the 

froth. With adding a significant amount of water to the cell, the reagents used in the pulp were 
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diluted. In order to make educated observations about the effect of increasing flotation time, 

different concentrations of tannins and other reagents would need to be researched.  

 

 

Figure 6.37. Copper recovery using 0 and 400 g/ton Tupafin ATO for Peruvian flotation tests 
varying flotation time for the Peruvian copper ore. 

 

Overall, Tupafin ATO had a positive effect on the flotation of the Peruvian copper ore. 

Copper recovery was increased with tannin additions at 400 g/ton and greater which, is likely due 

to the dispersive nature of the quebracho tannins. The copper grade was also increased with tannin 

addition, as were the copper-iron ratio and enrichment ratios. It should be noted that this system is 

not ideal; the recoveries and grades are quite low for a feasible process. If time permitted, it would 

have been ideal to establish parameter settings that produce favorable results. Although the 

recoveries were not optimal, the addition of Tupafin ATO did increase the recovery and grade into 

the concentrate. 
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Figure 6.38. Copper grade for Peruvian flotation tests varying flotation time. 
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CHAPTER 7 ECONOMICS 

 Once the experimental research was completed for the fluorite and copper studies, an 

economic analysis was completed to evaluate the fiscal benefit of using tannins for the flotation 

process. Two different analyses were made, one for each ore type.  

7.1  Fluorite Study  

 Results from the fluorite testing indicate that Tupasol ATO improves the separation of 

fluorite from calcite. The improvement with the addition of the quebracho tannin is twofold—it 

increases the recovery of the fluorite by acting as a dispersant, and improves the grade of the 

product by depressing calcite. Increasing the recovery of the fluorite is economically favorable as 

it improves the efficiency of the flotation process; when recovery is improved and the majority of 

fluorite is recovered into the concentrate, more fluorite can be produced per ton of ore treated. 

Improving the grade of the concentrate is economically favorable as the higher-grade product can 

be sold for a more competitive price. There are several different marketable products created from 

fluorspar concentrates based on the purity. Acid grade fluorspar is the purist product, used to make 

hydrofluoric acid, generally specified at 96-97% CaF2. Ceramic grade fluorspar is generally split 

into two, with ceramic no. 1 around 90-95% CaF2 and ceramic no.2 around 85-90% CaF2. Finally, 

metallurgical grade is sold and specified between 80-90% CaF2. [51] With each of these products, 

individual limit requirements on impurities are varied; however, the primary marketability of a 

fluorspar concentrate is based on the concentration of CaF2. Table 7.1 displays the prices for the 

2015 and the beginning of 2016 for different fluorspar products.  

 

Table 7.1. Fluorspar pricing (US$/metric ton) for 2015 and early 2016. [52] 

 2015 2016 

Acidspar Q1 Q2 Q3 Q4 Q1 

Chinese, dry basis, cost insurance, and freight, 

Gulf port, filtercake 
320-350 320-350 300-320 270-300 270-300 

Chinese, free on board (FOB) China, wet 

filtercake 
280-300 280-300 260-280 260-280 230-250 

Mexican, FOB Tampico, filtercake 290-330 290-330 270-290 260-280 260-280 

Mexican, FOB Tampico, arsenic <5ppm 370-420 370-420 310-340 280-310 280-310 

South African, FOB Durban, filtercake 300-330 300-330 280-300 260-280 250-270 

Metspar, Mexican FOB Tampico 230-270 230-270 230-270 230-270 230-270 
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Table 7.2 illustrates the average fluorspar pricing for the low and high limits of the 

fluorspar products displayed in Table 7.1. It can be seen that on average, the acid grade fluorspar 

is sold at around $50 more than the metallurgical grade fluorspar.  

 

Table 7.2. Averages of 2015-2016 fluorspar prices and difference between acid-grade fluorspar 
and metallurgical grade fluorspar. 

Low Prices Average 

Low 

  

Acid 1  $320   $320   $300   $270   $270   $296    

Acid 2  $280   $280   $260   $260   $230   $262    

Acid 3  $290   $290   $270   $260   $260   $274    

Acid 4  $370   $370   $310   $280   $280   $322  Average Acid  $286  

Acid 5  $300   $300   $280   $260   $250   $278  Average Met  $230  

Met 1  $230   $230   $230   $230   $230   $230  Difference  $56  

High Prices Average 

High 

  

Acid 1  $350   $350   $320   $300   $300   $324    

Acid 2  $300   $300   $280   $280   $250   $282    

Acid 3  $330   $330   $290   $280   $280   $302    

Acid 4  $420   $420   $340   $310   $310   $360  Average Acid  $314  

Acid 5  $330   $330   $300   $280   $270   $302  Average Met  $270  

Met 1  $270   $270   $270   $270   $270   $270  Difference  $44  

 

Assuming Tupasol ATO can be utilized to produce acid-grade fluorspar concentrates, a 

basic economic benefit of using Tupasol ATO is displayed in Table 7.3. The quebracho tannin 

price was varied between $1.5 and $3 per kilogram. Several assumptions were made including the 

dosage; 500 g/ton was selected as a general dosing rate, although many industrial processes use 

more or less than this. The average cost benefit of producing acid grade fluorspar versus 

metallurgical grade fluorspar was $50 based on the 2015-2016 pricing. It can be seen at these 

conditions, there is a significant benefit to using quebracho tannin. 
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Table 7.3. Economic benefit of using quebracho tannins to obtain acid grade fluorspar. 

Quebracho Tannin Price 

[US$/kg] 

Dosage 

[kg/ton] 

Quebracho Cost 

[US$/ton] 

Acid Spar Benefit 

[$/ton] 

1.5 0.5 0.75 50 

2 0.5 1 50 

2.5 0.5 1.25 50 

3 0.5 1.5 50 

 

 Overall, the use of Tupasol ATO in the beneficiation of fluorite and calcite is economically 

favorable, assuming that acid grade fluorspar can be produced. Quebracho has proven to be a key 

reagent in fluorite flotation in industry due to performance excellence and economic benefit.  

7.2  Copper Study 

 The use of Tupafin ATO for copper ores has shown great promise in this study. For the 

Morenci work, the most successful experiments significantly increased recovery by while the 

grade was simultaneously doubled. Peruvian experiments were less drastic; however, the addition 

of Tupafin ATO also improved both grade and recovery in some experiments. The improvement 

of grade displays that Tupafin ATO is a suitable depressant for gangue (including iron sulfides) 

for copper flotation. The improvement of recovery with the addition of Tupafin ATO illustrates 

the dispersant qualities of this quebracho tannin to disperse clays and other agglomerating agents 

in the pulp. In this way, quebracho can be used as a dual-reagent to replace the use of a separate 

dispersant and depressant. Table 7.4 displays the pricing of different mixtures of 

depression/dispersion reagents assuming $2/lb for depressants and $1/lb for dispersants and 

$1.25/lb for tannins. There is a significant economic benefit to using quebracho in the copper 

flotation process.  

 In addition to the benefit of improving grade and recovery, the concentrate mass pull is 

reduced with the addition of tannins. Table 7.5 displays two different experiments, one without 

tannins and one with 400 g/ton Tupafin ATO at the same float conditions. The mass reporting to 

the concentrate decreased by 46%, even with grade and recovery both increasing. The amount of 

copper contained in the concentrate in grams was determined by multiplying the concentrate 

weight by the concentrate copper assay. The use of tannins reduces the amount of concentrate 

weight produced, which reduces the transportation cost to the smelter facilities 
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Table 7.4. Pricing of different combinations of reagents for dispersion and depression in copper 
ores. 

Reagent 
Quebracho 

tannin 

Generic 

Dispersant 

Generic 

Depressant 

Cost 

[US$/lb] 
1.25 1 2 

 

Quebracho 

tannin 

Generic 

Dispersant 

Generic 

Depressant 
Cost per lb 

100% 0% 0% $              1.25 

75% 0% 25% $              1.44 

75% 25% 0% $              1.19 

50% 0% 50% $              1.63 

50% 50% 0% $              1.13 

50% 25% 25% $              1.38 

25% 25% 50% $              1.56 

25% 0% 75% $              1.81 

0% 50% 50% $              1.50 

0% 25% 75% $              1.75 

0% 0% 100% $              2.00 

 

Table 7.5. Concentrate mass differences between two Morenci bench flotation experiments. 

pH 

Collector 

Conc 

[g/ton] 

Tannin 

Conc 

[g/ton] 

Concentrate 

Weight [g] 

Con Cu 

Assay 

[%] 

Copper 

in grams 

Cu 

Recovery 

[%] 

10 100 0 34.76 2.53 0.879 64.29 

10 100 400 18.61 5.89 1.096 80.13 

 

 Overall, the use of tannins in copper flotation is economically feasible and advantageous 

for several reasons. Improvement in grade creates a more marketable concentrate while 

improvement in recovery increases the efficiency of the process by reducing the amount of copper 

reporting to tailings. The reduction in concentrate mass with tannin addition would reduce the 

transportation cost as well. The use of Tupafin ATO as a dispersant and depressant would reduce 

the cost associated with purchasing both reagents for the copper flotation process.  
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CHAPTER 8 CONCLUSIONS 

 
 This work has explored the surface chemistry interactions between tannins and the mineral 

surface for both fluorite and calcite, and chalcopyrite and pyrite with zeta potential, adsorption 

density and microflotation experiments performed. Bench scale flotation was performed using 

insight from the surface chemistry testing. The results from all the work done utilizing tannins as 

a means to beneficiate fluorite and copper ores is outlined below.   

8.1  Fluorite Study 

The zeta potential studies done using the Microtrac Stabino instrument on pure calcite and 

fluorite minerals displayed a negative zeta potential throughout most of the pH range studied. The 

addition of Tupasol ATO showed an increase in zeta potential (less negative) than that of the pure 

fluorite in water. With pure calcite, the opposite was true as the addition of Tupasol ATO produced 

a decrease (more negative) zeta potential than in water. With the shift in zeta potential for pure 

fluorite and pure calcite, there is an indication that Tupasol ATO is indeed adsorbing onto the 

mineral surfaces.  

Adsorption studies were performed with Tupasol ATO for pure calcite and fluorite 

minerals. The adsorption increased at elevated temperatures, indicating chemisorption as the 

adsorption mechanism, which is consistent with previous research done. Free energy of adsorption 

values (ΔG°Ads) indicate that Tupasol ATO has a slightly stronger affinity for fluorite surfaces than 

calcite surfaces. The success of quebracho in depressing calcite is explained in the competitive 

adsorption of quebracho and the collector sodium oleate. It has been proven in previous research 

that quebracho displaces more sodium oleate on calcite surfaces than on fluorite surfaces, allowing 

the fluorite to float. The interaction between the collector and the depressant is the key to a 

successful separation.  

Microflotation studies performed on pure calcite and pure fluorite minerals provided 

information on the parameter variation including pH, collector concentration, tannin concentration, 

conditioning time and tannin type. Three different tannin types (wattle, quebracho, and chestnut) 

were compared. Quebracho and wattle tannin performed similarly concerning calcite 

microflotation recoveries; however, the quebracho tannin had slightly higher recoveries for fluorite 

than wattle. The same was true for the chestnut tannin; calcite recoveries were the same between 
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quebracho and chestnut tannins but the recovery of fluorite was significantly higher with the 

quebracho tannin.  

Bench scale flotation on the Mexican fluorite ore proved that the addition of tannins at 

certain dosages could increase both the grade and recovery of fluorite in the concentrate. This 

indicated that Tupasol ATO was not only working as a depressant for calcite, but as a dispersant.  

8.2  Copper Study 

The zeta potential studies done using the Microtrac Stabino instrument on pure pyrite and 

chalcopyrite minerals displayed a negative zeta potential throughout the entire pH range studied. 

The addition of Tupafin ATO showed an increase in zeta potential (less negative) than that of the 

pure chalcopyrite and pyrite minerals in water. With the shift in zeta potential for both pure pyrite 

and chalcopyrite, it is implied that Tupafin ATO is indeed adsorbing onto the mineral surfaces.  

Adsorption studies were performed with Tupafin ATO for pure pyrite and chalcopyrite 

minerals. The adsorption increased at elevated temperatures for pyrite, indicating chemisorption 

as the adsorption mechanism; however, the opposite was true for chalcopyrite where adsorption 

was seen to decrease with increasing temperature. Free energy of adsorption values (ΔGads) 

indicate that Tupafin ATO has a slightly stronger affinity for pyrite surfaces than chalcopyrite 

surfaces.  

Microflotation studies performed with differing depressant mixtures including Tupafin 

ATO, a modified lignosulfonate, sodium metabisulfite, chestnut tannins, and tara gum. The Stat 

Ease design was not successful in generating a model to evaluate the effects of different mixtures 

of depressants. For this reason, a mixture was not used for bench scale flotation. 

Bench flotation on both the Morenci and Peruvian copper ores was improved with the 

addition of Tupafin ATO. In some experiments, a dramatic increase in recovery of copper was 

witnessed and the grade of copper in the concentrate was seen to double. Tupafin ATO was found 

to be a suitable depressant of gangue and dispersant of clays in copper ores.  
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APPENDIX A MATERIALS CHARACTERIZATION 

 
 Information regarding the materials characterization for the Mexican fluorite ore, Morenci 

copper ore, and Peruvian copper ore that were not detailed in Chapter 5 and Chapter 6 are included 

here. The characterization analyses were performed by the Center for Advanced Mineral and 

Metallurgical Processing (CAMP) at Montana Tech.  

 Table A.1 shows the mineral groupings composition for the Mexican fluorite ore. Table 

A.2 displays the mineral groupings composition for the Morenci copper ore and Table A.3 displays 

mineral groupings composition for the Peruvian copper ore.  

 

Table A.1. Composition of Mexican fluorite ore by mineral groupings in weight percent.  

Mineral Group Weight Percent 

Fluorite 69.5 

Carbonates 24.7 

Silicates 5.50 

Sulfates, Phosphates & Others 0.23 

Sulfides 0.03 

 

Table A.2. Composition of Morenci copper ore by mineral groupings in weight percent.  

Mineral Group Weight Percent 

Silicates 94.5 

Sulfides 2.56 

Sulfates, Phosphates, Carbonates & Others 1.67 

Cu Sulfides 1.22 

Cu Oxides 0.01 

 

In addition to the mineral groupings, the distribution of copper bearing minerals was also 

determined in the Morenci copper ore and the Peruvian copper ore. Table A.4 displays the copper 

distribution by mineral in weight percent for the Morenci ore. Table A.5 illustrates the copper 

distribution by mineral in weight percent for the Peruvian ore.  
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Table A.3. Composition of Peruvian copper ore by mineral groupings in weight percent.  

Mineral Group Weight Percent  

Silicates 82.8 

Misc. Sulfides 6.79 

Oxides/hydroxides 4.46 

Carbonates 3.35 

Cu Sulfides 1.59 

Sulfates, Phosphates, & Others 1.02 

 

Table A.4. Copper mineral distribution of Morenci ore in weight percent.  

Copper Mineral Dist. [%] 

Covellite 44.7 

Chalcopyrite 42.4 

Chalcocite 11.7 

Cuprite  1.3 

Total 100 

 

Table A.5. Copper mineral distribution of Peruvian ore in weight percent.  

Copper Mineral Dist. [%] 

Chalcopyrite 92.1 

Chalcocite 6.1 

Bornite 1.7 

Tennantite 0.1 

Total 100 
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APPENDIX B ZETA POTENTIAL 

 
 The values for zeta potential experiments are reported including the average and standard 

deviations of the triplicate runs.  

Table B.1. Zeta potential values for pure fluorite in water. 

pH Average St. Dev pH Average St. Dev pH Average St. Dev 

10.90 -81.35 0.88 7.96 -66.80 0.88 5.19 -50.45 5.65 

10.82 -81.13 0.82 7.88 -66.60 0.91 5.11 -49.62 5.93 

10.74 -80.88 0.84 7.80 -66.41 0.94 5.03 -48.58 6.27 

10.66 -80.50 0.89 7.72 -66.22 0.96 4.95 -47.53 6.60 

10.57 -80.18 0.81 7.64 -66.02 1.00 4.87 -46.48 6.93 

10.49 -79.76 0.80 7.56 -65.81 1.05 4.78 -45.43 7.27 

10.41 -79.33 0.72 7.47 -65.59 1.10 4.70 -44.39 7.60 

10.33 -78.92 0.66 7.39 -65.36 1.14 4.62 -43.34 7.93 

10.25 -78.51 0.63 7.31 -65.12 1.19 4.54 -42.22 8.18 

10.17 -78.06 0.59 7.23 -64.84 1.26 4.46 -41.04 8.43 

10.08 -77.59 0.60 7.15 -64.55 1.33 4.38 -39.83 8.73 

10.00 -77.07 0.54 7.07 -64.22 1.38 4.29 -38.62 9.02 

9.92 -76.54 0.57 6.99 -63.85 1.47 4.21 -37.41 9.32 

9.84 -76.02 0.53 6.90 -63.48 1.57 4.13 -36.22 9.64 

9.76 -75.48 0.56 6.82 -63.08 1.66 4.05 -35.04 9.94 

9.68 -74.98 0.60 6.74 -62.67 1.73 3.97 -33.87 10.24 

9.60 -74.48 0.64 6.66 -62.19 1.85 3.89 -32.69 10.52 

9.51 -73.97 0.65 6.58 -61.70 2.01 3.80 -31.49 10.79 

9.43 -73.48 0.67 6.50 -61.14 2.17 3.72 -30.22 11.09 

9.35 -72.99 0.69 6.41 -60.57 2.37 3.64 -28.86 11.35 

9.27 -72.53 0.73 6.33 -60.03 2.50 3.56 -27.43 11.59 

9.19 -72.07 0.75 6.25 -59.44 2.66 3.48 -25.87 11.81 

9.11 -71.61 0.76 6.17 -58.85 2.81 3.40 -24.15 12.02 

9.02 -71.18 0.73 6.09 -58.29 3.00 3.32 -22.24 12.19 

8.94 -70.76 0.72 6.01 -57.66 3.21 3.23 -20.13 12.27 

8.86 -70.35 0.71 5.93 -57.00 3.40 3.15 -17.79 12.36 

8.78 -69.96 0.67 5.84 -56.34 3.57 3.07 -15.27 12.37 

8.70 -69.57 0.63 5.76 -55.70 3.81 2.99 -12.69 12.26 

8.62 -69.20 0.60 5.68 -55.03 4.08 2.91 -10.12 12.09 

8.53 -68.85 0.60 5.60 -54.32 4.31 2.83 -7.62 11.84 

8.45 -68.50 0.60 5.52 -53.58 4.58 2.74 -5.25 11.51 

8.37 -68.17 0.57 5.44 -52.82 4.87 2.66 -3.05 11.07 

8.29 -67.84 0.56 5.35 -52.03 5.13 2.58 -0.92 10.52 

8.21 -67.56 0.63 5.27 -51.24 5.39 2.50 0.94 9.81 
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Table B.2. Zeta potential data for fluorite with 100 mg/L Tupasol ATO. 

pH Average St. Dev pH Average St. Dev 

10.90 -46.45 5.00 6.14 -34.55 1.77 

10.76 -46.28 4.82 6.00 -34.12 1.70 

10.62 -45.99 4.71 5.86 -33.57 1.51 

10.48 -45.67 4.56 5.72 -32.96 1.39 

10.34 -45.35 4.55 5.58 -32.34 1.27 

10.20 -44.91 4.47 5.44 -31.72 1.14 

10.06 -44.48 4.39 5.30 -31.08 0.98 

9.92 -44.02 4.27 5.16 -30.27 0.87 

9.78 -43.53 4.14 5.02 -29.42 0.82 

9.64 -43.04 4.05 4.88 -28.57 0.77 

9.50 -42.53 3.98 4.74 -27.72 0.72 

9.36 -42.04 3.88 4.60 -26.90 0.75 

9.22 -41.56 3.78 4.46 -26.06 0.91 

9.08 -41.10 3.62 4.32 -25.21 1.07 

8.94 -40.65 3.45 4.18 -24.42 1.18 

8.80 -40.23 3.30 4.04 -23.75 1.20 

8.66 -39.86 3.14 3.90 -23.09 1.22 

8.52 -39.48 2.99 3.76 -22.39 1.17 

8.38 -39.11 2.83 3.62 -21.63 1.11 

8.24 -38.77 2.73 3.48 -20.79 1.08 

8.10 -38.49 2.62 3.34 -19.85 1.12 

7.96 -38.22 2.51 3.20 -18.65 1.12 

7.82 -37.94 2.40 3.06 -17.25 1.14 

7.68 -37.67 2.29 2.92 -15.63 1.20 

7.54 -37.41 2.22 2.78 -14.19 1.25 

7.40 -37.19 2.19 2.64 -12.78 1.25 

7.26 -36.96 2.17 2.50 -11.19 1.21 

7.12 -36.72 2.16    

6.98 -36.49 2.15    

6.84 -36.24 2.12    

6.70 -35.96 2.05    

6.56 -35.69 1.98    

6.42 -35.41 1.91    

6.28 -34.98 1.84    
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Table B.3. Zeta potential values for pure calcite in water. 

pH Average St. Dev pH Average St. Dev pH Average St. Dev 

10.75 -44.09 2.31 7.33 -24.06 6.29 3.91 -3.47 13.87 

10.65 -43.29 2.37 7.23 -23.54 6.39 3.81 -2.85 13.98 

10.55 -42.51 2.50 7.13 -23.01 6.57 3.71 -2.43 14.24 

10.45 -41.80 2.55 7.03 -22.51 6.77 3.61 -1.10 13.63 

10.35 -41.09 2.56 6.93 -22.03 6.94 3.51 0.83 13.86 

10.25 -40.43 2.56 6.83 -21.53 7.13 3.41 2.50 13.60 

10.15 -39.83 2.62 6.73 -21.01 7.34 3.30 4.10 13.22 

10.05 -39.20 2.59 6.62 -20.45 7.59 3.20 5.57 12.82 

9.95 -38.58 2.60 6.52 -19.89 7.86 3.10 6.76 12.20 

9.84 -38.02 2.63 6.42 -19.30 8.14 3.00 8.04 11.75 

9.74 -37.49 2.61 6.32 -18.67 8.50 2.90 9.10 11.16 

9.64 -36.97 2.61 6.22 -18.07 8.81 2.80 10.04 10.46 

9.54 -36.47 2.69 6.12 -17.49 9.09 2.70 10.88 9.78 

9.44 -36.00 2.79 6.02 -16.90 9.44 2.60 11.56 9.04 

9.34 -35.52 2.87 5.92 -16.31 9.81 2.50 11.98 8.26 

9.24 -35.06 2.98 5.82 -15.70 10.20    

9.14 -34.61 3.10 5.72 -15.12 10.55    

9.04 -34.16 3.22 5.62 -14.56 10.90    

8.94 -33.68 3.38 5.52 -13.98 11.26    

8.84 -33.16 3.57 5.42 -13.39 11.63    

8.74 -32.64 3.76 5.32 -12.79 11.99    

8.64 -32.13 3.95 5.22 -12.15 12.29    

8.54 -31.57 4.20 5.12 -11.51 12.59    

8.44 -30.95 4.44 5.02 -10.87 12.89    

8.34 -30.30 4.66 4.91 -10.24 13.12    

8.23 -29.64 4.91 4.81 -9.58 13.27    

8.13 -28.96 5.16 4.71 -8.90 13.40    

8.03 -28.27 5.35 4.61 -8.22 13.53    

7.93 -27.60 5.52 4.51 -7.63 13.52    

7.83 -26.93 5.67 4.41 -7.02 13.47    

7.73 -26.29 5.76 4.31 -6.38 13.44    

7.63 -25.69 5.88 4.21 -5.73 13.77    

7.53 -25.14 6.04 4.11 -5.13 14.16    

7.43 -24.58 6.19 4.01 -4.47 14.20    
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Table B.4. Zeta potential data for calcite with 100 mg/L Tupasol ATO. 

pH Average St. Dev pH Average St. Dev pH Average St. Dev 

10.90 -37.92 3.47 7.83 -27.55 2.08 4.76 -19.89 1.44 

10.81 -37.51 3.36 7.74 -27.38 2.07 4.67 -19.75 1.42 

10.72 -37.11 3.34 7.65 -27.19 2.05 4.58 -19.58 1.41 

10.63 -36.66 3.25 7.56 -26.99 2.05 4.49 -19.40 1.41 

10.54 -36.23 3.24 7.47 -26.78 2.03 4.40 -19.22 1.41 

10.45 -35.79 3.21 7.38 -26.54 2.03 4.31 -19.02 1.39 

10.36 -35.33 3.16 7.29 -26.29 2.03 4.22 -18.82 1.36 

10.27 -34.88 3.09 7.20 -26.01 2.02 4.13 -18.60 1.34 

10.18 -34.40 3.01 7.11 -25.72 2.00 4.04 -18.38 1.33 

10.09 -33.91 2.95 7.02 -25.39 1.97 3.95 -18.18 1.33 

10.00 -33.43 2.87 6.93 -25.04 1.93 3.85 -17.97 1.34 

9.91 -32.96 2.80 6.84 -24.70 1.87 3.76 -17.69 1.31 

9.82 -32.54 2.72 6.75 -24.37 1.84 3.67 -17.42 1.24 

9.73 -32.10 2.69 6.65 -23.96 1.76 3.58 -17.11 1.23 

9.64 -31.70 2.64 6.56 -23.60 1.70 3.49 -16.77 1.23 

9.55 -31.33 2.57 6.47 -23.24 1.63 3.40 -16.38 1.19 

9.45 -30.97 2.52 6.38 -22.91 1.61 3.31 -16.00 1.22 

9.36 -30.62 2.48 6.29 -22.62 1.59 3.22 -15.53 1.13 

9.27 -30.30 2.42 6.20 -22.37 1.61 3.13 -15.06 1.13 

9.18 -30.02 2.39 6.11 -22.11 1.59 3.04 -14.50 1.10 

9.09 -29.76 2.37 6.02 -21.86 1.54 2.95 -13.98 1.12 

9.00 -29.51 2.35 5.93 -21.70 1.54 2.86 -13.45 1.04 

8.91 -29.31 2.33 5.84 -21.53 1.53 2.77 -12.97 0.93 

8.82 -29.12 2.29 5.75 -21.37 1.54 2.68 -12.33 0.91 

8.73 -28.96 2.26 5.66 -21.22 1.55 2.59 -11.65 0.86 

8.64 -28.81 2.24 5.57 -21.07 1.55 2.50 -10.90 0.77 

8.55 -28.66 2.22 5.48 -20.93 1.55    

8.46 -28.52 2.20 5.39 -20.81 1.55    

8.37 -28.39 2.18 5.30 -20.69 1.54    

8.28 -28.26 2.16 5.21 -20.58 1.53    

8.19 -28.13 2.15 5.12 -20.45 1.52    

8.10 -28.00 2.13 5.03 -20.31 1.50    

8.01 -27.85 2.11 4.94 -20.17 1.48    

7.92 -27.70 2.10 4.85 -20.03 1.46    
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Table B.5. Zeta potential data for chalcopyrite in pure water. 

pH Average St. Dev pH Average St. Dev 

11.01 -77.60 1.98 5.33 -47.41 3.79 

10.87 -78.61 1.72 5.19 -45.85 4.00 

10.73 -78.71 1.48 5.05 -44.25 4.16 

10.58 -78.68 1.36 4.91 -42.56 4.20 

10.44 -78.48 1.44 4.77 -40.88 4.26 

10.30 -78.16 1.48 4.63 -39.22 4.30 

10.16 -77.69 1.44 4.48 -37.62 4.24 

10.02 -77.22 1.49 4.34 -36.02 4.17 

9.87 -76.68 1.48 4.20 -34.43 4.10 

9.73 -76.14 1.52 4.06 -32.96 4.18 

9.59 -75.57 1.53 3.92 -31.89 4.52 

9.45 -75.01 1.51 3.77 -31.13 4.32 

9.31 -74.39 1.44 3.63 -30.46 4.14 

9.17 -73.80 1.42 3.49 -29.86 3.96 

9.02 -73.23 1.43    

8.88 -72.56 1.41    

8.74 -71.83 1.40    

8.60 -71.11 1.39    

8.46 -70.38 1.40    

8.31 -69.74 1.48    

8.17 -69.11 1.56    

8.03 -68.47 1.66    

7.89 -67.86 1.77    

7.75 -67.35 1.85    

7.60 -66.97 1.81    

7.46 -66.55 1.74    

7.32 -65.85 1.67    

7.18 -65.00 1.72    

7.04 -64.06 1.82    

6.90 -62.72 1.97    

6.75 -61.39 2.13    

6.61 -59.96 2.34    

6.47 -58.53 2.55    

6.33 -57.09 2.82    

6.19 -55.67 3.08    

6.04 -54.31 3.29    

5.90 -52.96 3.46    

5.76 -51.64 3.58    

5.62 -50.32 3.67    

5.48 -48.93 3.68    
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Table B.6. Zeta potential data for chalcopyrite with 50 mg/L Tupafin ATO. 

pH Average St. Dev pH Average St. Dev 

11.02 -63.44 1.20 5.00 -40.82 0.63 

10.87 -63.84 0.98 4.85 -39.70 0.50 

10.72 -63.69 0.89 4.69 -38.49 0.36 

10.57 -63.34 0.76 4.54 -37.06 0.42 

10.42 -62.74 0.77 4.39 -35.62 0.47 

10.27 -62.09 0.67 4.24 -34.12 0.44 

10.12 -61.39 0.65 4.09 -32.54 0.36 

9.97 -60.65 0.64 3.94 -30.83 0.33 

9.82 -59.85 0.58 3.79 -29.10 0.31 

9.66 -59.07 0.57 3.64 -27.35 0.27 

9.51 -58.30 0.59 3.49 -25.53 0.21 

9.36 -57.50 0.57    

9.21 -56.75 0.57    

9.06 -56.01 0.55    

8.91 -55.29 0.56    

8.76 -54.60 0.55    

8.61 -53.94 0.55    

8.46 -53.32 0.56    

8.31 -52.74 0.53    

8.16 -52.18 0.52    

8.01 -51.72 0.59    

7.86 -51.32 0.59    

7.71 -50.94 0.55    

7.56 -50.58 0.53    

7.41 -50.31 0.59    

7.25 -50.07 0.65    

7.10 -49.81 0.70    

6.95 -49.49 0.69    

6.80 -49.12 0.69    

6.65 -48.74 0.69    

6.50 -48.28 0.74    

6.35 -47.77 0.77    

6.20 -47.19 0.76    

6.05 -46.59 0.80    

5.90 -45.98 0.82    

5.75 -45.31 0.81    

5.60 -44.59 0.82    

5.45 -43.77 0.73    

5.30 -42.86 0.66    

5.15 -41.85 0.64    
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Table B.7. Zeta potential data for pure pyrite in water. 

pH Average St. Dev pH Average St. Dev 

11.02 -80.06 4.05 6.01 -46.29 2.76 

10.88 -80.90 4.30 5.87 -44.69 2.94 

10.74 -81.26 4.29 5.73 -43.05 3.07 

10.60 -81.24 4.31 5.59 -41.40 3.18 

10.46 -80.89 4.36 5.45 -39.71 3.25 

10.32 -80.79 4.47 5.31 -38.05 3.19 

10.18 -80.34 4.50 5.17 -36.38 3.13 

10.05 -79.87 4.56 5.03 -34.72 3.06 

9.91 -79.33 4.55 4.89 -33.05 3.00 

9.77 -78.70 4.51 4.75 -31.48 3.03 

9.63 -78.01 4.41 4.61 -30.16 3.00 

9.49 -77.28 4.31 4.47 -28.87 2.91 

9.35 -76.58 4.24 4.34 -27.58 2.83 

9.21 -75.86 4.13 4.20 -26.28 2.74 

9.07 -75.11 4.03 4.06 -25.11 2.76 

8.93 -74.31 3.88 3.92 -24.28 2.73 

8.79 -73.33 3.67 3.78 -23.81 2.57 

8.65 -72.32 3.49 3.64 -23.48 2.47 

8.51 -71.31 3.31 3.50 -22.82 2.04 

8.37 -70.27 3.10    

8.23 -69.36 2.94    

8.10 -68.50 2.77    

7.96 -67.65 2.62    

7.82 -66.83 2.50    

7.68 -65.95 2.35    

7.54 -64.97 2.15    

7.40 -63.88 1.86    

7.26 -62.32 1.70    

7.12 -60.71 1.59    

6.98 -58.90 1.45    

6.84 -57.01 1.39    

6.70 -55.18 1.50    

6.56 -53.40 1.73    

6.42 -51.55 1.95    

6.29 -49.69 2.18    

6.15 -47.91 2.50    
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Table B.8. Zeta potential data for pure pyrite in 50 mg/L Tupafin ATO. 

pH Average St. Dev pH Average St. Dev 

11.01 -67.29 1.25 6.41 -51.02 1.00 

10.88 -67.40 1.32 6.28 -50.55 0.99 

10.75 -67.20 1.37 6.15 -49.99 1.00 

10.63 -66.86 1.32 6.03 -49.38 0.99 

10.50 -66.54 1.35 5.90 -48.72 0.96 

10.37 -66.02 1.34 5.77 -47.99 0.93 

10.24 -65.50 1.36 5.64 -47.16 0.87 

10.12 -64.93 1.37 5.51 -46.22 0.85 

9.99 -64.34 1.35 5.39 -45.16 0.81 

9.86 -63.76 1.35 5.26 -44.00 0.78 

9.73 -63.19 1.34 5.13 -42.67 0.62 

9.60 -62.58 1.32 5.00 -41.21 0.69 

9.48 -61.97 1.32 4.88 -39.73 0.80 

9.35 -61.35 1.31 4.75 -38.13 0.82 

9.22 -60.74 1.29 4.62 -36.34 0.66 

9.09 -60.12 1.26 4.49 -34.51 0.58 

8.97 -59.50 1.24 4.36 -32.62 0.60 

8.84 -58.90 1.24 4.24 -30.75 0.63 

8.71 -58.30 1.22 4.11 -28.96 0.73 

8.58 -57.70 1.19 3.98 -27.27 0.65 

8.45 -57.13 1.17 3.85 -25.70 0.68 

8.33 -56.57 1.16 3.73 -24.28 0.68 

8.20 -56.01 1.15 3.60 -22.98 0.73 

8.07 -55.48 1.10 3.47 -21.73 0.78 

7.94 -54.96 1.02    

7.82 -54.53 1.03    

7.69 -54.16 1.07    

7.56 -53.81 1.09    

7.43 -53.49 1.05    

7.30 -53.21 1.06    

7.18 -52.95 1.09    

7.05 -52.71 1.10    

6.92 -52.44 1.09    

6.79 -52.18 1.08    

6.66 -51.88 1.05    

6.54 -51.48 1.03    
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APPENDIX C ADSORPTION DENSITY 

 
Table C.1. BET surface areas of pure minerals at 325 mesh. 

Mineral Chalcopyrite Pyrite Fluorite Calcite 

BET 1 [m2/g] 1.274 2.039 1.693 1.723 

BET 2 [m2/g] 1.173 2.122 1.614 1.657 

BET 3 [m2/g] 1.253 2.101 1.560 1.729 

Average BET [m2/g] 1.233 2.087 1.622 1.703 

 

Table C.2. Correction for total organic carbon reading of pure minerals in water. 

Mineral and 

Temperature [ºC] 

Total Organic Carbon Reading for 

Pure Mineral in Water [ppm] 

Chalcopyrite 25ºC 1.010 

Chalcopyrite 80ºC 0.000 

Pyrite 25ºC 0.337 

Pyrite 80ºC 12.51 

Calcite 25ºC 0.800 

Calcite 80ºC 11.95 

Fluorite 25ºC 0.490 

Fluorite 80ºC 10.96 
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Figure C.1. Calibration curve for equilibrium time and pH showing relationship between NPOC 
ppm output from the TOC machine and the corresponding Tupasol ATO addition in ppm.  

 

 

Figure C.2. Calibration curve for isotherms showing relationship between NPOC ppm output 
from the TOC machine and the corresponding Tupasol ATO addition in ppm 
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Figure C.3. Calibration curve for equilibrium time, pH, and isotherms showing relationship 
between NPOC ppm output from the TOC machine and the corresponding Tupasol ATO 

addition in ppm. 

 

Table C.3. Adsorption density data for chalcopyrite and pyrite equilibrium time experiments. 
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Sample Name Time 
NPOC 

(ppm) 

NPOC 

water 

correction 

NPOC 

Dilution 

(ppm) 

Average 

ppm 

Tannin 

Conversion 

(g/L) 

Tannin 

on 

Surface 

(g/L) 

Adsorption 

Density 

(g/m^2) 

10 GL 
CHALOPYRITE  

72 6.17 5.16 10.32     

10 GL 
CHALOPYRITE  

72 6.15 5.14 10.28     

10 GL 
CHALOPYRITE  

72 6.79 5.78 11.56 10.72 0.007 0.043 0.00350 

10 GL 
CHALCOPYRITE 

48 4.02 3.01 6.02     

10 GL 
CHALCOPYRITE  

48 5.26 4.25 8.5 7.26 0.004 0.046 0.00375 

10 GL 
CHALCOPYRITE  

24 5.84 4.83 9.66     

10 GL 
CHALCOPYRITE  

24 4.95 3.94 7.88 8.77 0.005 0.045 0.00365 

10 GL PYRITE  72 0.55 1.1 0.763     

10 GL PYRITE  72 0.89 1.78 1.443     

10 GL PYRITE  72 1.4 2.8 2.463 1.556 0.00056 0.0494 0.00237 

10 GL PYRITE  48 0.97 1.94 1.603     

10 GL PYRITE  48 1.24 2.48 2.143 1.873 0.00068 0.0493 0.00236 

10 GL PYRITE  24 0.86 1.72 1.383     

10 GL PYRITE  24 1.62 3.24 2.903 2.143 0.00079 0.0492 0.00236 
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Table C.4. Adsorption density data for pyrite varying pH. 

Sample Name pH 
NPOC 

(ppm) 

NPOC 

Dilution 

(ppm)  

NPOC 

water 

correction 

Average 

ppm 

Tannin 

Conversion 

(g/L) 

Tannin 

on 

Surface 

(g/L) 

 

Adsorption 

Density  

(g/m^2) 

10GL PYRITE 
PH 12 25C 
24HR 

12 3.33 6.66 6.323     

10GL PYRITE 
PH 12 25C 
24HR 

12 3.61 7.22 6.883     

10GL PYRITE 
PH 12 25C 
24HR 

12 3.79 7.58 7.243 6.816 0.0019 0.098 0.004700 

10GL PYRITE 
PH 10 25C 
24HR 

10 2.47 4.94 4.603     

10GL PYRITE 
PH 10 25C 
24HR 

10 2.47 4.94 4.603     

10GL PYRITE 
PH 10 25C 
24HR 

10 2.66 5.32 4.983 4.730 0.0008 0.099 0.004754 

10GL PYRITE 
PH 8 25C 24HR 

8 2.69 5.38 5.043     

10GL PYRITE 
PH 8 25C 24HR 

8 2.92 5.84 5.503     

10GL PYRITE 
PH 8 25C 24HR 

8 3.22 6.44 6.103 5.550 0.0012 0.099 0.004733 

10GL PYRITE 
PH 6 25C 24HR 

6 2.22 4.44 4.103     

10GL PYRITE 
PH 6 25C 24HR 

6 2.3 4.6 4.263     

10GL PYRITE 
PH 6 25C 24HR 

6 2.87 5.74 5.403 4.590 0.0007 0.099 0.004758 

10GL PYRITE 
PH 4 25C 24HR 

4 3.52 7.04 6.703     

10GL PYRITE 
PH 4 25C 24HR 

4 3.75 7.5 7.163     

10GL PYRITE 
PH 4 25C 24HR 

4 3.78 7.56 7.223 7.030 0.0020 0.098 0.004694 

10GL PYRITE 
PH 2 25C 24HR 

2 12.1 24.2 23.863     

10GL PYRITE 
PH 2 25C 24HR 

2 12.2 24.4 24.063     

10GL PYRITE 
PH 2 25C 24HR 

2 12 24 23.663 23.863 0.0112 0.089 0.004255 
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Table C.5. Adsorption density data for chalcopyrite varying pH. 

Sample Name pH 
NPOC 

(ppm) 

NPOC 

Dilution 

(ppm) 

NPOC 

water 

correction 

Average 

ppm 

Tannin 

Conversion 

(g/L) 

Tannin on 

Surface 

(g/L) 

Adsorption 

Density  

(g/m^2) 

10GL 
CHALCOPYRITE 
PH 12 25C 24HR 

12 26 52 50.99     

10GL 
CHALCOPYRITE 
PH 12 25C 24HR 

12 26.2 52.4 51.39     

10GL 
CHALCOPYRITE 
PH 12 25C 24HR 

12 27.1 54.2 53.19 51.86 0.0265 0.0735 0.005963 

10GL 
CHALCOPYRITE 
PH 10 25C 24HR 

10 25.1 50.2 49.19     

10GL 
CHALCOPYRITE 
PH 10 25C 24HR 

10 24.2 48.4 47.39     

10GL 
CHALCOPYRITE 
PH 10 25C 24HR 

10 24.1 48.2 47.19 47.92 0.0243 0.0757 0.006136 

10GL 
CHALCOPYRITE 

PH 8 25C 24HR 
8 20.5 41 39.99     

10GL 
CHALCOPYRITE 

PH 8 25C 24HR 
8 20.5 41 39.99     

10GL 
CHALCOPYRITE 

PH 8 25C 24HR 
8 22.5 45 43.99 41.32 0.0207 0.0793 0.006428 

10GL 
CHALCOPYRITE 

PH 6 25C 24HR 
6 22 44 42.99     

10GL 
CHALCOPYRITE 

PH 6 25C 24HR 
6 22 44 42.99     

10GL 
CHALCOPYRITE 

PH 6 25C 24HR 
6 22 44 42.99 42.99 0.0216 0.0784 0.006355 

10GL 
CHALCOPYRITE 

PH 4 25C 24HR 
4 18.3 36.6 35.59     

10GL 
CHALCOPYRITE 

PH 4 25C 24HR 
4 19.5 39 37.99     

10GL 
CHALCOPYRITE 

PH 4 25C 24HR 
4 18.4 36.8 35.79 36.46 0.0181 0.0819 0.006643 

10GL 
CHALCOPYRITE 

PH 2 25C 24HR 
2 23.7 47.4 46.39     

10GL 
CHALCOPYRITE 

PH 2 25C 24HR 
2 24.4 48.8 47.79     

10GL 
CHALCOPYRITE 

PH 2 25C 24HR 
2 23.7 47.4 46.39 46.86 0.0237 0.0763 0.006184 
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Table C.6. Adsorption density data for chalcopyrite isotherms at 25ºC and 80 ºC. 

Sample Name 
NPOC 

(ppm) 

NPOC 

Dilution 

(ppm) 

NPOC 

water 

correction  

Average 

(ppm) 

Tannin 

Conversion 

(g/L) 

Tannin on 

Surface 

(g/L) 

Adsorption 

Density 

(g/m^2)  

10GL CCPYRITE 25C 11.8 23.6 22.59     

10GL CCPYRITE 25C 12.3 24.6 23.59     

10GL CCPYRITE 25C 12.7 25.4 24.39 23.52 0.011 0.039 0.003161 

10GL CCPYRITE 25C 15.4 30.8 29.79     

10GL CCPYRITE 25C 15.3 30.6 29.59     

10GL CCPYRITE 25C 15 30 28.99 29.46 0.014 0.061 0.004926 

10GL CCPYRITE 25C 22.4 44.8 43.79     

10GL CCPYRITE 25C 22.3 44.6 43.59     

10GL CCPYRITE 25C 21.5 43 41.99 43.12 0.022 0.078 0.006349 

10GL CCPYRITE 25C 29.3 58.6 57.59     

10GL CCPYRITE 25C 29.2 58.4 57.39     

10GL CCPYRITE 25C 29.5 59 57.99 57.66 0.030 0.095 0.007733 

10GL CCPYRITE 25C 31.1 62.2 61.19     

10GL CCPYRITE 25C 32.7 65.4 64.39     

10GL CCPYRITE 25C 32.7 65.4 64.39 62.09 0.032 0.118 0.009565 

10GL CCPYRITE 25C 35.1 70.2 69.19     

10GL CCPYRITE 25C 43.2 86.4 85.39     

10GL CCPYRITE 25C 42.3 84.6 83.59 79.39 0.041 0.134 0.010827 

10GL CCPYRITE 80C  16.7 33.4 33.4     

10GL CCPYRITE 80C  17.2 34.4 34.4     

10GL CCPYRITE 80C  17.1 34.2 34.2 34.00 0.017 0.033 0.00270 

10GL CCPYRITE 80C  27.2 54.4 54.4     

10GL CCPYRITE 80C  26.4 52.8 52.8     

10GL CCPYRITE 80C  27.1 54.2 54.2 53.80 0.028 0.047 0.00385 

10GL CCPYRITE 80C  29.8 59.6 59.6     

10GL CCPYRITE 80C  29.7 59.4 59.4     

10GL CCPYRITE 80C  29.6 59.2 59.2 59.40 0.031 0.069 0.00563 

10GL CCPYRITE 80C  36.1 72.2 72.2     

10GL CCPYRITE 80C  36.2 72.4 72.4     

10GL CCPYRITE 80C  37.4 74.8 74.8 73.13 0.038 0.087 0.00705 

10GL CCPYRITE 80C 40.5 81 81     

10GL CCPYRITE 80C 40.6 81.2 81.2     

10GL CCPYRITE 80C 41.8 83.6 83.6 81.93 0.043 0.107 0.00869 

10GL CCPYRITE 80C  46.8 93.6 93.6     

10GL CCPYRITE 80C 47.9 95.8 95.8     

10GL CCPYRITE 80C 49.9 99.8 99.8 96.40 0.051 0.124 0.01008 
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Table C.7. Adsorption density data for pyrite isotherms at 25ºC and 80 ºC. 

Sample Name 
NPOC 

(ppm) 

NPOC 

Water 

Correction 

NPOC 

Dilution 

(ppm)   

Average 

ppm 

Tannin 

Conversion 

(g/L) 

Tannin on 

Surface 

(g/L) 

Adsorption 

Density 

(g/m^2) 

10GL PYRITE 25C 19.3 18.96 37.93     

10GL PYRITE 25C 20.8 20.46 40.93     

10GL PYRITE 25C 21.2 20.86 41.73 40.19 0.0201 0.155 0.00742 

10GL PYRITE 25C 16.2 15.86 31.73     

10GL PYRITE 25C 16.3 15.96 31.93     

10GL PYRITE 25C 16.8 16.46 32.93 32.19 0.0157 0.134 0.00643 

10GL PYRITE 25C 14.4 14.06 28.13     

10GL PYRITE 25C 13.6 13.26 26.53     

10GL PYRITE 25C 14.5 14.16 28.33 27.66 0.0133 0.112 0.00535 

10GL PYRITE 25C 12.2 11.86 23.73     

10GL PYRITE 25C 12.4 12.06 24.13     

10GL PYRITE 25C 12.9 12.56 25.13 24.33 0.0115 0.089 0.00424 

10GL PYRITE 25C 9.22 8.88 17.77     

10GL PYRITE 25C 9.44 9.10 18.21     

10GL PYRITE 25C 9.91 9.57 19.15 18.37 0.0082 0.067 0.00320 

10GL PYRITE 25C 7.93 7.59 15.19     

10GL PYRITE 25C 7.99 7.65 15.31     

10GL PYRITE 25C 8.72 8.38 16.77 15.75 0.0068 0.043 0.00207 

10GL PYRITE 80C  26.4 13.89 27.78     

10GL PYRITE 80C  26.7 14.19 28.38     

10GL PYRITE 80C  27.1 14.59 29.18 28.45 0.0137 0.161 0.00773 

10GL PYRITE 80C  26.3 13.79 27.58     

10GL PYRITE 80C  28.4 15.89 31.78     

10GL PYRITE 80C  28.4 15.89 31.78 30.38 0.0148 0.135 0.00648 

10GL PYRITE 80C  23.9 11.39 22.78     

10GL PYRITE 80C  24 11.49 22.98     

10GL PYRITE 80C  23.7 11.19 22.38 22.71 0.0106 0.114 0.00548 

10GL PYRITE 80C  17.7 5.19 10.38     

10GL PYRITE 80C  19.9 7.39 14.78     

10GL PYRITE 80C  20.6 8.09 16.18 13.78 0.0057 0.094 0.00452 

10GL PYRITE 80C  18.4 5.89 11.78     

10GL PYRITE 80C  19.5 6.99 13.98     

10GL PYRITE 80C  19.6 7.09 14.18 13.31 0.0055 0.070 0.00333 

10GL PYRITE 80C  14.6 2.09 4.18     

10GL PYRITE 80C  14.8 2.29 4.58     

10GL PYRITE 80C  15.4 2.89 5.78 4.85 0.0008 0.049 0.00236 
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Table C.8. Adsorption density data for fluorite and calcite equilibrium time experiments. 

Sample Name 
NPOC 

(ppm) 

NPOC 

Correction 

(ppm) 

Average 

ppm 

Tannin 

Conversion 

(g/L) 

Tannin 

on 

Surface 

(g/L) 

Adsorption 

Density  

10 GL FLUORITE 72HRS  18.7 18.21     

10 GL FLUORITE 72HRS  17 16.51     

10 GL FLUORITE 72HRS  17.6 17.11 17.28 0.038 0.012 0.000740 

10 GL FLUORITE 48HRS  15.7 15.21     

10 GL FLUORITE 48HRS  14.2 13.71     

10 GL FLUORITE 48HRS  15.3 14.81 14.58 0.032 0.018 0.001080 

10 GL FLOURITE 24HRS  16 15.51     

10 GL FLOURITE 24HRS 15.8 15.31     

10 GL FLOURITE 24HRS 14 13.51 14.78 0.033 0.017 0.001055 

10 GL FLUORITE 12HRS  17 16.51     

10 GL FLUORITE 12HRS  14.7 14.21     

10 GL FLUORITE 12HRS  16.2 15.71 15.48 0.034 0.016 0.000967 

10 GL CALCITE 72HRS 17.7 16.9     

10 GL CALCITE 72HRS 20.2 19.4     

10 GL CALCITE 72HRS  19 18.2 18.17 0.0398 0.010 0.000599 

10 GL CALCITE 48HRS  18 17.2     

10 GL CALCITE 48HRS  20.3 19.5     

10 GL CALCITE 48HRS  20.6 19.8 18.83 0.0412 0.009 0.000519 

10 GL CALCITE 36HRS  19 18.2     

10 GL CALCITE 36HRS  17.9 17.1     

10 GL CALCITE 36HRS  18.8 18 17.77 0.0390 0.011 0.000647 

10 GL CALCITE 24HRS  17.8 17     

10 GL CALCITE 24HRS  20.2 19.4     

10 GL CALCITE 24HRS  18.8 18 18.13 0.0397 0.010 0.000603 
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Table C.9. Adsorption density data for calcite varying pH. 

Sample Name 
NPOC 

(ppm) 

NPOC 

correction 

(ppm) 

Average 

ppm 

Tannin 

Conversion 

(g/L) 

Tannin 

on 

Surface 

(g/L) 

Adsorption 

Density 

(g/m^2) 

10GL CALCITE PH12 25C  11.5 10.7     

10GL CALCITE PH12 25C 11.6 10.8     

10GL CALCITE PH12 25C 10.7 9.9 10.47 0.024 0.026 0.00152 

10GL CALCITE PH 10 25C  11.5 10.7     

10GL CALCITE PH 10 25C  11.3 10.5     

10GL CALCITE PH 10 25C  11.3 10.5 10.57 0.024 0.026 0.00151 

10GL CALCITE PH 9 25C  21.4 20.6     

10GL CALCITE PH 9 25C  22 21.2     

10GL CALCITE PH 9 25C  21.6 20.8 20.87 0.045 0.005 0.00028 

10GL CALCITE PH 8 25C  14.5 13.7     

10GL CALCITE PH 8 25C  16.5 15.7     

10GL CALCITE PH 8 25C  17.2 16.4 15.27 0.034 0.016 0.00095 

10 GL CALCITE 25C 6PH 13.4 12.6     

10 GL CALCITE 25C 6PH 12.4 11.6     

10 GL CALCITE 25C 6PH 12.7 11.9 12.03 0.027 0.023 0.00133 

10 GL CALCITE 25C 4 PH 9.9 9.1     

10 GL CALCITE 25C 4 PH 9.81 9.01     

10 GL CALCITE 25C 4 PH 9.47 8.67 8.93 0.021 0.029 0.00171 

10 GL CALCITE 25C 2PH 9.77 8.97     

10 GL CALCITE 25C 2PH 10.1 9.3     

10 GL CALCITE  25C 2PH 13.3 12.5 10.26 0.024 0.026 0.00155 
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Table C.10. Adsorption density data for fluorite varying pH. 

Sample Name 
NPOC 

(ppm) 

NPOC 

correction 

(ppm) 

Average 

ppm 

Tannin 

Conversion 

(g/L) 

Tannin 

on 

Surface 

(g/L) 

Adsorption 

Density 

(g/m^2) 

10GL FLUORITE PH12 25C  7.37 6.88     

10GL FLUORITE PH12 25C 8.1 7.61     

10GL FLUORITE PH12 25C 7.61 7.12 7.20 0.017 0.033 0.00201 

10GL FLUORITE PH 10 25C  16.8 16.31     

10GL FLUORITE PH 10 25C  17.3 16.81     

10GL FLUORITE PH 10 25C  17.6 17.11 16.74 0.037 0.013 0.00081 

10GL FLUORITE PH 9 25C  6.32 5.83     

10GL FLUORITE PH 9 25C 7.11 6.62     

10GL FLUORITE PH 9 25C  7.2 6.71 6.39 0.016 0.034 0.00211 

10GL FLUORITE PH 8 25C  6.03 5.54     

10GL FLUORITE PH 8 25C  5.83 5.34     

10GL FLUORITE PH 8 25C  5.83 5.34 5.41 0.014 0.036 0.00223 

10 GL FLUORITE 25C PH6 6.97 6.48     

10 GL FLUORITE 25C PH6 6.47 5.98     

10 GL FLUORITE 25C PH6 6.55 6.06 6.17 0.015 0.035 0.00214 

10 GL FLUORITE 25C PH 4 6.06 5.57     

10 GL FLUORITE 25C PH 4 6.12 5.63     

10 GL FLUORITE 25C PH 4 6.27 5.78 5.66 0.014 0.036 0.00220 

10 GL FLUORITE 25C PH 2 7.76 7.27     

10 GL FLUORITE 25C PH 2 7.95 7.46     

10 GL FLUORITE 25C PH 2 8.14 7.65 7.46 0.018 0.032 0.00197 
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Table C.11. Adsorption density data for fluorite and Tupasol ATO isotherms at 25ºC and 80 ºC. 

Sample Name 
NPOC 

(ppm) 

NPOC 

water 

correction 

Average 

ppm 

Tannin 

Conversion 

(g/L) 

Tannin 

on 

Surface 

(g/L) 

Adsorption 

Density 

(g/m^2) 

10 GL FLUORITE 80C  300MGL 76.6 65.64     

10 GL FLUORITE 80C 300MGL 77.4 66.44     

10 GL FLUORITE 80C 300MGL 78 67.04 66.37 0.111 0.189 0.01163 

10 GL FLUORITE 80C 100MGL 60.4 49.44     

10 GL FLUORITE 80C 100MGL 58.9 47.94     

10 GL FLUORITE 80C 100MGL 59 48.04 48.47 0.078 0.022 0.00138 

10 GL FLUORITE 80C 75MGL 27.7 16.74     

10 GL FLUORITE 80C 75MGL 27.8 16.84     

10 GL FLUORITE 80C 75MGL 26.5 15.54 16.37 0.017 0.058 0.00355 

10 GL FLUORITE 80C 50MGL 29.5 18.54     

10 GL FLUORITE 80C 50MGL 30.1 19.14     

10 GL FLUORITE 80C 50MGL 29.2 18.24 18.64 0.022 0.028 0.00175 

10 GL FLUORITE 80C 30MGL 11.5 0.54     

10 GL FLUORITE 80C 30MGL 10.3 0     

10 GL FLUORITE 80C 30MGL 11.4 0.44 0.33 0.000 0.030 0.00185 

10 GL FLUORITE 25C 300MGL 131 130.51     

10 GL FLUORITE 25C 300MGL 132 131.51     

10 GL FLUORITE 25C 300MGL 134 133.51 131.84 0.234 0.066 0.00405 

10 GL FLUORITE 25C 200MGL 70.2 69.71     

10 GL FLUORITE 25C 200MGL 71.2 70.71     

10 GL FLUORITE 25C 200MGL 69.9 69.41 69.94 0.118 0.082 0.00505 

10 GL FLUORITE 25C 100MGL 32.4 31.91     

10 GL FLUORITE 25C 100MGL 30.2 29.71     

10 GL FLUORITE 25C 100MGL 30.2 29.71 30.44 0.044 0.056 0.00346 

10 GL FLUORITE 25C 75MGL 15.9 15.41     

10 GL FLUORITE 25C 75MGL 15.5 15.01     

10 GL FLUORITE 25C 75MGL 15.6 15.11 15.18 0.015 0.060 0.00369 

10 GL FLUORITE 25C 50MGL 4.11 3.62     

10 GL FLUORITE 25C 50MGL 3.57 3.08     

10 GL FLUORITE 25C 50MGL 4.32 3.83 3.51 0.000 0.050 0.00308 
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Table C.12. Adsorption density data for calcite and Tupasol ATO isotherms at 25ºC and 80 ºC. 

Sample Name 
NPOC 

(ppm) 

NPOC 

mineral 

correction 

Average 

ppm 

Tannin 

Conversion 

Tannin on 

Surface 

(g/L) 

Adsorption 

Density 

(g/m^2) 

10 GL CALCITE 80C 300PPM  140 128.05     

10 GL CALCITE 80C 300PPM  138 126.05     

10 GL CALCITE 80C 300PPM  134 122.05 125.4 0.222 0.078 0.00457 

10GL CALCITE 175MGL 80C 71.7 59.75     

10GL CALCITE 175MGL 80C 70.4 58.45     

10GL CALCITE 175MGL 80C 69.7 57.75 58.7 0.097 0.078 0.00459 

10GL CALCITE 150MGL 80C 62.3 50.35     

10GL CALCITE 150MGL 80C 63.1 51.15     

10GL CALCITE 150MGL 80C 63 51.05 50.9 0.082 0.068 0.00398 

10GL CALCITE 125MGL 80C 56.1 44.15     

10GL CALCITE 125MGL 80C 57.2 45.25     

10GL CALCITE 125MGL 80C 59.5 47.55 45.7 0.072 0.053 0.00309 

10GL CALCITE 100MGL 80C 49.8 37.85     

10GL CALCITE 100MGL 80C 50.3 38.35     

10GL CALCITE 100MGL 80C 49.3 37.35 37.9 0.058 0.042 0.00248 

10 GL CALCITE 80C 100PPM  47.2 35.25     

10 GL CALCITE 80C 100PPM  49.2 37.25     

10 GL CALCITE 80C 100PPM  51.4 39.45 37.3 0.057 0.043 0.00254 

10GL CALCITE 75MGL 80C 39.6 27.65     

10GL CALCITE 75MGL 80C  38.4 26.45     

10GL CALCITE 75MGL 80C 37 25.05 26.4 0.036 0.039 0.00228 

10GL CALCITE 50MGL 80C 21.8 9.85     

10GL CALCITE 50MGL 80C 22.1 10.15     

10GL CALCITE 50MGL 80C 21.6 9.65 9.9 0.005 0.045 0.00263 

10GL CALCITE 300MGL 25C 161 160.20     

10GL CALCITE 300MGL 25C 169 168.20     

10GL CALCITE 300MGL 25C 163 162.20 163.5 0.294 0.006 0.00036 

10GL CALCITE 175MGL 25C  92.6 91.80     

10GL CALCITE 175MGL 25C  89.7 88.90     

10GL CALCITE 175MGL 25C  89.3 88.50 89.7 0.155 0.020 0.00116 

10GL CALCITE 150MGL 25C  78 77.20     

10GL CALCITE 150MGL 25C 78.4 77.60     

10GL CALCITE 150MGL 25C  76.2 75.40 76.7 0.131 0.019 0.00113 

10 GL CALCITE 200MGL 25C 99.1 98.30     
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Table C.12. Continued 

Sample Name 
NPOC 

(ppm) 

NPOC 

mineral 

correction 

Average 

ppm 
Tannin 

Conversion 

Tannin on 

Surface 

(g/L) 

Adsorption  

Density 

(g/m^2) 

10 GL CALCITE 200MGL 25C 100 99.20     

10 GL CALCITE 200MGL 25C 110 109.20 102.2 0.179 0.021 0.00125 

10GL CALCITE 125MGL 25C 61.4 60.60     

10GL CALCITE 125MGL 25C  63.5 62.70     

10GL CALCITE 125MGL 25C  60.8 60.00 61.1 0.101 0.024 0.00138 

10 GL CALCITE 100MGL 25C 45.7 44.90     

10 GL CALCITE 100MGL 25C 47.1 46.30     

10 GL CALCITE 100MGL 25C 49.1 48.30 46.5 0.074 0.026 0.00153 

10 GL CALCITE 50MGL 25C 14.2 13.40     

10 GL CALCITE 50MGL 25C 13.6 12.80     

10 GL CALCITE 50MGL 25C 18.9 18.10 14.8 0.014 0.036 0.00209 
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APPENDIX D MICROFLOTATION 

 
 This appendix displays all of the data for the microflotation tests for both the fluorite and 

polymetallic sulfide study. Dosages of reagents, pH, and conditioning times are all shown in 

addition to the recovery information.  

 

Table D.1. Microflotation results for fluorite and calcite varying pH. 

Mineral  
Goal 

pH 
pH 

 Mass 

[g] 

Cond. 

Time 

1 

Cond. 

Time 

2 

Sodium 

Oleate 

[M] 

 Aero 

70 

[drop] 

Con 

[g] 

Tails 

[g] 

Con 

Recovery  

fluorite 7 6.94 0.5 10 5 10^-5 1 0.4463 0.0537 89% 

fluorite 7.5 7.68 0.5 10 5 10^-5 1 0.4536 0.0464 91% 

fluorite 8 8.07 0.5 10 5 10^-5 1 0.4486 0.0514 90% 

fluorite 8.5 8.3 0.5 10 5 10^-5 1 0.4703 0.0297 94% 

fluorite 9 9.05 0.5 10 5 10^-5 1 0.4195 0.0805 84% 

calcite 7 7.05 0.5 10 5 10^-5 1 0.3174 0.1826 63% 

calcite 7.5 7.56 0.5 10 5 10^-5 1 0.3319 0.1681 66% 

calcite 8 8 0.5 10 5 10^-5 1 0.3457 0.1543 69% 

calcite 8.5 8.53 0.5 10 5 10^-5 1 0.3608 0.1392 72% 

calcite 9 9 0.5 10 5 10^-5 1 0.3133 0.1867 63% 

 

Table D.2. Microflotation results for fluorite and calcite varying collector concentration. 

Mineral  
Goal 

pH 
pH 

 

Mass 

[g] 

Cond. 

Time 

1 

Cond. 

Time 

2 

Sodium 

Oleate 

[M] 

 Aero 

70 

[drop] 

Con 

[g] 

Tails 

[g] 

Con 

Recovery  

fluorite 9 9.05 0.5 10 5 10^-5 1 0.4195 0.0805 84% 

calcite 9 9.01 0.5 10 5 10^-5 1 0.2784 0.2216 56% 

calcite 9 9.03 0.5 10 5 5*10^-5 1 0.458 0.042 92% 

calcite 9 9.05 0.5 10 5 10^-4 1 0.4747 0.0253 95% 

fluorite  9 9.09 0.5 10 5 5*10^-5 1 0.4864 0.0136 96% 

fluorite  9 9.01 0.5 10 5 10^-4 1 0.4984 0.0016 96% 
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Table D.3. Microflotation results for fluorite and calcite varying Tupasol ATO tannin 
concentration. 

Mineral  
Goal 

pH 
pH 

 

Mass 

[g] 

Cond. 

Time 

1 

Cond. 

Time 

2 

Sodium 

Oleate 

[M] 

 Aero 

70 

[drop] 

Tupasol 

ATO  

[ppm] 

Con 

[g] 

Tails 

[g] 

Con 

Recovery  

fluorite 9 9.05 0.5 10 5 10^-5 1 0 0.4195 0.0805 84% 

fluorite 9 8.99 0.5 10 5 10^-5 1 10 0.3495 0.1505 70% 

fluorite 9 9 0.5 10 5 10^-5 1 50 0.261 0.239 52% 

fluorite 9 8.97 0.5 10 5 10^-5 1 100 0.2268 0.2732 45% 

calcite 9 9.01 0.5 10 5 10^-5 1 0 0.2784 0.2216 56% 

calcite 9 8.99 0.5 10 5 10^-5 1 10 0.1205 0.3795 24% 

calcite 9 9.03 0.5 10 5 10^-5 1 50 0.2075 0.2925 42% 

calcite 9 9.04 0.5 10 5 10^-5 1 100 0.2039 0.2961 41% 

 

Table D.4. Microflotation results for fluorite and calcite varying conditioning time. 

Mineral  
Goal 

pH 
pH 

 

Mass 

[g] 

Cond. 

Time 

1 

Cond. 

Time 

2 

Sodium 

Oleate 

[M] 

 Aero 

70 

[drop] 

Tupasol 

ATO  

[ppm] 

Con 

[g] 

Tails 

[g] 

Con 

Recovery  

fluorite 9 8.99 0.5 10 5 10^-5 1 10 0.3495 0.1505 70% 

calcite 9 8.99 0.5 10 5 10^-5 1 10 0.1205 0.3795 24% 

calcite 9 9.05 0.5 8 7 10^-5 1 10 0.1562 0.3438 31% 

fluorite 9 9.05 0.5 8 7 10^-5 1 10 0.4279 0.0721 86% 

 

Table D.5. Microflotation results for pyrite and chalcopyrite varying pH. 

Mineral pH 

Float 

Time 

[min] 

True 

pH 

PEX 

conc. 

[mg/L] 

SMB 

conc. 

[mg/L] 

Tupafin 

conc. 

[mg/L] 

F250 

conc. 

[mg/L] 

Con Tails  
Total 

Mass  
Recovery 

Chalcopyrite 7 2 6.78 50 100 40 40 0.1576 0.3511 0.5087 31.52 

Chalcopyrite 8 2 8.18 50 100 40 40 0.1154 0.4076 0.523 23.08 

Chalcopyrite 9 2 9.25 50 100 40 40 0.2441 0.286 0.5301 48.82 

Chalcopyrite 10 2 9.98 50 100 40 40 0.2481 0.26 0.5081 49.62 

Chalcopyrite 11 2 11.1 50 100 40 40 0.2521 0.2508 0.5029 50.42 

Pyrite 7 2 6.82 50 100 40 40 0.0702 0.4409 0.5111 14.04 

Pyrite 8 2 7.83 50 100 40 40 0.0679 0.4497 0.5176 13.58 

Pyrite 9 2 8.9 50 100 40 40 0.095 0.3967 0.4917 19 

Pyrite 10 2 10.1 50 100 40 40 0.0562 0.4426 0.4988 11.24 

Pyrite 11 2 11.2 50 100 40 40 0.1579 0.3294 0.4873 31.58 
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Table D.6. Microflotation results for pyrite and chalcopyrite varying collector concentration. 

Run pH 

Float 

Time 

[min] 

True 

pH 

PEX 

conc. 

[mg/L] 

SMB 

conc. 

[mg/L] 

Tupafin 

conc. 

[mg/L] 

F250 

conc. 

[mg/L] 

Con Tails  
Total 

Mass  
Recovery 

Chalcopyrite 10 2 9.86 10 100 40 40 0.2292 0.2687 0.4979 45.84 

Chalcopyrite 10 2 9.89 20 100 40 40 0.2 0.2966 0.4966 40 

Chalcopyrite 10 2 9.98 50 100 40 40 0.2481 0.26 0.5081 49.62 

Chalcopyrite 10 2 9.85 75 100 40 40 0.2557 0.2433 0.499 51.14 

Chalcopyrite 10 2 9.98 100 100 40 40 0.2259 0.2753 0.5012 45.18 

Pyrite 10 2 10.1 10 100 40 40 0.0529 0.4249 0.4778 10.58 

Pyrite 10 2 10.1 20 100 40 40 0.0673 0.4103 0.4776 13.46 

Pyrite 10 2 10.1 50 100 40 40 0.0562 0.4426 0.4988 11.24 

Pyrite 10 2 9.98 75 100 40 40 0.0702 0.4355 0.5057 14.04 

Pyrite 10 2 9.99 100 100 40 40 0.0513 0.4307 0.482 10.26 

 

Table D.7. Microflotation results for pyrite and chalcopyrite varying depressant concentration. 

Run pH 

Float 

Time 

[min] 

True 

pH 

PEX 

conc. 

[mg/L] 

SMB 

Conc 

[mg/L] 

Tupafin 

conc. 

[mg/L] 

F250 

Conc 

[mg/L] 

Con Tails  
Total 

Mass  
Recovery 

Chalcopyrite 10 2 9.89 75 0 0 0 0.3907 0.1018 0.4925 78.14 

Chalcopyrite 10 2 10 75 25 10 10 0.2694 0.2279 0.4973 53.88 

Chalcopyrite 10 2 10.4 75 50 20 20 0.2424 0.2499 0.4923 48.48 

Chalcopyrite 10 2 9.85 75 100 40 40 0.2557 0.2433 0.499 51.14 

Chalcopyrite 10 2 10 75 150 60 60 0.1365 0.3471 0.4836 27.3 

Pyrite 10 2 9.84 75 0 0 0 0.1223 0.3405 0.4628 24.46 

Pyrite 10 2 10 75 25 10 10 0.0959 0.3668 0.4627 19.18 

Pyrite 10 2 10 75 50 20 20 0.1066 0.3837 0.4903 21.32 

Pyrite 10 2 9.98 75 100 40 40 0.0702 0.4355 0.5057 14.04 

Pyrite 10 2 10 75 150 60 60 0.056 0.4161 0.4721 11.2 
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APPENDIX E  BENCH FLOTATION 

  

Table E.1. Fluorite balance for test 1. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 352.81 100.0 76.497 76.497 100.0 

Concentrate  303.61 86.1 84.000 72.286 94.5 

Tailings  49.2 13.9 30.200 4.211 5.5 

 

Table E.2. Fluorite balance for test 2. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 357.5 100.0 69.827 69.827 100.0 

Concentrate 231.3 64.7 81.300 52.601 75.3 

Tailings 126.2 35.3 48.800 17.227 24.7 

 

Table E.3. Fluorite balance for test 3. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 356.6 100.0 69.602 69.602 100.0 

Concentrate  85 23.8 89.100 21.238 30.5 

Tailings  271.6 76.2 63.500 48.364 69.5 

 

Table E.4. Fluorite balance for test 4. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 358.35 100.0 69.070 69.070 100.0 

Concentrate  294.65 82.2 75.700 62.244 90.1 

Tailings  63.7 17.8 38.400 6.826 9.9 
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Table E.5. Fluorite balance for test 5. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 354.42 100.0 55.845 55.845 100.0 

Concentrate  235.42 66.4 63.500 42.179 75.5 

Tailings  119 33.6 40.700 13.665 24.5 

 

Table E.6. Fluorite balance for test 6. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 348.13 100.0 47.533 47.533 100.0 

Concentrate  307.03 88.2 48.300 42.598 89.6 

Tailings  41.1 11.8 41.800 4.935 10.4 

 

Table E.7. Fluorite balance for test 7. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 356.13 100.0 58.557 58.557 100.0 

Concentrate  200.33 56.3 74.700 42.020 71.8 

Tailings  155.8 43.7 37.800 16.537 28.2 

 

Table E.8. Fluorite balance for test 8. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 356.92 100.0 58.530 58.530 100.0 

Concentrate  231.62 64.9 68.500 44.452 75.9 

Tailings  125.3 35.1 40.100 14.077 24.1 
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Table E.9. Fluorite balance for test 9. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 356.69 100.0 64.563 64.563 100.0 

Concentrate  251.09 70.4 69.300 48.783 75.6 

Tailings  105.6 29.6 53.300 15.780 24.4 

 

Table E.10. Fluorite balance for test 10. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 355.37 100.0 56.790 56.790 100.0 

Concentrate  265.47 74.7 57.600 43.029 75.8 

Tailings  89.9 25.3 54.400 13.762 24.2 

 

Table E.11. Fluorite balance for test 11. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 356.93 100.0 81.200 81.200 100.0 

Concentrate  104.23 29.2 97.200 28.384 35.0 

Tailings  252.7 70.8 74.600 52.815 65.0 

 

Table E.12. Fluorite balance for test 12. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 357.02 100.0 83.641 83.641 100.0 

Concentrate  155.32 43.5 88.500 38.502 46.0 

Tailings  201.7 56.5 79.900 45.140 54.0 
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Table E.13. Fluorite balance for test 13. 

Stream 
Mass 

[g] 
Weight % 

Fluorite 

% 

Mass 

Balance 

% Distribution 

Fluorite 

Feed 355.64 100.0 83.153 83.153 100.0 

Concentrate  300.34 84.5 83.200 70.263 84.5 

Tailings  55.3 15.5 82.900 12.890 15.5 

 

Table E.14. Copper balance for Morenci test 1.1. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 357.16 100.0 0.517 0.517 100.0 

Concentrate  12.94 3.6 4.150 0.150 29.1 

Tailings  344.22 96.4 0.381 0.367 70.9 

  

Table E.15. Copper balance for Morenci test 1.2. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 357.37 100.0 0.597 0.597 100.0 

Concentrate  21.65 6.1 3.780 0.229 38.4 

Tailings  335.72 93.9 0.391 0.368 61.6 

 

Table E.16. Copper balance for Morenci test 1.3. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 355.48 100.0 0.582 0.582 100.0 

Concentrate  24.32 6.8 3.240 0.222 38.1 

Tailings  331.16 93.2 0.386 0.360 61.9 
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Table E.17. Copper balance for Morenci test 1.4. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 356.44 100.0 0.545 0.545 100.0 

Concentrate  26.45 7.4 3.130 0.232 42.6 

Tailings  329.99 92.6 0.338 0.313 57.4 

 

Table E.18. Copper balance for Morenci test 1.5. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 357.14 100.0 0.586 0.586 100.0 

Concentrate  24.58 6.9 3.510 0.242 41.2 

Tailings  332.56 93.1 0.370 0.345 58.8 

   

Table E.19. Copper balance for Morenci test 1.6. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 355.8 100.0 0.612 0.612 100.0 

Concentrate  18 5.1 4.730 0.239 39.1 

Tailings  337.8 94.9 0.393 0.373 60.9 

 

Table E.20. Copper balance for Morenci test 1.7. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 354.59 100.0 0.598 0.598 100.0 

Concentrate  34.76 9.8 2.530 0.248 41.5 

Tailings  319.83 90.2 0.388 0.350 58.5 
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Table E.21. Copper balance for Morenci test 1.8. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 357.16 100.0 0.592 0.592 100.0 

Concentrate  28.9 8.1 3.040 0.246 41.5 

Tailings  328.26 91.9 0.377 0.346 58.5 

 

Table E.22. Copper balance for Morenci test 1.9. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 357.47 100.0 0.541 0.541 100.0 

Concentrate  13.09 3.7 5.570 0.204 37.7 

Tailings  344.38 96.3 0.350 0.337 62.3 

 

Table E.23. Copper balance for Morenci test 1.10. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 357.49 100.0 0.462 0.462 100.0 

Concentrate  15.08 4.2 2.600 0.110 23.7 

Tailings  342.41 95.8 0.368 0.352 76.3 

  

Table E.24. Copper balance for Morenci test 1.11. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 357.15 100.0 0.569 0.569 100.0 

Concentrate  22.45 6.3 3.730 0.234 41.2 

Tailings  334.7 93.7 0.357 0.334 58.8 
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Table E.25. Copper balance for Morenci test 2.1. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 358.2 100.0 0.587 0.587 100.0 

Concentrate  22.28 6.2 4.500 0.280 47.7 

Tailings  335.92 93.8 0.327 0.307 52.3 

 

Table E.26. Copper balance for Morenci test 2.2. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 357.06 100.0 0.565 0.565 100.0 

Concentrate  14.02 3.9 5.190 0.204 36.0 

Tailings  343.04 96.1 0.376 0.362 64.0 

 

Table E.27. Copper balance for Morenci test 2.3. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 358.78 100.0 0.688 0.688 100.0 

Concentrate  19.61 5.5 5.890 0.322 46.8 

Tailings  339.17 94.5 0.388 0.366 53.2 

 

Table E.28. Copper balance for Morenci test 2.4. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 356.68 100.0 0.596 0.596 100.0 

Concentrate  15.95 4.5 5.320 0.238 39.9 

Tailings  340.73 95.5 0.375 0.358 60.1 
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Table E.29. Copper balance for Morenci test 3.1. 

Stream 
Mass 

[g] 
Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 357.69 100.0 0.685 0.685 100.0 

Concentrate  18.54 5.2 6.460 0.335 48.9 

Tailings  339.15 94.8 0.369 0.350 51.1 

 

Table E.30. Copper balance for Morenci test 3.2. 

Stream 
Mass 

[g] 
Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 357.04 100.0 0.704 0.704 100.0 

Concentrate  14.54 4.1 6.350 0.259 36.7 

Tailings  342.5 95.9 0.465 0.446 63.3 

 

Table E.31. Copper balance for Peru test 0.1. 

Stream 
Mass 

[g] 
Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 352.21 100.0 0.413 0.413 100.0 

Concentrate  27.46 7.8 1.770 0.138 33.4 

Tailings  324.75 92.2 0.298 0.275 66.6 

 

Table E.32. Copper balance for Peru test 0.2. 

Stream 
Mass 

[g] 
Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 349.45 100.0 0.454 0.454 100.0 

Concentrate  21.68 6.2 1.820 0.113 24.9 

Tailings  327.77 93.8 0.364 0.341 75.1 
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Table E.33. Copper balance for Peru test 0.3. 

Stream 
Mass 

[g] 
Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 351.39 100.0 0.442 0.442 100.0 

Concentrate  36.79 10.5 1.570 0.164 37.2 

Tailings  314.6 89.5 0.310 0.278 62.8 

 

Table E.34. Copper balance for Peru test 0.4. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 351.65 100.0 0.449 0.449 100.0 

Concentrate  28.88 8.2 1.470 0.121 26.9 

Tailings  322.77 91.8 0.358 0.329 73.1 

 

Table E.35. Copper balance for Peru test 0.5. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 353.25 100.0 0.469 0.469 100.0 

Concentrate  31.54 8.9 1.310 0.117 24.9 

Tailings  321.71 91.1 0.387 0.352 75.1 

 

Table E.36. Copper balance for Peru test 0.6. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 352.11 100.0 0.435 0.435 100.0 

Concentrate  36.19 10.3 1.860 0.191 43.9 

Tailings  315.92 89.7 0.272 0.244 56.1 
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Table E.37. Copper balance for Peru test 0.7. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 352.07 100.0 0.440 0.440 100.0 

Concentrate  53.92 15.3 1.430 0.219 49.8 

Tailings  298.15 84.7 0.261 0.221 50.2 

 

Table E.38. Copper balance for Peru test 1.1. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 352.8 100.0 0.538 0.538 100.0 

Concentrate  14.1 4.0 4.660 0.186 34.6 

Tailings  338.7 96.0 0.366 0.351 65.4 

 

Table E.39. Copper balance for Peru test 1.3. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 352.92 100.0 0.418 0.418 100.0 

Concentrate  30.38 8.6 1.720 0.148 35.4 

Tailings  322.54 91.4 0.295 0.270 64.6 

 

Table E.40. Copper balance for Peru test 1.4. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 351.26 100.0 0.427 0.427 100.0 

Concentrate  25.6 7.3 1.620 0.118 27.7 

Tailings  325.66 92.7 0.333 0.309 72.3 
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Table E.41.  Copper balance for Peru test 1.6. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 350.92 100.0 0.419 0.419 100.0 

Concentrate  15.12 4.3 2.460 0.106 25.3 

Tailings  335.8 95.7 0.327 0.313 74.7 

 

Table E.42. Copper balance for Peru test 1.7. 

Stream 

Mass 

[g] Weight % Cu % 

Mass 

Balance 

% Distribution 

Copper 

Feed 351.77 100.0 0.429 0.429 100.0 

Concentrate  25.14 7.1 1.570 0.112 26.2 

Tailings  326.63 92.9 0.341 0.317 73.8 
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APPENDIX F ERROR ESTIMATES 

 
 This section details the error estimates that were performed on all of the experiments in 

this work. For all of the tests done, replicates were performed in order to show reproducibility of 

results and provide error bars for graphs. Precision error was determined by taking the standard 

deviation of triplicate run experiments.  

 For the zeta potential experiments done on the Microtrac Stabino streaming potential 

instrument, all tests were run in triplicate to provide an average and standard deviation. The zeta 

potential average values were plotted while the standard deviation was taken as the error bars 

shown in all of the figures.  

Adsorption density error estimates incorporated two different sets of experiments run in 

triplicate, the total organic carbon measurement and the BET specific surface area measurement. 

In order to account for error in both measurements, the relative uncertainties of each measurement 

were determined using the equation below: 

 �  � ��  � � =  ∗  � ��            (F.1) 

 

The calculation for adsorption density involved multiplication and division, thus a method was 

needed to compare the percent relative uncertainties and thus compare variation. Uncertainty in 

multiplication and division can be expressed by the following equation:  

 % = √% 2 + % 2        (F.2) 

 

Where %e represents the overall percent relative uncertainty and %e1 and %e2 represent the 

percent relative uncertainties in the TOC and BET measurements respectively.  

 

 For microflotation experiments, the midpoint test for the Stat Ease matrix was run in 

triplicate to provide error estimates. Each pure mineral (calcite, fluorite, chalcopyrite, and pyrite) 

had a separate midpoint test run in triplicate. The standard deviation of the triplicate midpoint tests 

was taken as the error bars shown in all of the figures.  
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 For all of the bench scale flotation experiments, the standard deviation of a triplicate test 

was run as the error estimate. Unless otherwise stated, none of the bench scale flotation 

experiments were run twice due to material constraints. For the Mexican fluorite and Morenci 

copper ores, the standard deviations were determined from the Stat Ease midpoint tests that were 

run in triplicate. For the Peruvian copper ore, a triplicate baseline test was performed and the 

standard deviations of the assay and recovery results were used as error estimates for all of the 

Peruvian copper bench flotation experiments.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



205 
 

APPENDIX G ASSAY TECHNIQUES COPPER STUDIES 

 
 Several different methods of reporting the copper and iron assays were investigated to 

determine the proper analytical method for the polymetallic sulfide bench scale flotation work. 

Atomic absorption spectroscopy (AAS), inductively coupled plasma mass spectroscopy (ICP-

MS), X-ray fluorescence (XRF), and Mineral Liberation Analysis (MLA) were all compared. 

Table G.1 displays the assay results for the different methods on the Peru head ore while Table 

G.2 illustrates the assay results for the Morenci head ore. For the Peruvian and Morenci copper 

ores, an MLA analysis was done prior to any test work. The MLA copper and iron assays were the 

highest of all methods tested. AAS is a routine analysis performed for copper and iron assays. The 

XRF method analyzes solids, while the AAS and ICP methods require a lithium borate fusion to 

analyze a liquid sample. As the XRF and AAS values were quite close, the XRF method was 

chosen.  

 

Table G.1. Assay results for different analysis methods on the Peruvian copper head ore. 

Peru Head Ore  

Method Cu Assay [%] Fe Assay [%] 

MLA 0.57 8.73 

ICP 0.55 6.45 

XRF 0.46 5.31 

AAS 0.47 5.17 

 

Table G.2. Assay results for different analysis methods on the Morenci head ore. 

Morenci Head Ore   

Method Cu Assay [%] Fe Assay [%] 

MLA 0.6 1.97 

ICP 0.47 2.06 

XRF 0.38 1.77 

AAS 0.44 2.02 
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APPENDIX H ASSAY TECHNIQUES FLUORITE STUDY 

Several different methods of reporting the fluorite assays were investigated to determine 

the proper analytical method for the fluorite bench scale flotation work. Atomic absorption 

spectroscopy (AAS), inductively coupled plasma mass spectroscopy (ICP-MS), X-ray 

fluorescence (XRF) are all common methods for assaying elements in ores; however, fluorine is a 

particularly difficult element to assay and could not be determined using the three above methods. 

Two different methods including Laser Induced Breakdown Spectroscopy (LIBS) and Ion Specific 

Electrode (ISE) were tested. In the ISE method, solid samples are fused with sodium peroxide, 

dissolved, diluted and read against standard concentrations of fluoride using an Orion Fluoride Ion 

Specific Electrode. The LIBS method utilizes a laser pulse to generate a microscopic amount of 

plasma. Both the ISE and the LIBS methods were performed and LIBS was selected as the best 

method and is reported in the results. A head feed sample was analyzed with both methods to 

compare the analyses. Table H.1 displays the results for the fluorite tests using the ISE method.  

 

Table H.1. Fluorite bench flotation results assayed comparing ISE and LIBS methods.  

pH 

 

Temperature 

[C] 

Tupasol 

ATO [g/ton] 

ISE Fluorite 

Assay 

ISE Fluorite 

Recovery 

LIBS 

Fluorite 

Assay 

LIBS 

Fluorite 

Recovery 

8 75 100 32.5 ± 3.36 89.5 ± 15.5 84.0 ± 5.0 94.5 ± 6.8 

10 25 100 36.3 ± 3.36 76.1 ± 15.5 81.3 ± 5.0 75.3 ± 6.8 

10 25 500 30.0 ± 3.36 23.1 ± 15.5 89.1 ± 5.0 30.5 ± 6.8 

9 50 300 35.2 ± 3.36 94.1 ± 15.5 75.7 ± 5.0 90.1 ± 6.8 

9 50 300 32.3 ± 3.36 69.0 ± 15.5 63.5 ± 5.0 75.5 ± 6.8 

10 75 100 45 ± 3.36 100 ± 15.5 48.3 ± 5.0 89.6 ± 6.8 

8 25 100 39.8 ± 3.36 72.3 ± 15.5 74.7 ± 5.0 71.8 ± 6.8 

9 50 300 27.1 ± 3.36 56.9 ± 15.5 68.5 ± 5.0 76.0 ± 6.8 

8 75 500 40.4 ± 3.36 92.0 ± 15.5 69.3 ± 5.0 75.6 ± 6.8 

10 75 500 28.1 ± 3.36 67.7 ± 15.5 57.6 ± 5.0 75.8 ± 6.8 

8 25 500 9.9 ± 3.36  9.4 ± 15.5 97.2 ± 5.0 34.9 ± 6.8 

10 25 0 17.9 ± 3.36 25.2 ± 15.5 88.5 ± 5.0 46.0 ± 6.8 

10 75 0 5.58 ± 3.36 15.2 ± 15.5 83.2 ± 5.0 84.5 ± 6.8 



207 
 

Table H.2 shows the head assay comparison for three different methods including MLA, 

ISE and LIBS. It can be seen that the numbers reported for the fluorite assays using the ISE method 

are consistently lower than those reported using the LIBS method. For the head grade that was 

reported at nearly 70% fluorite using MLA method, the ISE method reported it to be 30.6% 

fluorite. As stated above, fluorine is a difficult element to analyze; thus, a variety of methods were 

researched and the LIBS method was found to be the most reliable and accurate method. 

 

Table H.2. Fluorite head assays comparing different methods.  

 MLA ISE LIBS 

Assay 69.5 30.6 78.1 

 

   


