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Abstract 

 The mining industry is one of the most energy intensive sectors of the economy, 

accounting for almost 2% of the world’s electrical consumption. In a mill, most of this energy 

is spent in comminution processes, especially grinding. As the conventional grinding 

techniques are reported to present low efficiency, new methods have been proposed to pre-treat 

the ore, making it easier to grind. Among these techniques, Microwave Assisted Comminution 

(MAC) has presented great potential to reduce the energy required in grinding and also to 

improve liberation and flotation. MAC relies on the fact that minerals present different heating 

rates when microwave-treated. Therefore, due to thermal gradients, stresses can develop at 

grain boundaries within the ore, forming intergranular fractures which enhance the liberation 

of valuable minerals. Since the heat can cause oxidation, flotation of sulphide ores is affected 

by MAC. Recent studies recommended further research into how concentration processes, 

especially flotation, can be affected by the changes in the minerals’ physicochemical properties 

due to microwave irradiation. 

This Ph.D. research studied how microwave irradiation affects the phase composition, 

surface chemistry, surface charge, hydrophobicity and morphology of the main sulphide 

minerals present in the Discovery Hill Cu-Ni sulphide ore: pyrrhotite, chalcopyrite and 

pentlandite. The effects of the treatment on the adsorption and floatability of these minerals 

with potassium amyl xanthate and sodium oleate were also examined. Finally, the effects of 

the treatment on the Bond Work Index, liberation and flotation performance of the ore were 

investigated.      

The results of this study indicate that chalcopyrite, pyrrhotite and pentlandite are 

oxidized differently by microwave treatment. While chalcopyrite and pyrrhotite presented no 

phase transformation, a S-rich mineral phase was formed onto the surface of pentlandite. 

Chalcopyrite had its collectorless floatability enhanced by short time exposure to microwave 

radiation (due to the formation of polysulphides sites), which was confirmed by a decrease in 

the mineral’s surface energy.  Longer exposure times made chalcopyrite more hydrophilic and 

decreased its floatability, whereas any exposure time led to an increase in the hydrophilicity of 

pyrrhotite and pentlandite, due to a greater number of iron oxide/hydroxide/oxyhydroxide sites. 

The surface of all the minerals became more positively charged at acidic pH, in the following 

order: pyrrhotite > pentlandite > chalcopyrite. The latter mineral also showed a less negatively 

charged surface at neutral pH. In addition, microwave irradiation increased the minerals’ 
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specific surface area, especially that of pentlandite. It was also observed an increase in the 

average pore diameter in the surface of chalcopyrite and a decrease for pyrrhotite and especially 

pentlandite. In the microflotation and zeta potential experiments, greater adsorption of 

potassium amyl xanthate was noticed although the recovery of pyrrhotite and chalcopyrite 

decreased, suggesting the presence of non-uniform or patched oxidation layers, whereas the 

brittleness of pentlandite is suggested to have favored the natural oxidation of the mineral, 

which would show similar surface species and floatability before and after irradiation. In the 

presence of sodium oleate, the recovery of all minerals dropped significantly, with the 

exception of pyrrhotite at acidic and neutral pH. This behavior was found to depend upon the 

ratio oxides/hydroxides, the oxidation of Fe2+ to Fe3+ or on the differences in the surface 

charges of the minerals after treatment. The changes in recovery post treatment were more 

dependent on the samples’ particle size for experiments with xanthate than with oleate. In the 

characterization, comminution and bench flotation tests, it was found that the Discovery Hill 

Cu-Ni sulphide ore presents a favorable mineralogy to benefit from MAC. Exposure time, 

power level, samples mass, particle size and the use of quenching with water were important 

variables affecting both the ore’s Bond Work Index (Wi) and flotation performance. While 

coarser particles showed greater decrease in the Wi, the finer samples presented significant 

increase in the enrichment ratio after being irradiated. The occurrence of melting/sintering was 

observed to be detrimental to both grinding and flotation, suggesting homogeneity to be of 

primary importance for the future development of MAC.      
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Résumé 

L'industrie minière est l'un des secteurs les plus énergivores de l'économie, représentant 

près de 2% de la consommation électrique mondiale. Dans une usine d'enrichissement, la 

majeure partie de cette énergie est utilisée dans les procédés de broyage, en particulier le 

meulage. Comme les techniques de broyage classiques présentent une faible efficacité, de 

nouvelles méthodes ont été proposées pour prétraiter le minerai, ce qui facilite la broyage. 

Parmi ces techniques, la Broyage Assistée par Micro-ondes (BAM) a offert un grand potentiel 

pour réduire l'énergie nécessaire au broyage et aussi pour améliorer la libération et la flottation. 

BAM repose sur le fait que les minéraux présentent des taux de chauffage différents lorsqu'ils 

sont irradiés avec des micro-ondes. Par conséquent, en raison des gradients thermiques, des 

contraintes peuvent se développer aux limites des grains dans le minerai, formant des fractures 

intergranulaires qui améliorent la libération de minéraux utiles. Comme le chauffage oxyde les 

sulfures, la flottation des minerais sulfurés est affectée par la BAM. Des études récentes ont 

recommandé de nouvelles recherches pour étudier comment les procédés de concentration, en 

particulier la flottation, peuvent être affectés par les changements dans les propriétés 

physicochimiques des minéraux en raison de l'irradiation par micro-ondes. 

Ce doctorat a examiné comment l'irradiation par micro-ondes affecte la composition de 

phase, la chimie de surface, la charge de surface, l'hydrophobie et la morphologie des 

principaux minéraux sulfureux présents dans le minerai sulfuré de Cu et Ni de Discovery Hill: 

pyrrhotite, chalcopyrite et pentlandite. Les effets du traitement sur l'adsorption et la flottabilité 

de ces minéraux avec du xanthate d'amyle de potassium et de l'oléate de sodium ont également 

été examinés. Enfin, les effets du traitement sur l’index de travail de Bond, la libération et la 

performance de la flottation du minerai ont été étudiés.  

Les résultats de cette étude indiquent que la chalcopyrite, la pyrrhotite et la pentlandite 

sont oxydées différemment avec le traitement par micro-ondes. Tandis que la chalcopyrite et 

la pyrrhotine n'ont présenté aucune transformation de phase, une phase minérale riche en soufre 

a été formée sur la surface de la pentlandite. La chalcopyrite avait sa flottabilité naturelle 

améliorée par une exposition de courte durée au rayonnement micro-ondes (en raison de la 

formation de sites de polysulfures), ce qui a été confirmé par une diminution de l'énergie de 

surface du minéral. Les temps d'exposition plus long ont rendu la chalcopyrite plus hydrophile 

et ont diminué sa flottabilité, tandis que tout les temps d'exposition ont entrainé une 

augmentation du comportement hydrophile de la pyrrhotite et de la pentlandite, en raison d'un 
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plus grand nombre de sites d'oxydes / hydroxyde / oxyhydroxyde de fer. La surface de tous les 

minéraux sont devenus plus positivement chargé au pH acide, dans l'ordre suivant: pyrrhotite 

> pentlandite > chalcopyrite. Ce dernier minéral a également montré une surface moins chargée 

négativement au pH neutre. En outre, l'irradiation par micro-ondes a augmenté la surface 

spécifique des minéraux, en particulier celle de la pentlandite. Une augmentation du diamètre 

moyen des pores dans la surface de la chalcopyrite et une diminution du diamètre moyen des 

pores de la pyrrhotine et surtout de la pentlandite on également été observée. Dans les 

expériences de microflottation et de détermination du potentiel zêta, une plus grande adsorption 

de xanthate a été notée bien que la récupération de la pyrrhotite et de la chalcopyrite ait 

diminué, ce qui suggère la présence de couches d'oxydation non uniformes, tandis que la 

fragilité de la pentlandite aurait favorisé l'oxydation naturelle du minéral, ce qui montrerait des 

espèces de surface et une flottabilité similaires avant et après l'irradiation. En présence d'oléate 

de sodium, la récupération de tous les minéraux a considérablement diminué, à l'exception de 

la pyrrhotite au pH acide et neutre. On a constaté qu'un tel comportement peut dépendre du 

rapport des oxydes aux hydroxydes, de l'oxydation de Fe2+ à Fe3+ ou des différences entre les 

charges de surface des minéraux après traitement. Les changements de récupération après 

irradiation dépendent davantage de la granulométrie des échantillons pour les expériences de 

xanthate que de l'oléate. Dans les essais de caractérisation, de broyage et de flottation de banc, 

il a été constaté que le minerai sulfuré de Cu et Ni de Discovery Hill présente une minéralogie 

favorable au traitement par BAM. Le temps d'exposition, le niveau de puissance, la masse, la 

granulométrie et l'utilisation de la trempe étaient des variables importantes affectant à la fois le 

index de travail de Bond (Wi) du minerai et le performance de la flottation. Tandis que les 

particules plus grossières présentaient une diminution plus importante de cet index, les 

échantillons plus fins présentaient une augmentation significative du taux d'enrichissement 

après irradiation. On a constaté que l'apparition de la fusion/frittage était préjudiciable à la fois 

au broyage et à la flottation, ce qui indique que l'homogénéité du traitement est d'une 

importance primordiale pour le développement de la Broyage Assistée par Micro-ondes. 
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Resumo 

A indústria de mineração é um dos setores que mais demandam energia na economia, 

representando quase 2% do consumo elétrico mundial. Em uma planta de beneficiamento, a 

maior parte dessa energia é gasta em processos de cominuiçao, especialmente na moagem. 

Uma vez que as técnicas de moagem convencionais apresentam baixa eficiência, novos 

métodos foram propostos para o pré-tratamento do minério, aumentando a moabilidade. Entre 

essas técnicas, a Cominuição Assistida por Micro-ondas (CAM) tem apresentado potencial 

para reduzir a energia necessária na moagem e também para melhorar a liberação e o 

desempenho na flotação. A CAM basea-se no fato de que os minerais apresentam diferentes 

taxas de aquecimento quando irradiados com micro-ondas. Portanto, devido a gradientes 

térmicos, tensões podem se desenvolver na borda dos grãos de minerais no minério, formando 

microfraturas intergranulares que aumentam a liberação de minerais-minério. Como o 

aquecimento oxida sulfetos, a flotação de minérios sulfetados pode ser afetada pelo CAM. 

Estudos recentes recomendaram que novas pesquisas investiguem como os processos de 

concentração, especialmente a flotação, podem ser afetados pelas mudanças nas propriedades 

físico-químicas dos minerais devido à irradiação por micro-ondas. 

Nesta pesquisa estudou-se como a irradiação por micro-ondas afeta a composição de 

fases, a química de superfície, a carga superficial, a hidrofobicidade e a morfologia dos 

principais minerais sulfeto presentes no minério sulfetado de Cu e Ni de Discovery Hill: 

pirrotita, calcopirita e pentlandita. Os efeitos do tratamento sobre a adsorção e a flotabilidade 

desses minerais com amil xantato de potássio e oleato de sódio também foram examinados. 

Em seguida, foram investigados os efeitos do tratamento sobre o Bond Work Index (Wi), a 

liberação e a flotação do minério. 

Os resultados deste estudo indicam que a calcopirita, a pirrotita e a pentlandita são 

oxidadas de maneira diferente pelo tratamento com micro-ondas. Embora a calcopirita e a 

pirrotita não apresentem transformação de fase, uma fase mineral rica em enxofre foi formada 

na superfície da pentlandita. A calcopirita teve sua flotabilidade natural aumentada pela curta 

eposição à radiação micro-ondas (devido à formação de sitios de polissulfetos), o que foi 

confirmado por uma diminuição da energia livre de superfície do mineral. As exposições mais 

longas tornaram a calcopirita mais hidrofílica e diminuíram sua flotabilidade, enquanto que 

exposições curtas ou longas levaram a um aumento na hidrofilicidade da pirrotita e da 

pentlandita, devido a um maior número de sitios de óxido / hidróxido / oxihidróxido de ferro. 
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A superfície de todos os minerais tornou-se mais positivamente carregada em pH ácido, na 

seguinte ordem: pirrotita > pentlandita > calcopirita. Esse último mineral também mostrou uma 

superfície menos negativamente carregada em pH neutro. Além disso, a irradiação por micro-

ondas aumentou a área superficial específica dos minerais, especialmente a da pentlandita. 

Observou-se, também, um aumento no diâmetro médio dos poros na superfície da calcopirita 

e uma diminuição para pirrotita e especialmente para pentlandita. Nos experimentos de 

microflotação e potencial zeta, observou-se uma maior adsorção do amil xantato de potássio 

após o tratamento, embora a recuperação da pirrotita e da calcopirita tenha diminuido, 

sugerindo a presença de camadas de oxidação não uniformes, enquanto que a fragilidade da 

pentlandita pode ter favorecido a oxidação natural do mineral, que apresenta espécies químicas 

e flotabilidade similares antes e depois da irradiação. Na presença de oleato de sódio, a 

recuperação de todos os minerais caiu significativamente após irradiação, com exceção da 

pirrotita em pH ácido e neutro. Concidera-se que tal comportamento pode depender da 

proporção entre óxidos e hidróxidos, da oxidação de Fe2+ para Fe3+ ou das diferenças entre a 

cargas superficiais dos minerais após o tratamento. As mudanças na recuperação após 

irradiação foram mais dependentes da granulometria das amostras para experimentos com 

xantato do que com oleato. Nos testes de caracterização, cominuição e flotação de bancada, 

verificou-se que o minério Cu e Ni sulfetado de Discovery Hill apresenta uma mineralogia 

favorável para se beneficiar da Cominuição Assistida por Micro-ondas. O tempo de exposição, 

a potência, a massa da amostra, a granulometria e a têmpera foram variáveis importantes que 

afetaram tanto o Bond Work Index quanto o desempenho na flotação. Enquanto as partículas 

mais grossas apresentaram uma maior redução no Wi, as amostras mais finas apresentaram 

aumento significativo no enriquecimento após a irradiação. Verificou-se que a ocorrência 

pontos de fusão/sinterização prejudica tanto a moagem quanto a flotação, indicando que a 

homogeneidade do tratamento tem primordial importância para o desenvolvimento da 

Cominuição Assistida por Micro-ondas. 

 

 

 

 

 



The effects of microwave pretreatment on the processing of a sulphide ore 

VII 
 

Acknowledgements 

This Ph.D. research was possible due to the support of many people, some with direct 

involvement in the investigations and others who contributed through their encouragement and 

friendship. All were very important and have their mark in the achievements presented in this 

work.  

 I would like to thank my supervisor, Professor Kristian E. Waters, for the opportunity 

to contribute for a more sustainable practice in the mining industry. Throughout the PhD, his 

guidance, support and encouragement were of great importance. 

I would like to thank Dr. Cesar Gomez, for being the link for my coming to McGill; 

that opportunity was the beginning for all the work conducted in this thesis. Also, I would like 

to share my gratitude to Barbara Hanley, for her great support and kindness during my 

application to the program and my PhD studies.   

 I am very thankful to Ray Langlois, for his support, lessons and friendship. His help 

was fundamental for the execution of the experiments in a proper and safe manner. I would 

also like to thank the outstanding support from the technicians Andrew Golsztajn, Ranjan Roy, 

Monique Riendeau and Robert Paquette. I am also very thankful to Dr. Lihong Shang, for her 

support with the XPS analyses and Dr. Florence Paray, with the SEM analyses. 

 I would like to express my gratitude to all the members of the Mineral Processing 

Group, for their friendship, advices and technical contribution to my research, especially Dr. 

Ozan Kokkilic and Luis Vinnett, for their advice on statistical analyses, and Frank Rosenblum, 

for his help in data acquisition. 

 I am grateful to Professor Ferri Hassani, for the access to the microwave systems and 

the Geomechanics Laboratory, and to Dr. Pejman Motlagh, Dr. Mehrdad Kermani and 

Khashayar Teimoori for their support in the microwave irradiation experiments. 

 I am also very thankful for the financial support from the Natural Sciences and 

Engineering Research Council of Canada (NSERC), Vale Base Metals, Teck Resources Ltd., 

Barrick Gold Corp., COREM, SGS Canada Inc., Shell Canada, Flottec and XPS Consulting & 

Testwork Services, under the Collaborative Research and Development Grants Program 

(CRDPJ – 445682-12), the Canada Foundation for Innovation, and  the Brazilian National 

Council for Scientific and Technological Development (CNPq, 249940/2013-2).    



The effects of microwave pretreatment on the processing of a sulphide ore 

VIII 
 

I would like to share a special thanks to the direct collaborators in this thesis: Dr. Shiva 

Mohammadi-Jam, for her contribution in the IGC studies, her generosity, patience and, 

especially, her friendship; and Eileen Espiritu for her contribution in the FTIR analyses and 

advices in many parts of this work and for her encouragement and friendship throughout all 

this time in Montreal and McGill. I’m really grateful to have met both of you. 

Finally, I would like to share a great thanks to my mother, siblings and friends in Brazil, 

for their support, love and understanding during these years of study.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The effects of microwave pretreatment on the processing of a sulphide ore 

IX 
 

Contribution of Authors 

This thesis was written as a manuscript-based thesis. All the manuscripts are co-

authored by Professor Kristian E. Waters, who guided this research study, reviewed the 

manuscripts and the thesis, contributed with the theoretical discussions and experimental 

planning in his capacity as the research supervisor of the project. Chapters 3, 4 and 5 were also 

co-authored by Eileen Ross Espiritu, who performed and analyzed the FTIR data, and Dr. Shiva 

Mohammadi-Jam, who performed and analyzed the IGC results. Chapter 7 was co-authored by 

Tassos Grammatikopoulos, who performed the QEMSCAN analyses and contributed in the 

discussions. Beyond these contributions, all the experiments and data analyses were performed 

by the candidate and all the manuscripts and the thesis were written by the candidate.    

  

 

   



The effects of microwave pretreatment on the processing of a sulphide ore 
 

X 
 

Table of contents 

Abstract ..................................................................................................................................... I 

Résumé ................................................................................................................................... III 

Resumo ..................................................................................................................................... V 

Acknowledgements .............................................................................................................. VII 

Contribution of Authors ....................................................................................................... IX 

Table of contents ..................................................................................................................... X 

List of figures ................................................................................................................... XVIII 

List of tables...................................................................................................................... XXVI 

Nomenclature and abbreviations.................................................................................. XXVII 

Chapter 1: Introduction .......................................................................................................... 1 

1.1 Introduction ...................................................................................................................... 1 

1.2 Objectives ......................................................................................................................... 2 

1.2.1 Specific objectives ..................................................................................................... 2 

1.3 Thesis structure ................................................................................................................ 3 

References .............................................................................................................................. 4 

Chapter 2: Literature review ................................................................................................ 11 

2.1 Introduction to Microwave Energy principles ............................................................... 11 

2.1.1 Applications of microwave treatment in the mineral industry ................................ 14 

2.2 Comminution .................................................................................................................. 15 

2.2.1 Assisted comminution ............................................................................................. 17 

2.3 Microwave assisted comminution .................................................................................. 19 

2.3.1 Factors influencing microwave heating ................................................................... 21 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XI 
 

2.4 Microwave enhanced separation .................................................................................... 22 

2.4.1 The effects of microwave heating on mineral properties ........................................ 23 

2.5 Froth Flotation ................................................................................................................ 26 

2.5.1 The influence of microwave irradiation on flotation ............................................... 28 

2.6 Ore characterization ....................................................................................................... 29 

2.6.1 Elemental and mineral analysis ............................................................................... 29 

2.6.2 Surface potential measurement ................................................................................ 30 

2.6.3 Wettability ............................................................................................................... 31 

2.6.4 Surface chemistry and surface morphology ............................................................ 32 

2.6.5 Mineralogy............................................................................................................... 33 

References ............................................................................................................................ 34 

Chapter 3: Surface Characterization of Microwave-treated Chalcopyrite ...................... 52 

Abstract ................................................................................................................................ 52 

3.1 Introduction .................................................................................................................... 52 

3.2 Experimental .................................................................................................................. 53 

3.2.1 Materials .................................................................................................................. 53 

3.2.2 Methods ................................................................................................................... 54 

3.2.2.1 Microwave treatment ............................................................................................ 54 

3.2.2.2 Chemical and phase composition ......................................................................... 54 

3.2.2.3 X-ray photoelectron spectroscopy (XPS) ............................................................. 54 

3.2.2.4 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) ................. 55 

3.2.2.5 Morphological characterization ............................................................................ 55 

3.2.2.6 Zeta Potential ........................................................................................................ 55 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XII 
 

3.2.2.7 Microflotation ....................................................................................................... 56 

3.2.2.8 Inverse gas chromatography (IGC) ...................................................................... 56 

3.3 Results ............................................................................................................................ 57 

3.3.1 Temperature ............................................................................................................. 57 

3.3.2 Chemical and phase composition ............................................................................ 58 

3.3.3 Zeta Potential ........................................................................................................... 59 

3.3.4 X-ray photoelectron spectroscopy (XPS) ................................................................ 60 

3.3.5 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) .................... 64 

3.3.6 Morphological characterization ............................................................................... 65 

3.3.7 Microflotation .......................................................................................................... 68 

3.3.8 Inverse gas chromatography (IGC) ......................................................................... 68 

3.4 Discussion ...................................................................................................................... 70 

3.5 Conclusions .................................................................................................................... 72 

Acknowledgements .............................................................................................................. 73 

References ............................................................................................................................ 74 

Chapter 4: Surface Characterization of Microwave-treated Pyrrhotite .......................... 84 

Abstract ................................................................................................................................ 84 

4.1 Introduction .................................................................................................................... 84 

4.2 Experimental .................................................................................................................. 85 

4.2.1 Materials .................................................................................................................. 85 

4.2.2 Methods ................................................................................................................... 86 

4.2.2.1 Microwave treatment ............................................................................................ 86 

4.2.2.2 Chemical and phase composition ......................................................................... 86 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XIII 
 

4.2.2.3 X-ray photoelectron spectroscopy (XPS) ............................................................. 86 

4.2.2.4 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) ................. 87 

4.2.2.6 Zeta Potential ........................................................................................................ 88 

4.2.2.7 Microflotation ....................................................................................................... 88 

4.3 Results ............................................................................................................................ 89 

4.3.1 Temperature ............................................................................................................. 89 

4.3.2 Chemical and phase composition ............................................................................ 90 

4.3.3 Zeta Potential ........................................................................................................... 91 

4.3.4 X-ray photoelectron spectroscopy (XPS) ................................................................ 92 

4.3.5 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) .................... 96 

4.3.6 Morphological characterization ............................................................................... 97 

4.3.7 Microflotation ........................................................................................................ 100 

4.3.8 Inverse gas chromatography (IGC) ....................................................................... 100 

4.4 Discussion .................................................................................................................... 102 

4.5 Conclusions .................................................................................................................. 105 

Acknowledgements ............................................................................................................ 105 

References .......................................................................................................................... 106 

Chapter 5: Surface Characterization of Microwave-treated Pentlandite ...................... 116 

Abstract .............................................................................................................................. 116 

5.1 Introduction .................................................................................................................. 116 

5.2 Experimental ................................................................................................................ 117 

5.2.1 Materials ................................................................................................................ 117 

5.2.2 Methods ................................................................................................................. 118 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XIV 
 

5.2.2.1 Microwave treatment .......................................................................................... 118 

5.2.2.2 Chemical and phase composition ....................................................................... 118 

5.2.2.3 X-ray photoelectron spectroscopy (XPS) ........................................................... 118 

5.2.2.4 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) ............... 119 

5.2.2.5 Morphological characterization .......................................................................... 119 

5.2.2.6 Zeta Potential ...................................................................................................... 120 

5.2.2.7 Microflotation ..................................................................................................... 120 

5.2.2.8 Inverse gas chromatography (IGC) .................................................................... 120 

5.3 Results .......................................................................................................................... 121 

5.3.1 Temperature ........................................................................................................... 121 

5.3.2 Chemical and phase composition .......................................................................... 122 

5.3.3 Zeta Potential ......................................................................................................... 123 

5.3.4 X-ray photoelectron spectroscopy (XPS) .............................................................. 124 

5.3.5 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) .................. 129 

5.3.6 Morphological characterization ............................................................................. 130 

5.3.7 Microflotation ........................................................................................................ 133 

5.3.8 Inverse gas chromatography (IGC) ....................................................................... 133 

5.4 Discussion .................................................................................................................... 134 

5.5 Conclusions .................................................................................................................. 138 

Acknowledgements ............................................................................................................ 138 

References .......................................................................................................................... 139 

Chapter 6: The effects of microwave irradiation on the floatability of chalcopyrite, 

pentlandite and pyrrhotite .................................................................................................. 149 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XV 
 

Abstract .............................................................................................................................. 149 

6.1 Introduction .................................................................................................................. 149 

6.2 Experimental ................................................................................................................ 151 

6.2.1 Materials ................................................................................................................ 151 

6.2.2 Methods ................................................................................................................. 151 

6.2.2.1 Sample characterization ...................................................................................... 151 

6.2.2.2 Microwave treatment .......................................................................................... 152 

6.2.2.3 Microflotation ..................................................................................................... 152 

6.2.2.4 Zeta Potential ...................................................................................................... 152 

6.3 Results .......................................................................................................................... 153 

6.3.1 Chemical and phase characterization .................................................................... 153 

6.3.2 Potassium Amyl Xanthate (KAX 51) .................................................................... 154 

6.3.2.1 Microflotation ..................................................................................................... 154 

6.3.2.2 Zeta Potential ...................................................................................................... 157 

6.3.2.3 Discussions ......................................................................................................... 160 

6.3.3 Sodium Oleate (S-352) .......................................................................................... 164 

6.3.3.1 Microflotation ..................................................................................................... 164 

6.3.3.2 Zeta Potential ...................................................................................................... 166 

6.3.3.3 Discussions ......................................................................................................... 169 

6.4 Conclusions .................................................................................................................. 173 

Acknowledgements ............................................................................................................ 174 

References .......................................................................................................................... 174 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XVI 
 

Chapter 7: The Comminution and Flotation of a Microwave-treated Cu-Ni Sulphide 

Ore ......................................................................................................................................... 185 

Abstract .............................................................................................................................. 185 

7.1 Introduction .................................................................................................................. 185 

7.2 Experimental ................................................................................................................ 187 

7.2.1 Materials ................................................................................................................ 187 

7.2.2 Methods ................................................................................................................. 188 

7.2.2.1 Sample characterization ...................................................................................... 188 

7.2.2.2 Microwave treatment .......................................................................................... 188 

7.2.2.3 Comminution ...................................................................................................... 189 

7.2.2.4 Liberation analysis .............................................................................................. 189 

7.2.2.5 Flotation .............................................................................................................. 189 

7.3 Results .......................................................................................................................... 190 

7.3.1 Ore characterization ............................................................................................... 190 

7.3.2 The effects of microwave irradiation on comminution ......................................... 192 

7.3.2.1 Comparative Berry & Bruce method .................................................................. 192 

7.3.2.2 Bond ball grindability test .................................................................................. 194 

7.3.3 The effects of microwave irradiation on liberation ............................................... 195 

7.3.3 The effects of microwave irradiation on flotation ................................................. 198 

7.4 Discussion .................................................................................................................... 203 

7.5 Conclusions .................................................................................................................. 208 

Acknowledgements ............................................................................................................ 209 

References .......................................................................................................................... 209 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XVII 
 

Chapter 8: Conclusions, Contributions and Recommendations ..................................... 216 

8.1 Conclusions .................................................................................................................. 216 

8.2 Contributions to original knowledge ............................................................................ 219 

8.3 Recommendations for future work ............................................................................... 219 

Appendix A: particle size analysis of the ore..................................................................... 221 

Appendix B: grinding calibration curves .......................................................................... 223 

Appendix C: zeta potential curves with collectors ............................................................ 225 

Appendix D: flotation mass recovery ................................................................................. 228 

Appendix E: Bond ball grindability test untreated ore .................................................... 231 

Appendix F: Bond ball grindability test microwave-treated ore ..................................... 232 

Appendix G: Chalcopyrite XPS data ................................................................................. 233 

Appendix H: Pyrrhotite XPS data...................................................................................... 235 

Appendix I: Pentlandite XPS data ..................................................................................... 237 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XVIII 
 

List of figures 

Figure 2.1 Simplified diagram of a microwave heating system (adapted from Haque,1999 [14]).

.................................................................................................................................................. 13 

Figure 2.2 False Backscattered SEM image of microwave treated lateritic ore. Intergranular 

fractures (between grains 1, ilmenite, and 2, diopside) and intragranular fractures (within grain 

1) [131]. .................................................................................................................................... 19 

Figure 2.3 False colored backscattered SEM image of a microwave treated sulphide ore [79].

.................................................................................................................................................. 25 

Figure 2.4 Oxidation model proposed for microwave irradiated sulphide particles. Me denotes 

an arbitrary metal [86]. ............................................................................................................ 25 

Figure 2.5 Mechanical flotation cell [191] .............................................................................. 27 

Figure 2.6 recovery-enrichment ratio (left) and recovery kinetics (right) curves [85] ............ 28 

Figure 2.7 Modified Hallimond tube [217].............................................................................. 31 

Figure 3.1 Modified Hallimond tube. ...................................................................................... 57 

Figure 3.2 Temperature of chalcopyrite exposed to microwave radiation for different times. 

Error bars represent 95% confidence intervals. ....................................................................... 58 

Figure 3.3 X-Ray diffractograms of chalcopyrite: a) untreated, and microwave-treated for b) 5 

s, c) 10 s and d) 20 s (Ccp: chalcopyrite, Sp: sphalerite and Qz: quartz). ............................... 59 

Figure 3.4 Zeta potential of chalcopyrite: untreated, and microwave-treated for 5, 10, and 20 s. 

Error bars represent 95% confidence intervals. ....................................................................... 60 

Figure 3.5 XPS S 2p spectra of chalcopyrite: a) untreated, and treated for b) 5 s, c) 10 s and d) 

20 s. .......................................................................................................................................... 60 

Figure 3.6 XPS Fe 2p spectra of chalcopyrite: a) untreated, and treated for b) 5 s, c) 10 s and 

d) 20 s. ...................................................................................................................................... 62 

Figure 3.7 XPS O 1s spectra of chalcopyrite: a) untreated, and treated for b) 5 s, c) 10 s and d) 

20 s. .......................................................................................................................................... 63 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XIX 
 

Figure 3.8 XPS Cu depth profile of chalcopyrite: untreated and microwave-treated for 5 s, 10 

s and 20 s. ................................................................................................................................. 64 

Figure 3.9 ATR-FTIR spectra of chalcopyrite: a) untreated, and treated for b) 5 s, c) 10 s and 

d) 20 s. The S-O is assigned to iron hydroxy-sulphates; the S-O* to hydrated ferrous sulphates; 

and the S-O** to hydrated ferric sulphates. ............................................................................. 65 

Figure 3.10 SEM photomicrographs of chalcopyrite: a) untreated and microwave-treated for b) 

5 s, c) 10 s and d) 20 s. ............................................................................................................. 66 

Figure 3.11 Cumulative pore volume of untreated and microwave-treated chalcopyrite. ....... 67 

Figure 3.12 Pore size distribution of untreated and microwave-treated chalcopyrite. ............ 67 

Figure 3.13 Collectorless floatability of chalcopyrite. Error bars represent 95% confidence 

intervals. ................................................................................................................................... 68 

Figure 3.14 The dispersive and specific contributions to the total surface energy of the untreated 

and the microwave-treated chalcopyrite. Error bars represent 95% confidence intervals. ...... 69 

Figure 3.15 The work of adhesion to water of the untreated and the microwave-treated 

chalcopyrite. Error bars represent 95% confidence intervals. ................................................. 70 

Figure 4.1 Modified Hallimond tube and manual stirrer. ........................................................ 89 

Figure 4.2 Temperature of pyrrhotite exposed to microwave radiation for different times. Error 

bars represent 95% confidence intervals. ................................................................................. 90 

Figure 4.3 X-Ray diffractograms of pyrrhotite: a) untreated, and microwave-treated for b) 5 s, 

c) 10 s and d) 20 s (Po: pyrrhotite, Pn: pentlandite and Ccp: chalcopyrite). ........................... 91 

Figure 4.4 Zeta potential of pyrrhotite: untreated, and microwave-treated for 5, 10, and 20 s. 

Error bars represent 95% confidence intervals. ....................................................................... 92 

Figure 4.5 XPS S 2p spectra of pyrrhotite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 

s. ............................................................................................................................................... 94 

Figure 4.6 XPS Fe 2p spectra of pyrrhotite: a) untreated, and treated for b) 5 s, c) 10 s and d) 

20 s. .......................................................................................................................................... 95 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XX 
 

Figure 4.7 XPS O 1s spectra of pyrrhotite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 

s. ............................................................................................................................................... 95 

Figure 4.8 XPS Fe depth profile of pyrrhotite: untreated and microwave-treated for 5 s, 10 s 

and 20 s .................................................................................................................................... 96 

Figure 4.9 ATR-FTIR spectra of pyrrhotite: a) untreated, and treated for b) 5 s, c) 10 s and d) 

20 s. .......................................................................................................................................... 97 

Figure 4.10 SEM photomicrographs of pyrrhotite: a) untreated and microwave-treated for b) 5 

s, c) 10 s and d) 20 s. ................................................................................................................ 98 

Figure 4.11 Cumulative pore volume of pyrrhotite (untreated and microwave-treated for 5, 10 

and 20 s). .................................................................................................................................. 99 

Figure 4.12 Pore size distribution of pyrrhotite (untreated and microwave-treated for 5, 10 and 

20 s). ......................................................................................................................................... 99 

Figure 4.13 Collectorless floatability of pyrrhotite (untreated and microwave-treated for 5, 10 

and 20 s). Error bars represent 95% confidence intervals. .................................................... 100 

Figure 4.14 The surface energy of pyrrhotite (untreated and microwave-treated for 5, 10 and 

20 s). Error bars represent 95% confidence intervals. ........................................................... 101 

Figure 4.15 The work of adhesion of pyrrhotite (untreated and microwave-treated for 5, 10 and 

20 s). Error bars represent 95% confidence intervals. ........................................................... 101 

Figure 5.1 Temperature of pentlandite exposed to microwave radiation for different times. 

Error bars represent 95% confidence intervals. ..................................................................... 121 

Figure 5.2 X-Ray diffractograms of pentlandite: a) untreated, and microwave-treated for b) 5 

s, c) 10 s and d) 20 s. Pn: pentlandite, Vl: violarite, Ccp: chalcopyrite and S: FeNi4S5. ....... 123 

Figure 5.3 Zeta potential of pentlandite: untreated, and microwave-treated for 5, 10, and 20 s. 

Error bars represent 95% confidence intervals. ..................................................................... 124 

Figure 5.4 XPS S 2p spectra of pentlandite: a) untreated, and treated for b) 5 s, c) 10 s and d) 

20 s. ........................................................................................................................................ 126 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XXI 
 

Figure 5.5 XPS Fe 2p spectra of pentlandite: a) untreated, and treated for b) 5 s, c) 10 s and d) 

20 s. ........................................................................................................................................ 127 

Figure 5.6 XPS O 1s spectra of pentlandite: a) untreated, and treated for b) 5 s, c) 10 s and d) 

20 s. ........................................................................................................................................ 128 

Figure 5.7 XPS Ni depth profile of pentlandite: untreated and microwave-treated for 5 s, 10 s 

and 20 s. ................................................................................................................................. 129 

Figure 5.8 ATR-FTIR spectra of pentlandite: a) untreated, and treated for b) 5 s, c) 10 s and d) 

20 s. ........................................................................................................................................ 130 

Figure 5.9 SEM photomicrographs of pentlandite: a) untreated and microwave-treated for b) 5 

s, c) 10 s and d) 20 s. .............................................................................................................. 131 

Figure 5.10 Cumulative pore volume of pentlandite (untreated and microwave-treated for 5, 10 

and 20 s). ................................................................................................................................ 132 

Figure 5.11 Pore size distribution of pentlandite (untreated and microwave-treated for 5, 10 

and 20 s). ................................................................................................................................ 132 

Figure 5.12 Collectorless floatability of pentlandite (untreated and microwave-treated for 5, 10 

and 20 s). Error bars represent 95% confidence intervals. .................................................... 133 

Figure 5.13 The surface energy of pentlandite (untreated and microwave-treated for 5, 10 and 

20 s). Error bars represent 95% confidence intervals. ........................................................... 134 

Figure 5.14 The work of adhesion of pentlandite (untreated and microwave-treated for 5, 10 

and 20 s). Error bars represent 95% confidence intervals. .................................................... 134 

Figure 6.1 X-Ray diffractograms of – 425 + 38 μm a) pyrrhotite, b) pentlandite and c) 

chalcopyrite. Co κα X-ray source (λ = 1.79 Å). Po: pyrrhotite, Ccp: chalcopyrite, Pn: 

pentlandite, Vl: violarite, Qz: quartz, Sp: sphalerite. ............................................................. 154 

Figure 6.2 The effect of the KAX 51 concentration on the floatability of – 150 + 38 μm a) 

chalcopyrite, b) pentlandite and c) pyrrhotite (untreated and microwave-treated for 5, 10 and 

20 s) at pH 7. Error bars represent 95% confidence intervals. .............................................. 155 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XXII 
 

Figure 6.3 The effect of microwave irradiation on the floatability of the – 150 + 38 μm mineral 

particles at pH 4, 7 and 10. a) chalcopyrite with 10-4 M KAX 51, b) pentlandite  and c) 

pyrrhotite with 10-3 M KAX 51. Error bars represent 95% confidence intervals. ................. 155 

Figure 6.4 The effect of irradiation on the mixed potential (EM - SHE) at pH 4, 7 and 10. a) 

chalcopyrite with 10-4 M KAX 51, b) pentlandite and c) pyrrhotite with 10-3 M KAX 51. Error 

bars represent 95% confidence intervals. ............................................................................... 156 

Figure 6.5 The effect of particle size on the mineral’s floatability (untreated and microwave-

treated for 10 s). a) chalcopyrite with 10-4 M KAX 51, b) pentlandite and c) pyrrhotite with 10-

3 M KAX 51 at pH 9. Error bars represent 95% confidence intervals. .................................. 157 

Figure 6.6 The effect of particle size on the maximum temperature of a) chalcopyrite, b) 

pentlandite and c) pyrrhotite microwave-treated for 10 s. Error bars represent 95% confidence 

intervals. ................................................................................................................................. 157 

Figure 6.7 Zeta potential of chalcopyrite: a) untreated and microwave-treated for b) 5, c) 10, 

and d) 20 s, with and without the presence of KAX 51. Error bars represent 95% confidence 

intervals. ................................................................................................................................. 158 

Figure 6.8 Zeta potential of pentlandite: a) untreated and microwave-treated for b) 5, c) 10, and 

d) 20 s, with and without the presence of KAX 51. Error bars represent 95% confidence 

intervals. ................................................................................................................................. 159 

Figure 6.9 Zeta potential of pyrrhotite: a) untreated and microwave-treated for b) 5, c) 10, and 

d) 20 s, with and without the presence of KAX 51. Error bars represent 95% confidence 

intervals. ................................................................................................................................. 160 

Figure 6.10 Schematic of the surface of the untreated chalcopyrite: a) untreated before 

conditioning; b) untreated after conditioning with KAX 51; c) treated before conditioning; and 

d) treated after conditioning with KAX 51. ........................................................................... 161 

Figure 6.11 The effect of the S-352 concentration on the floatability of the – 150 + 38 μm a) 

chalcopyrite, b) pentlandite and c) pyrrhotite (untreated and microwave-treated for 5, 10 and 

20 s) at pH 7. Error bars represent 95% confidence intervals. .............................................. 164 

Figure 6.12 The effect of microwave irradiation on the floatability of the -150+38 μm mineral 

particles at pH 4, 7 and 10. a) chalcopyrite with 10-5 M S-352, b) pentlandite with 3x10-5 M S-



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XXIII 
 

352, and c) pyrrhotite with 1.5x10-5 M S-352. Error bars represent 95% confidence intervals.

................................................................................................................................................ 165 

Figure 6.13 The effect of the pH on recovery of the – 150 + 38 μm mineral particles (untreated 

and microwave-treated for 5, 10 and 20 s). a) chalcopyrite with 10-5 M S-352, b) pentlandite 

with 3x10-5 M S-352, and c) pyrrhotite with 1.5x10-5 M S-352. Error bars represent 95% 

confidence intervals. .............................................................................................................. 165 

Figure 6.14 The effect of particle size on the minerals’ floatability at pH 7 (untreated and 

microwave-treated for 10 s). a) chalcopyrite and c) pyrrhotite with 2x10-5 M S-352, and b) 

pentlandite with 4x10-5 M S-352. Error bars represent 95% confidence intervals. ............... 166 

Figure 6.15 Zeta potential of chalcopyrite: a) untreated and microwave-treated for b) 5, c) 10, 

and d) 20 s, with and without the presence of S-352. Error bars represent 95% confidence 

intervals. ................................................................................................................................. 167 

Figure 6.16 Zeta potential of pentlandite: a) untreated and microwave-treated for b) 5, c) 10, 

and d) 20 s, with and without the presence of S-352. Error bars represent 95% confidence 

intervals. ................................................................................................................................. 168 

Figure 6.17 Zeta potential of pyrrhotite: a) untreated and microwave-treated for b) 5, c) 10, and 

d) 20 s, with and without the presence of S-352. Error bars represent 95% confidence intervals.

................................................................................................................................................ 169 

Figure 7.1 X-Ray diffractograms of the - 3.35 mm untreated and microwave-treated Cu-Ni 

sulphide ore. Co Kα X-ray source (λ = 1.79 Å). Ab: albite, An: anorthite, Fo: forsterite, Crd: 

cordierite, Mag: magnetite, Po: pyrrhotite, Ccp: chalcopyrite, Pn: pentlandite. ................... 191 

Figure 7.2 QEMSCAN Modal mineralogy of the Cu-Ni sulphide ore. Microwave absorbing 

minerals in red, transparent minerals in blue and minor phases in green. ............................. 191 

Figure 7.3 EDS map of the Cu-Ni sulphide ore: a) untreated and b) microwave-treated for 15 s 

at 10 kW. ................................................................................................................................ 192 

Figure 7.4 The effect of a) exposure time and power level and b) sample mass on the Bond 

Work Index (Wi) of the microwave treated Cu-Ni sulphide ore. The sample masses were 

exposed for 15 s at 10 kW. Error bars represent 95% confidence intervals. ......................... 193 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XXIV 
 

Figure 7.5 The effects of a) particle size and b) quenching in water on the Bond Work Index 

(Wi) of the Cu-Ni sulphide ore microwave-treated for 15 s at 10 kW. Error bars represent 95% 

confidence intervals. .............................................................................................................. 194 

Figure 7.6 Ore sample with a) aggregates of melted particles due to microwave irradiation for 

15 s at 10 kW, and b) the effect of melting on the Bond Work Index (Wi) of the ore. Error bars 

represent 95% confidence intervals. ...................................................................................... 194 

Figure 7.7 The Work Index (Wi) of the untreated and microwave-treated (15 s, 10 kW) Cu-Ni 

sulphide ore. Error bars represent 95% confidence intervals. ............................................... 195 

Figure 7.8 The liberation of a) chalcopyrite, b) pentlandite and c) pyrrhotite at different size 

fractions; after grinding the untreated and the microwave-treated Cu-Ni sulphide ore for 20 s 

at 5 and 15 kW. ...................................................................................................................... 195 

Figure 7.9 The chalcopyrite, pentlandite and pyrrhotite content (%) by size fraction after 

grinding the untreated Cu-Ni sulphide ore. ............................................................................ 196 

Figure 7.10 The liberation of chalcopyrite, pentlandite and pyrrhotite after grinding the 

untreated Cu-Ni sulphide ore. ................................................................................................ 196 

Figure 7.11 The association of a) chalcopyrite, b) pentlandite and c) pyrrhotite after grinding 

the untreated and the microwave-treated Cu-Ni sulphide ore for 20 s at 5 and 15 kW. ........ 197 

Figure 7.12 The cumulative a) chalcopyrite, b) pentlandite and c) pyrrhotite content (%) by 

size fraction after grinding the untreated and the microwave-treated Cu-Ni sulphide ore for 20 

s at 5 and 15 kW..................................................................................................................... 197 

Figure 7.13 The enrichment ratio-recovery and the kinetic curves for copper (upper) and nickel 

(lower) as a function of the exposure time for irradiation at 5 kW. Error bars represent 95% 

confidence intervals. .............................................................................................................. 199 

Figure 7.14 The enrichment ratio-recovery and the kinetic curves for copper (upper) and nickel 

(lower) as a function of the exposure time for irradiation at 10 kW. Error bars represent 95% 

confidence intervals. .............................................................................................................. 199 

Figure 7.15 The enrichment ratio-recovery and the kinetic curves for copper (upper) and nickel 

(lower) as a function of the exposure time for irradiation at 15 kW. Error bars represent 95% 

confidence intervals. .............................................................................................................. 200 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XXV 
 

Figure 7.16 The enrichment ratio-recovery and the kinetic curves for copper (upper) and nickel 

(lower) as a function of particle size for 15 s irradiation at 10 kW. Error bars represent 95% 

confidence intervals. .............................................................................................................. 201 

Figure 7.17 The effect of melting on the enrichment ratio-recovery and the kinetic curves for 

copper (upper) and nickel (lower). Treatment for 15 s irradiation at 10 kW. Error bars represent 

95% confidence intervals. ...................................................................................................... 202 

Figure 7.18 The effect of sample mass on the enrichment ratio-recovery and the kinetic curves 

for copper (upper) and nickel (lower). Treatment for 15 s irradiation at 10 kW. Error bars 

represent 95% confidence intervals. ...................................................................................... 203 

Figure 7.19 Cumulative mass recovery for the Discovery Hill sulphide ore samples: untreated 

and microwave-treated at a) 5 kW, b) 10 kW and c) 15 kW, for different exposure times. Error 

bars represent 95% confidence intervals. ............................................................................... 206 

Figure 7.20 Cumulative mass recovery for the Discovery Hill sulphide ore, untreated and 

microwave-treated: whole sample (- 3.35mm), coarse sample (- 3.35 + 0.6 mm) and fine sample 

(- 0.6 mm). Error bars represent 95% confidence intervals. .................................................. 207 

 

 

 

 

 

 

 

 

 

 

 

 

 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XXVI 
 

List of tables 

Table 3.1. Chemical composition (Wt %) of the purified - 150 + 38 μm chalcopyrite sample 

measured by ICP-OES. Standard error (%) < 7, with 95% confidence. .................................. 58 

Table 3.2. Binding energy (eV) of Fe, S, O and Cu for the proposed species on the surface of 

untreated and microwave- treated chalcopyrite. ...................................................................... 61 

Table 3.3. Specific Surface Area and Average Pore Width of untreated and microwave-treated 

chalcopyrite .............................................................................................................................. 67 

Table 4.1. Chemical composition (Wt%) of the purified - 150 + 38 μm pyrrhotite sample 

(untreated and microwave-treated for 5, 10 and 20 s) measured by ICP-OES. Standard error 

(%) < 7, with 95% confidence. ................................................................................................ 91 

Table 4.2. Binding energy (eV) of Fe, S and O for the proposed species on the surface of 

untreated and microwave- treated pyrrhotite. .......................................................................... 93 

Table 4.3. Specific Surface Area and Average Pore Width of untreated and microwave-treated 

pyrrhotite .................................................................................................................................. 99 

Table 5.1. Chemical composition (Wt %) of the purified - 150 + 38 μm pentlandite (untreated 

and microwave-treated for 5, 10 and 20 s) measured by ICP-OES. Standard error (%) < 7, with 

95% confidence. ..................................................................................................................... 122 

Table 5.2. Binding energy (eV) of Fe, S, Ni and O for the proposed species on the surface of 

untreated and microwave- treated pentlandite. ...................................................................... 125 

Table 5.3. Specific Surface Area and Average Pore Width of untreated and microwave-treated 

pentlandite .............................................................................................................................. 132 

Table 6.1. Chemical composition (Wt %) of the purified – 425 + 38 μm chalcopyrite, 

pentlandite and pyrrhotite sample measured by ICP-OES. Standard error (%) < 7, with 95% 

confidence. ............................................................................................................................. 154 

Table 7.1. Bond ball grindability test and adapted ball charges. ........................................... 189 

Table 7.2. Chemical composition (Wt %) of the untreated and microwave-treated Cu-Ni 

sulphide ore measured by ICP-OES. Standard error (%) < 7, with 95% confidence. ........... 190 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XXVII 
 

Nomenclature and abbreviations 

ATR-FTIR Attenuated total reflectance Fourier transform infrared  

a. u. Arbitrary unit 

BET Brunauer–Emmett–Teller method 

BJH Barrett–Joyner–Halenda method 

C  Specific heat capacity (J/kg ºC) 

CPT Cavity Perturbation Technique  

CV Coefficient of variation  

D50 50 % passing size (μm) 

DO Dissolved oxygen  

Dp Penetration depth (m) 

dT  Temperature change (ºC) 

dt  Time increment (s) 

E  Root mean square electric field strength (V/m) 

EDS Energy dispersive X-ray spectroscopy  

EHF Extremely high frequency  

ELS Electrophoretic Light Scattering  

EM Mixed potential (mV) 

�* Relative permittivity  

�′ Dielectric constant  

�′′ Dielectric loss factor 

�� Permittivity of free space (F/m) 

f  Frequency (Hz) 

F  Feed 80% passing size (μm) 

FC-IGC Inverse gas chromatography at finite concentration  

G Grindability of the ore (g/revolution) 

HMC Hemimicelle concentration  



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XXVIII 
 

ICP-OES Inductively coupled plasma optical emission spectrometry  

IEP Isoelectric point 

IGC Inverse gas chromatography  

IR Infrared 

IUPAC International Union of Pure and Applied Chemistry 

M Mean 

MAC Microwave Assisted Comminution 

MW-IRT Microwave irradiation followed by infrared thermal imaging  

P Product 80% passing size (μm) 

P1 Required product size (μm) 

P80 80 % passing size (μm) 

Pd Power density (W/m3) 

RH Relative humidity 

SD Standard deviation 

SEA Surface Energy Analyzer 

SEM Scanning electron microscope 

SHE Standard hydrogen electrode 

SHF Super high frequency  

SMM Scanning Microwave Microscope  

SSA Specific surface area (m2/g) 

TAL Thermally Assisted Liberation 

�	
� Loss tangent  

Tc Critical temperature  

UHF Ultrahigh frequency  

VP-SEM Variable pressure scanning electron microscope 

W Energy required in the grinding stage (kWh/t) 

Wadh Work of adhesion to water (mJ m-2) 



The effects of microwave pretreatment on the processing of a sulphide ore 
 

XXIX 
 

Wi Bond Work Index (kWh/t) 

Wt% Weight percent (%) 

XPS X-ray photoelectron spectrometry  

XRPD X-ray powder diffraction 

γAB Specific surface energy (mJ m-2) 

γD Dispersive surface energy (mJ m-2) 

γT   Total surface energy (mJ m-2) 

λ0  Wavelength of the microwave radiation (m) 

�  Density (kg/m3) 

 

 

 



Chapter 1  
 

1 
 

Chapter 1: Introduction 

1.1 Introduction 

The energy consumption (kWh/t) in the comminution of sulphide ores has increased 

over time and is responsible for most of the energy demanded on a mill [1]. The energy cost is 

estimated to be up to 50% of the total comminution cost [2]; with crushing and grinding being 

the most costly steps, consuming from 50% to 80% of the energy needed in comminution [3-

5], which has been reported to represent 1.8 % of the world’s electrical consumption [6]. The 

energy efficiency of conventional grinding is said to range from 0.1 to 2% [7-10], mostly due 

to the loss of energy as heat [11, 12]. This technique, which is achieved by compressive forces 

applied to the particles, used to account for most of the research efforts to improve the 

efficiency of comminution [13]. However, as the tensile strength of the ores is reported to be 

approximately 10% of the compressive strength [14], approaches which use tensile forces 

started being investigated in the 1920’s, in order to develop a more efficient comminution 

process. Among these attempts, the use of heat treatment of ores prior to comminution has been 

investigated [15-18]. Since heating produces thermal expansion, thermal stresses appear within 

the mineral lattice, fracturing it and potentially improving grindability and liberation; this 

technique was termed Thermally Assisted Liberation (TAL) [18]. A more modern  and efficient 

approach for heat treatment of ores consists on the use of microwave energy, known as 

Microwave Assisted Comminution (MAC). As the minerals show different heating rates when 

microwave-treated, this process may be used to cause fracturing at specific structures within 

the ore, such as the grain boundaries between valuable minerals and gangue, which can 

improve grindability and provide a greater liberation [13, 19-24]. 

Various sulphide ores showed improvement in grindability and liberation with the use 

of MAC [25-33]. Variables such as power level [21, 25, 27, 32, 34-37], particle size [30, 34, 

38-45], sample mass [25, 45, 46], mineralogy and texture [37, 47-51] were reported to be of 

great importance to the treatment. In addition to the greater comminution performance, the 

potential reduction in the wear of mill liner and milling medium, increased throughput, reduced 

recycling load and the positive effects of the treatment on downstream processes such as 

flotation indicate that MAC can provide multiple benefits in mineral processing [13, 19, 21, 

22, 37, 52, 53]. 

The effects of microwave  irradiation on flotation might be directly due to the increased 

liberation of the valuable minerals and also due to changes in the minerals’ surface properties, 
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which are expected to be altered by the treatment [54-60]. In sulphide flotation, decreased 

floatability (chalcopyrite, pyrite and galena), and even no change in floatability (sphalerite) 

have been observed after microwave pretreatment [41]. In the flotation of sulphide ores, both 

positive and negative effects have been observed for nickel: improved recovery and kinetics 

[42, 61, 62], but also a decrease in recovery due to pentlandite decomposition into other nickel 

phases [63, 64]. In the case of copper ores, improved recovery [25, 42, 51, 62, 65, 66], 

decreased recovery [41, 52] and even no significant change in the recovery of copper [29, 41] 

were observed, even though phase transformation was observed around chalcopyrite and pyrite 

grains. Studies on high power level microwave systems for short times presented increased 

recovery and grade of copper and decreased recovery and grade of iron [25, 51], at economical 

energy inputs.  

Recent research on the use of microwave heating treatment  indicate that new research 

should focus on the use of high power microwave systems, in order to decrease energy 

consumption and residence time in grinding [25, 32, 34, 37, 48, 52, 67-69], making MAC 

economically viable, and on the effects of the treatment on the mineral’s properties and 

downstream separation processes [13, 23, 24, 37, 70]. This project aimed at addressing these 

recommendations by studying the effects of microwave pretreatment on the grindability, 

liberation and flotation of a copper-nickel sulphide ore and investigating the changes in 

individual minerals’ physicochemical properties due to microwave irradiation.  

1.2 Objectives 

This research aims at understanding the impact of microwave heating on the 

grindability, liberation and flotation of the Discovery Hill copper-nickel sulphide ore. Due to 

the fact that microwave heating has been reported to promote phase transformation, this study 

also aims at investigating the changes in the physicochemical properties of chalcopyrite, 

pentlandite and pyrrhotite (main sulphide minerals in the ore) due to the treatment. Therefore, 

the research works with two approaches, one with a sulphide ore and another one with purified 

mineral samples.  

 

1.2.1 Specific objectives 

The study of the purified chalcopyrite, pentlandite and pyrrhotite samples required the 

accomplishment of the following specific objectives:  
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 To characterize the untreated and microwaved-treated mineral samples. 

 To identify any new possible phases formed during microwave exposure. 

 To investigate the depth profile of oxidized layers in the mineral particles.  

 To determine the changes in the hydrophobicity of the minerals after treatment. 

 To study the changes in the surface charge of the minerals as a consequence of 

microwave heating. 

In the study with the ore sample, the following specific objectives were targeted to 

achieve the project’s main goals: 

 To characterize the ore samples, locating the structures where fracturing may occur 

and any phase transformation due to microwave treatment  

 To obtain the ore’s Work Index (Wi). 

 To determine the grinding time to obtain a pre-defined P80. 

 To identify the changes in the Wi and liberation after microwave pretreatment. 

 To understand how flotation enrichment and recovery are influenced by microwave 

pretreatment. 

1.3 Thesis structure 

This thesis is presented in the manuscript-based format, following the guidelines of the 

Graduate and Postdoctoral Studies office of McGill University. It is composed of eight 

chapters, among which five are manuscripts under review (Chapter 3) or to be submitted to 

scientific journals in the Mining Engineering and related fields (Chapters 4, 5, 6 and 7). 

The outline of the thesis chapters is as it follows: 

Chapter 1 gives a brief introduction to the field of investigation, as well as the context, 

motivations, objectives and the structure of the thesis. 

Chapter 2 presents a literature review on comminution, flotation and microwave 

irradiation.  

Chapter 3 presents the investigations on the effects of microwave treatment on the 

surface properties of chalcopyrite. It gives information on the phase composition, surface 

chemistry, hydrophobicity and morphology of the chalcopyrite particles before and after 

irradiation. This chapter has been submitted to the journal Advanced Powder Technology. 
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Chapter 4 discusses the effects of microwave irradiation on the surface properties of 

pyrrhotite, an important gangue mineral commonly associated with chalcopyrite. Information 

on phase composition, surface chemistry, hydrophobicity and morphology are also explored. 

This chapter will also be submitted to Advanced Powder Technology.  

Chapter 5  examines the effects of microwave treatment on the surface properties of 

pentlandite, a valuable nickel mineral commonly found associated with chalcopyrite and 

pyrrhotite. The mineral’s behavior (phase composition, surface chemistry, hydrophobicity and 

morphology) is also investigated and compared with those found for chalcopyrite and 

pyrrhotite. This chapter will also be submitted to the journal Advanced Powder Technology, 

as it is part of a comparative study. 

Chapter 6 investigates the effects of microwave treatment on the surface charge and 

floatability of chalcopyrite, pyrrhotite and pentlandite in systems with sodium oleate and 

potassium amyl xanthate. The findings of this chapter will is discussed in light of the results of 

the previous chapters. This chapter will be submitted to Journal Colloids and Surfaces A. 

Chapter 7 studies the effects of microwave treatment on the comminution and flotation 

of a Cu-Ni sulphide ore. The impacts of the treatment on the Bond Work Index (Wi) of the ore 

and its flotation grade, recovery and kinetics are investigated for different irradiation 

conditions. This chapter will be submitted to the the Canadian Journal of Chemical 

Engineering.  

Chapter 8 presents the conclusions of this study, the contributions to original knowledge 

and areas for future investigations.  

Appendix A shows the ball grinding calibration curves for the different particle sizes 

investigated in the microwave experiments with the ore. 

Appendix B presents the zeta potential curves for the untreated and microwave-treated 

samples after collector adsorption, in the same chart.    
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Chapter 2: Literature review 

 The applications of microwave energy have diversified over time, from military 

applications in the Second World War to industrial and commercial uses, with almost every 

kitchen being home to a microwave oven. Although the roles played by microwave based 

systems are already very important accomplishments, new research has indicated several 

potential new uses for this radiation. One of these applications, named microwave assisted 

comminution, aims at reducing the energy consumption in comminution and enhancing 

concentration processes. The principles of this approach, its recent developments and 

consequences for downstream processes will be discussed in the following  sections. 

2.1 Introduction to Microwave Energy principles 

The first application of microwave systems was aimed at telecommunication and radar 

systems for military use, followed by the first microwave oven being developed for commercial 

purposes by Percy Spencer, at the Raytheon Company of North America, in 1951. In the early 

1960’s, it became available for domestic purposes. Early industrial applications of microwave 

energy included plastic manufacture, rubber extrusion and ceramics treatment [1]. 

Microwave energy refers to the electromagnetic radiation produced by a nonionizing 

source and is usually classified as ultrahigh frequency (UHF), from 300 MHz to 3 GHz; super 

high frequency (SHF), from 3 GHz to 30 GHz; and extremely high frequency (EHF), from 30 

GHz to 300 GHz. These classes refer to wavelengths ranging from 1 mm to 1 m [2, 3]. 

Microwave energy is obtained from electrical energy; the conversion efficiency is 

approximately 50% for 2450 MHz and 85% for 914 MHz [4]. 

According to their response when exposed to microwave radiation, materials can be 

classified as: dielectrics, which absorb microwave energy and dissipate it as heat; insulators, 

which are transparent to microwaves; and those materials which reflect microwaves from their 

surfaces, namely conductors [4]. Materials with non-homogeneous dielectric properties may 

heat faster in some parts than others; this phenomenon is referred to as thermal runaway [2] 

and can be minimized by keeping the sample under mixing or fluidized conditions. The 

behavior of a dielectric depends on the initial temperature of exposure and, above a certain 

critical temperature (Tc), it is possible to heat insulators. Another approach which makes it 

possible to heat this type of material is by using microwave heat facilitators, such as magnetite, 

silicon carbide or carbon [5]. Microwave heating is mostly caused by the migration of ionic 
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(2.1) 

(2.4) 

(2.3) 

(2.2) 

species (conduction) and rotation of dipolar species (polarization), which converts the stored 

internal energy into heat by friction. These interactions are dependent on the relative 

permittivity (�*) of the material, which is composed of a real part, the dielectric constant (�′), 

and an imaginary part, the dielectric loss (�′′) (Equation 2.1). The dielectric constant is a 

measure of the ability of a material to retard the passage of microwave energy; the dielectric 

loss, also known as ‘loss’ factor, is a measure of the ability of the material to dissipate energy. 

Since it is difficult to separate the losses due to conduction from those due to polarization, an 

effective dielectric loss (�′′eff) can be defined to represent all forms of losses (Equations 2.2) 

and the relative permittivity can be written as in Equation 2.3 [6, 7].   

ε∗ = ε′ − �ε′′                                    
ε����� =   ε��� + ε��� + ε��� + ε���� + σ/2���� 

ε∗ = ε� − �ε����� 

where � = √−1, σ = conductivity of the medium and the subscripts d, e, a and MW 

refer to dipolar, electronic, atomic and Maxwell-Wagner respectively. 

The heat losses due to polarization and conduction can be quantified by the effective 

dielectric loss and the effective loss tangent (�	
�eff), also known as dissipation factor, which 

is the ratio of the dielectric loss to the dielectric constant of the material (Equation 2.4) [6-8]. 

�	
����  = ε�����  ε′  

The power absorbed by a dielectric material is often expressed as power density (Pd), 

and is influenced by its dielectric properties, frequency and electric field (Equation 2.5) [6, 9].  

                                             $� = 2����ε�����%&                                                    (2.5) 

where Pd = power density for an electric field (W/m3), f = frequency (Hz), E = electric 

field strength (V/m), ��= permittivity of free space (ε0 = 8.854 × 10−12 F/m).  

In an analogous way to the dielectric heating, magnetic heating can also be achieved 

for certain materials when exposed to the magnetic component of microwaves. The power 

absorbed by a material under a magnetic field is expressed by Equation 2.6 [10, 11].  
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(2.8) 

(2.7) 

 $' = 2��μ�μ�����)&                                                     (2.6) 

where Pm = power density for an magnetic field (W/m3), f = frequency (Hz), H = 

magnetic field strength (A/m), μ�= vacuum magnetic permeability (μ� = 4π × 10−7 H/m), 

μ����� = effective magnetic loss factor. 

The heating rate of a material exposed to microwave irradiation is expressed by 

Equation 2.7 [10, 11], assuming uniform electric and magnetic fields, no heat losses from the 

surface of a material composed of fine particles. 

*+*� = 2π�-��������%& +  μ�μ�����)&./�  
where dT = temperature change (ºC), dt = time increment (s), C = specific heat capacity 

(J/kg.ºC) and � = density (kg/m3). 

As microwaves are absorbed as they propagate into the material, the magnetic and 

electric power densities decrease exponentially, leading to a lower heating rate. The depth into 

a homogeneous material, at which the power density falls to e-1 (approximately 37 %) of its 

surface value, is called the power penetration depth (Dp) and is given by Equation 2.8 [11, 12].  
01 =  2�2√2� 1

3���μ�� − ��μ� + 4-��μ�.& + -���μ��.&+ -��μ��.& +  -���μ�.&
 

where: λ0 = wavelength of the microwave radiation in free space (m), μ′ = relative 

magnetic constant, μ" = relative magnetic loss factor. 

 

Figure 2.1 Simplified diagram of a microwave heating system (adapted from Haque,1999 [14]).  

 A microwave heating system is basically composed of a power supplier, a magnetron, 

an applicator, and a waveguide (Figure 2.1). Industrial microwave batch systems are similar to 

a home microwave oven: the microwave power supply unit is composed of a magnetron tube, 

transformer, relay, choke and controls. The energy is directed by a waveguide to the applicator, 

which in the simplest sense is a closed metal box, within which the load is placed, capable of 
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retaining the radiation. The microwave leakage at 5 cm from outer surface of the applicator 

must not exceed 1 mW/cm2 when using a test load and 5 mW/cm2 without the test load [13]. 

The continuous-type system is equipped with a conveyor belt made from an insulator material 

[4]. The applicator design for industrial applications is dependent on the specific details of the 

process, being power efficiency, uniform power distribution and reliable performance the most 

important aspects [14]. Applicators are classified as multimode, monomode and travelling 

wave applicators, according to the field type inside of them. Multimode ovens have at least two 

dimensions of several wavelengths long, which allows for a large number of resonant modes 

at a given frequency. The complex electric field pattern formed require the use of stirrers and 

turntables in order to improve heating uniformity. Single mode applicators have dimensions of 

one wavelength, which leads to the superposition of forward and reflected waves and generates 

one well defined electric field pattern. This type of cavity provides a greater electric field 

strength than other applicator types for the same power level. In a travelling wave applicator, 

the power is fed into a long chamber (similar to the waveguide) and absorbed by the workload 

which is usually carried by a conveyor. At each end of the chamber, there is a port for the 

passage of the workload through a choking system and a waveguide transition to connect the 

power source and the terminating load. This load absorbs the residual power, leading to no 

standing waves [2, 15].  

2.1.1 Applications of microwave treatment in the mineral industry 

The use of microwave irradiation in drying applications is a common practice in the 

agricultural, chemical, paper and food industries, with distinct benefits: high selectivity, 

ambient temperatures, shorter drying times, more uniform drying, elimination of hardening and 

internal stress and the use of converyorized systems [16, 17]. 

In the mineral processing and metallurgical industry, microwave assisted techniques 

have shown great potential in comminution and concentration processes according to research 

undertaken over the past three decades [14, 18-22]. The first potential application of using 

microwave irradiation in the processing of an ore consists of irradiating of the rocks prior to 

blasting, which could improve rock breakage and reduce the costs associated to tunneling and 

drilling [23]. Later, the sorting of barren fragments from ore-grade material or the recovery of 

valuable fragments from waste-grade material using microwave irradiation followed by 

infrared thermal imaging (MW-IRT) has also shown great potential [24-27]. In downstream 

stages, microwave treatment has been investigated to achieve various goals. The technique has 
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been reported to improve recovery in magnetic separation, explained by increased magnetic 

susceptibility observed after converting weakly magnetic minerals into more strongly magnetic 

ones [28-41]. Leaching processes for the extraction of nickel, copper, cobalt and zinc have been 

improved when assisted by microwave treatment. Shorter residence time, improved percolation 

and migration of reagents and lower contaminant content are the greatest advantages when 

compared to conventional leaching [34, 39, 42-49]. The use of microwave irradiation for coal 

treatment has focused on desulphurization, heating rate and grindability studies [30]. The 

influence of frequency on the heating rate [30, 50, 51], increased susceptibility of gangue 

minerals [28, 31, 32], reduced sulphur content and greater calorific value [52-55], greater 

floatability and change in zeta potential of coals [56, 57] have been reported. The treatment has 

also been reported to be a potential method for ferrous and non-ferrous smelting [58]. Greater 

heating and reduction rates than that of conventional methods have been observed in 

microwave carbothermic reduction of iron oxides [59, 60] and microwave reduction of a series 

of oxides and sulphides [61-63]. The time saving aspect of microwave reduction of ilmenite 

has been indicated as the most appealing advantage of this approach [64]. In the case of 

microwave smelting of rare-earth metals, the formation of plasma required special designs for 

the treatment [65, 66]. Since carbon presents a high heating rate, microwave treatment has also 

been used for spent carbon regeneration [67-69]. Environmental impacts have been addressed 

by studies on microwave energy applications in waste management, showing potential for 

treating gaseous, liquid and solid industrial wastes [70-74].  

The use of microwave energy in the improvement of comminution, named microwave 

assisted comminution (MAC) [75-84], and its consequences on flotation [78, 85-92]  has been 

investigated for various ores and will be discussed in detail in Sections 2.3 and 2.5, 

respectively. 

2.2 Comminution  

 Comminution comprises all the crushing and grinding processes which use mechanical 

forces to achieve particle size reduction [93]. However, the role of comminution in the mineral 

industry goes beyond this definition, with the liberation of valuable minerals from gangue 

being the ultimate goal of crushing and grinding.  

Bond [94, 95] introduced three principles to describe comminution: a) the difference 

between the energy level of the feed and the product must be equal to the energy input into 

crushing or grinding; b) the increase in the length of the cracks is proportional to the useful 
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(2.10) 

(2.11) 

(2.9) 

energy input into the process; and c) the weakest flaws in the rock will determine its breaking 

strength. This principle suggests that finer particles, which contain less micro and macro 

fractures, will require more energy to be ground than the coarser particles. Conventional 

grinding is reported to account for 90% of the comminution energy in a mining plant [96] and 

presently energy efficiency ranges from 1 to 2% [97-100], which makes the study of new 

techniques to improve grindability a favorable path in increasing energy efficiency. This 

efficiency has been defined as the ratio of the difference between the surface energy of the feed 

and the product to the energy input into the crushing or grinding machine [97]. Bond [94, 95] 

addressed energy efficiency on comminution by introducing the concept of the Work Index 

(Wi), defined as the energy required to reduce a ton of ore from infinite size to 80% passing 

100 μm. In addition, Bond presented the procedure, the Ball Mill Grindability Test, to obtain 

an ore’s Wi at a laboratory scale. The Work Index can be calculated by Equation 2.9 and the 

energy required in the grinding stage (W) can be can be obtained by Bond’s Third Theory,  

Equation 2.10.  

67 = 44.5
$: �.&& ; �.<&   = 104$ − 104? @

 

where Wi is the Bond ball work index (kWh/st), P1 is the required product size (μm), G 

is the grindability of the ore (g/revolution), P is the product 80% passing size (μm) and F is the 

feed 80% passing size (μm). 

6 = 67A100$ =1 − 14?/$ @ 

where W is the energy required in the grinding stage (kWh/st).  

Berry and Bruce [101] presented a comparative method for estimating the Work Index 

based on Equation 2.10. The same energy input is required to grind two different ores, of the 

same mass and feed sizes, under identical conditions (grinding time, ball charge and 

distribution). As a result, the Wi of a test ore can be estimated once the Work Index of a 

reference ore is known (Equation 2.11). 

67B = 67C
104$C − 104?C104$B − 104?B
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where t and r refers to test and reference ores, respectively. 

Fracturing has been classified as tensile fracturing (crack opening) and shear fracturing 

(sliding and tearing) [102]. The ability to resist the propagation of fractures within a material, 

named fracture toughness, is used to characterize fracture in brittle materials such as rocks. The 

formation and propagation of a fracture depends on where the stress concentration occurs, grain 

boundaries being the most desirable place for it to take place (since it would liberate the 

valuable minerals). Liberation has been reported to be a result of two processes: size reduction; 

and detachment of mineral grains [103]. The latter mechanism assumes that the mineral grains 

are loosely bonded into the ore matrix, and become detached during grinding. This is an 

extreme form of grain boundary (intergranular) fracture which leads to improved liberation of 

the valuable minerals [104].  However, the development of cracks across the grains 

(intragranular fractures) has been reported as the dominant phenomena in conventional 

comminution [105, 106]. This scenario is reported to change by the use of non-conventional 

methods called assisted grinding techniques, which provide an increase in the occurrence of 

intergranular fractures in comminution, improving liberation. It is claimed that small 

improvements in liberation may lead to significant improvement in downstream processes, 

which encourages investigations into new techniques for assisted comminution [18-20, 80, 

107-109]. 

2.2.1 Assisted comminution  

In the past few decades, achieving effective liberation has become one of the major 

challenges in mineral processing, since ores present more complex mineralogy and finer grain 

sizes. This requires finer grinding in order to achieve the desired degree of liberation, which 

leads to greater operating costs and increased quantities of ultrafine material. The ultrafine 

particles may influence the downstream processes, reducing recovery or grade, or be lost in the 

tailings and through desliming operations. Conventional grinding circuits are not designed to 

cope with excessive fines and the mining industry actively pursues more energy efficient 

comminution processes. Therefore, new techniques for assisted comminution have been 

elected one of the main research needs to improve grinding and liberation in mineral processing 

[110].  

Most of the efforts to improve the efficiency of comminution has focused on the use of 

compressive forces applied to particles, which is the mechanism by which conventional 

grinding is achieved. Some examples of these efforts are the development of new milling 
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apparatus (autogenous milling, high-pressure grinding rolls) and aspects of the circuit, such as 

classifiers and recirculation systems [80, 108]. On the other hand, the use of tensile stresses to 

break rocks has been less exploited; such methods include the use of electrical, ultrasonic, 

hydraulic, thermal and microwave energy. The former technique, named electro-dynamic 

fragmentation, consists on using high-voltage radio-frequency power to cause resistive heating 

and subsequent thermal stresses inside the rock. It first attracted attention as a potential 

comminution technique in the 1960’s and 1970’s. In comparative studies with conventional 

comminution, the process showed improved liberation [111, 112] and produced a coarser 

product [113]. High voltage pulses have also been applied to generate plasma inside rocks in 

order to fracture them and enhance liberation. The process relies on a heating and gasification 

process, which leads to tensile failure [114]. Ultrasonic comminution consists of using 

ultrasonic energy to produce mechanical vibrations and extend existing cracks in the ore. The 

use of ultrasonic devices have shown good results, with ultrasonic grinding noted as a 

promising technology for hard rocks, such as copper ore; and soft rocks, such as coal and 

limestone [115-117]. The combination of electric and ultrasonic energy for comminution 

application has been said to be more efficient than conventional grinding. In this approach, an 

electrical shock creates the first fractures which are then developed by ultrasonic energy. 

Liberation was noted to be a function of hardness since the harder minerals were more readily 

liberated [118, 119]. The use of hydraulic energy consists of generating hydraulic shock waves 

of high intensity by a pulse discharge from a high voltage electrical capacitor in the region 

between two electrodes underwater. Although the method, named electro-hydraulic crushing, 

has a similar principle to that of electro-dynamic fragmentation, since the electrical discharges 

are used, the fragmentation is performed by the shockwaves caused by the dielectric breakdown 

in water rather than the dielectric breakdown in rock seen in  electro-dynamic fragmentation 

[120].   Studies have shown electro-hydraulic crushing is selective for coarse particles, although 

no overall advantage was observed when compared to other conventional comminution 

techniques [121, 122]. Thermally assisted liberation is defined as the process of heating and 

cooling the rock in order to cause different thermal expansion of its minerals, leading to stress 

within the lattice and, as a consequence, to localized intergranular and intragranular fractures. 

The use of thermal energy in order to fracture rocks is not a recent development as 

ancient civilizations used fire to ease rock breaking before the introduction of explosives [123, 

124]. The technique, which is known as fire-setting, has been reported to be a straightforward 

method [125] but also described as a sophisticated application [124, 126]. Yates [127] and 



Chapter 2  
 

19 
 

Holman [128] conducted the first studies on mineral liberation assisted by thermal heating. The 

authors showed that preheating improved comminution with a lower grinding resistance and 

that little fines were produced. Brown et al. [129] and Geller and Tervo [130] investigated 

theoretical models for thermally induced stresses. The former emphasized that fracturing 

should follow intergranular paths in order to liberate the valuable minerals in the ore. The latter 

concluded that greater preheating temperatures and quench severity induced greater stresses 

and probability of failure and that the larger the particle size the greater the failure probability. 

Although almost 100 years has passed after the first studies were conducted, thermally assisted 

grinding has not developed to become industrial practice, mainly because of its high energy 

input.   

Electrical and microwave energy assist comminution by creating thermal stresses and 

fractures at grain boundaries, which makes them more selective options when compared to 

conventional heat treatment. Since the breaking forces are applied at the minerals’ grain 

boundaries, these treatments are said to cause intergranular rather than intragranular breakage 

(Figure 2.2), increasing energy efficiency and avoiding overgrinding [108, 109, 129, 131-136].  

Electrical techniques, however, depend on the physical properties of rocks, such as structure 

and porosity [108, 137], which makes microwave irradiation a more interesting alternative to 

produce heat in heterogeneous materials such an ore. 

 

Figure 2.2 False Backscattered SEM image of microwave treated lateritic ore. Intergranular fractures (between 

grains 1, ilmenite, and 2, diopside) and intragranular fractures (within grain 1) [131].  

2.3 Microwave assisted comminution  

The application of microwave assisted grinding of ores relies on the fact that minerals 

behave differently when exposed to microwave radiation; due to their different dielectric 
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properties, some minerals heat very little and others heat greatly and rapidly. The difference in 

temperature between the dielectric and the insulator minerals is reported to generate thermal  

stresses which lead to microfracturing along the grain boundaries, and consequently improved 

grindability and liberation. This has been observed for different microwave-pretreated ores: 

ilmenite [133, 138]; coal [52, 55, 139]; gold [47]; copper [78, 84, 92, 135, 136, 140]; lead-zinc 

[76, 82]; and iron [107, 141, 142]. Although the improvements were not sufficient to 

compensate the energy consumption of microwaving, additional benefits such as less wear on 

the mill liner and milling medium, increased throughput, reduced recirculating load and the 

effects of cleaner liberation of valuable minerals on downstream processes such as leaching, 

flotation and magnetic separation all indicate that microwave treatment may become an 

economically viable technique to assist conventional grinding [18, 20, 80, 91, 107, 138, 142]. 

Microwave heating presents many advantages when compared to conventional 

thermally assisted liberation. The technique has been described as an attractive alternative to 

produce heating effects on rocks due to its ability to perform volumetric heating, acting at the 

surface but also reaching the core of heterogeneous samples (ores) simultaneously. This allows 

faster heating, instantaneous control of power, rapid start-up and feedback for process control 

and consequently a less costly process. In addition, since minerals have different heating rates, 

the process is highly selective. Conventional heating, on the contrary, heats from the surface to 

the core due to mechanism of conduction, convection and radiation. This wastes energy by 

heating the whole sample and is not selective. The percentage of the microwave energy 

converted into heat, called microwave efficiency, is reported to be around 95% in large 

industrial microwave systems [6, 14, 109, 143, 144]. In a conventional heating equipment, 55% 

to 72% of the input heat is lost only due to flue gases in a process running at 2000 ºF, indicating 

an even poorer efficiency when stored heat, wall losses and cooling water loss are considered 

[145]. 

Kingman & Rowson [138] listed the aspects of microwave assisted comminution which 

require the most research: reduction of energy input into the ore; maximization of heating 

efficiency through frequency optimization; the effect of temperature on dielectric constants; 

and scale up analysis. According to Walkiewicz et al. [20], the industrial application of 

microwave treatment would be limited not by accessibility of equipment but rather by the cost. 

In that sense, it has been proposed that the application of microwave heating may be 

economically viable after further studies involving higher power levels, shorter exposure times 

and pulsed delivery of radiation [22, 84, 138, 141, 146]. Haque [14] stated that the main 
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challenges for the use of microwave energy are a better understanding of microwave interaction 

with minerals and advanced engineering, such as designing more efficient processes, 

applicators and process control devices. Kobusheshe [78] and Voster [79] stressed the 

importance of the use of high power density and the development of a continuous microwave 

applicator for mineral processing operation as a key for industrial applications. 

The development of microwave heating systems for improved grinding and liberation 

has the potential not only to improve efficiency in comminution, but also to enable technical 

impairments in the mineral industry to be overcome, such as the beneficiation of complex ores 

with liberation at fine particle sizes. 

2.3.1 Factors influencing microwave heating  

Various research on microwave pretreatment of ores have revealed insightful 

information on the factors influencing this process. Particle size has been shown to influence 

the heating of metal particles as fine particles heated by micro-arcing [5]. For minerals and 

ores, the influence of particle size has shown to depend on the mineral. Standish et al. [147] 

reported that magnetite heated faster as coarser particles; similar to the behavior of iron ore 

[36], graphite [148], chalcopyrite and sphalerite [86], quartz, dolomite and limestone [136] and 

nickel-copper ore [87]. In the case of ulexite [149], aluminium oxide [147], galena [86] and 

gold concentrate [48], greater temperatures were achieved at finer particle sizes. Pyrite and 

marcasite, however, have not presented a heating rate clearly dependent on particle size [33, 

40, 86]. Salsman [150] investigated the effect of microwave heating on the grindability of 

sulphide ores and observed that the heating of sulphide particles is influenced by particle size. 

This behavior was said to depend on heat transfer effects and the response of the material’s 

dielectric loss to changes in temperature. According to Metaxas [151], cited by Standish [147], 

the electric field must be affected by the particle size, influencing the minerals’ heating rate.  

The mineralogy and texture of an ore has also been reported to influence liberation and 

reductions in the Work Index [77, 138, 152-154]. Greater thermal gradients at grain boundaries, 

more developed intergranular fractures and increased liberation have been observed for coarser 

mineral grains. Both the temperature differential between the absorbent grain phase and host 

rock, and the peak tensile stress at the grain boundaries, would be less significant in ores with 

fine grain sizes. The best approach suggested to pretreat this material is by using high power 

microwave systems  [78, 150, 155, 156]. 
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Power level,  exposure time, sample mass and power density have been reported as 

being the most significant parameters affecting recovery of microwave pretreated ores in 

downstream magnetic separation processes [38, 133]. The influence of sample mass on the 

grindability of microwave pretreated ores has also been investigated, showing that an optimum 

feed is not necessarily the smallest feed [79]. This behavior has been explained by the increased 

power reflected in the case of small masses or decreased power density in trials with larger 

masses [78]. Walkievicz et al. [107] studied the effect of temperature and power level on 

grindability of a taconite ore. As a considerable decrease in the Bond Work Index was obtained 

at lower temperatures (197 ºC), the authors indicated that the heating rate would have more 

influence on the efficiency of the process rather than the peak temperature; and that greater 

heating rates could be achieved at higher power levels. Other authors have also presented this 

idea, although they also highlighted that the effect of temperature and power level on 

microwave pretreatment is nontrivial [87]. The influence of power level on the minerals’ 

heating rate has been noted in early research into microwave treatment; as power level 

increased, the heating rate of minerals also increased, with the exception of materials with a 

low loss factor, which did not heat at any power level, and materials with a high loss factor, 

which heated well at all power levels. [18-20]. A more prominent heating effect has also been 

observed with the increase of power level in more recent studies [29, 33, 36, 40, 86, 149]. In 

addition, recent research indicated that multimode microwave systems working at higher power 

levels lead to great reductions in the ore strength in short exposure times, which can be even 

shorter if experimenting with a monomode or pulse microwave system. The authors indicated 

that this approach could make microwave assisted grinding economically viable [76, 84, 150]. 

Jones [157] and Ali & Bradshaw [155, 156, 158] demonstrated that high microwave power 

densities, which can be obtained by high power level systems, facilitates weakening of the ore 

due to magnification of temperature gradients, thermal expansion and shear stress at the grain 

boundaries of valuable minerals. In addition, they suggested the treatment to be economically 

viable for an exposure time of 0.01 s and power density ranging from 1x1011 W/m3 to 1x1012 

W/m3. 

2.4 Microwave enhanced separation  

The effects of microwave treatment on ores go beyond the physical phenomena of 

thermals stresses within the lattice of the material; heating the dielectric phases may lead to 

phase transformation at the grain boundaries which modify the physicochemical properties of 

valuable minerals. The downstream processes which depend on these characteristics are 
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expected to adapt to those changes, profiting or avoiding losses. In order to predict the potential 

challenges possibly faced by processing plants due to microwave pretreatment, the effects of 

this technique on the minerals’ physicochemical properties should be investigated.   

2.4.1 The effects of microwave heating on mineral properties 

The effects of heating on minerals and rocks has been explored by ancient mining 

techniques, such as fire-setting, to ease fracturing. This was possible since rocks containing 

quartz are usually highly susceptible to fire-setting and rocks composed of feldspar, micas, 

olivine and other ferromagnesian minerals are moderately affected. The results were dependent 

on the temperature of treatment; some rocks can be affected at temperatures just above the 

boiling point of water while substantial effects are observable for many rocks around 300 ºC 

and sever damage is observed for nearly all rocks at temperatures between 400 ºC and 600 ºC 

[124]. In modern applications with thermally assisted comminution, rapid heat treatment has 

been recommended for weakening of quartz and marble [128, 129] and the increase in 

temperature has been shown to increase the distribution modulus and decrease the size modulus 

of ground quartz [159]. Heating at temperatures above the α-β transition has been reported to 

reduce the Bond Work Index and to weaken rocks with a quartz matrix [159-161] due to 

anisotropic expansion [162, 163]. This has been detected for a tin ore which was heated to 650 

ºC and then quenched, lowering the Bond Work Index and the production of fines [164]. As 

the cassiterite grains was locked with quartz, chlorite, tourmaline and hematite, the authors 

exploited the α-β quartz transformation. The same approach was considered by Wonnacott et 

al. [165]  and Wills et al. [166]. In carbonate rocks, localized stresses have been said to promote 

ideal liberation after heating, cooling at room temperature and immersing in water. These 

stresses were caused by increased internal pressure along the grain boundaries due to the 

generation of carbon dioxide [167]. 

The first attempt to investigate microwave heating of minerals was conducted in 1967 

by Ford & Pei [168] with metal oxides and sulphides and correlated heating rates to each 

mineral’s colour; dark colored compounds presented greater heating rates than light colored 

ones. As more data was presented by other studies, a classification based on heating rate was 

proposed: hyperactive; active; difficult to heat; and inactive materials [169]. In 1978, 

Zavitsanos et al. [30] studied the desulphurization of coal utilizing microwave treatment. In 

1984, Chen et al. [170] conducted a study on mineral behavior under microwave exposure, 

which is an excellent point of reference for research on microwave treatment in mineral 
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processing. The authors examined forty minerals and concluded that most silicates, carbonates 

and sulphates, some oxides and some sulphides were transparent to microwave radiation; most 

sulphides, arsenides, sulphosalts and sulphoarsenides heated strongly. Hematite, magnetite and 

cassiterite heated but were thermally stable while most sulphides, sulphates and arsenides 

heated and reacted or fused during heating. Similar results were reported by McGill et al. [18-

20] at the US Bureau of Mines, which revealed that carbon and metal oxides presented the 

highest temperature among the mineral classes studied. These compounds were followed by 

metal sulphides, metal powder and some heavy metal halides. Gangue minerals such as quartz, 

calcite and feldspar did not heat. In general, valuable minerals presented a more prominent 

response to microwave heating than gangue minerals. The authors also observed a dependency 

of microwave heating on the minerals’ composition; sphalerite with greater iron content 

presented more prominent heating response than lower iron-sphalerite. More recently, studies 

have confirmed that most rock-forming minerals are weak microwave absorbers and that the 

impurities play  an important role on the heating rate of these minerals [171]. These findings, 

which showed selective heating, indicated microwave heating as a possibility to improve 

mineral separation; since the minerals have different heating rates, this treatment may modify 

their chemical and physical properties selectively [14, 50].  

The heating rate of minerals has been said to be affected not only by their chemical 

composition but also by their crystal structure, which may lead to different molecular 

polarization [33] and consequently different dielectric properties (e.g.: �′ - dielectric constant, 

�′′ - dielectric loss factor and �	
� - loss tangent), which can be determined for mineral particles 

using the Cavity Perturbation Technique (CPT) [172] or for mineral grains in the rock matrix 

using Scanning Microwave Microscope (SMM) [173]. These properties, directly responsible 

for microwave heating, are also dependent on the temperature of the material, therefore 

developing a positive feedback [148, 172, 174-178] which can result in a thermal runaway and 

possible melting of the mineral [179-181]. The dihydroxylation of some minerals has also been 

indicated to increase a mineral’s permittivity [182]. The physicochemical properties of 

minerals are also affected by heating, these being important features since they directly 

influence downstream processes such as magnetic separation, flotation and leaching. These 

changes result from phase transformation which may take place at the grain boundaries. The 

α-β quartz transition in microwave treated high quartz content rocks has been identified as an 

important phase transformation associated with fracturing [154]. The conversion of weak 

magnetic minerals such as pyrite, marcasite, siderite and hematite into more strongly magnetic 
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ones such as pyrrhotite and magnetite has been observed, enhancing the magnetic properties of 

microwave treated ores [28-40]. Figure 2.3 shows a new phase (covellite) formed at the border 

of a chalcopyrite-rich grain, masking the surface of this valuable mineral [79]. 

 

Figure 2.3 False colored backscattered SEM image of a microwave treated sulphide ore [79].   

The phase transformation of sulphide minerals has been correlated with the diffusion 

rate of oxygen from the surface to the core of the particles, creating the profile composed by 

oxides, sulphates and sulphides, as shown in Figure 2.4. Since frequency is constant (2.45 

GHz), the penetration depth and thus the thickness of each layer is expected to depend on power 

level and exposure time  [86]. Pretreatment with high power level microwaves for short 

exposure times has been reported to have little effect on the flotation recovery of sulphide ores 

[78], which could mean a limited occurrence of phase transformations and physicochemical 

changes.  

 

Figure 2.4 Oxidation model proposed for microwave irradiated sulphide particles. Me denotes an arbitrary 

metal [86].   
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Common outcomes of microwave treatment are the formation of new crystalline phases 

and dissociation of old phases [34, 131, 132, 141, 183]. The formation of new phases is unlikely 

to be observed by XRPD analysis when the changes are below the threshold of sensitivity of 

the method [29, 184]. This indicates the importance of applying more sensitive techniques to 

characterize treated samples such as inverse gas chromatography (IGC) (which has been 

reported as a simple and sensitive method to investigate surface properties of minerals [185-

190]) and X-ray photoelectron spectrometry (XPS) (which provide the chemistry and the 

oxidation state of the minerals’ surface after treatment [183]).    

2.5 Froth Flotation 

Froth flotation is the most important and versatile separation technique in mineral 

beneficiation. It is a process that exploits both natural and induced differences in the surface 

properties of the minerals, especially the degree of hydrophobicity, to achieve selectivity 

between valuable minerals and gangue. These differences can be obtained using organic 

compounds, named collectors, which render the desired mineral’s surface hydrophobic [191]. 

The ideal collector for a certain flotation system depends on the type of mineral which one 

wants to float. Xanthates are the most commonly used sulphide collectors while fatty acids are 

the most common non-sulphide collectors, especially salts of oleic acid. The action of a 

collector can also be modified by other reagents named regulators. They can be sub-classified 

as activators, when they alter the surface of the mineral so that the collector will adsorb 

selectively; depressants, when they render the mineral surface hydrophilic and non-appealing 

to the adsorption of the collector; dispersants, when they keep particles from aggregating in the 

slurry; and pH modifiers, when they change the pH and thus the chemistry of the collectors and 

the mineral surface [191-194].  

The separation between the hydrophobic mineral and the hydrophilic ones is conducted 

in a solid-liquid-gas system wherein a bubble swarm (the gas phase) is injected in the slurry, 

i.e.: water (the liquid phase) + minerals (the solid phase), and rises, collecting the hydrophobic 

particles which attach to bubbles. These bubble-particle aggregates form the froth layer on top 

of the slurry and then overflow to a launder (see Figure 2.5). The stability of the froth, as well 

as a reduced bubble size and rise velocity is obtained by using another class of reagents named 

frothers [191]. In systems in which the valuable minerals are collected in the froth, the 

recovered product is the concentrate and the hydrophilic product remaining in the slurry is the 

tailings. 
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Figure 2.5 Mechanical flotation cell [191] 

Preliminary laboratory testwork is necessary to determine the performance of reagents 

and the flotation kinetics, which will then be used to design the flotation circuit for a specific 

ore. Fundamental studies are conducted with single minerals (e.g.: contact angle measurements, 

microflotation in Hallimond tube, surface energy measurements) and batch scale flotation tests 

are  conducted with ore samples, usually of 500 g, 1 kg or 2 kg [191]. Mechanically agitated 

cells, such as the Denver Cell, are normally used in batch scale flotation (Figure 2.5). The 

performance of a batch flotation system is commonly evaluated using cumulative grade-

recovery curves, cumulative recovery-enrichment ratio curves and recovery as a function of 

time, to determine flotation kinetics [191, 195] (see Figure 2.6). The recovery-enrichment ratio 

curve gives the reader information on the evolution of grade and recovery of the valuable metal 

as flotation progresses, while the recovery as a function of time gives information on the 

maximum recovery and on the rate of recovery. Different models have been suggested to 

describe the recovery-enrichment ratio curve [196, 197] and the recovery kinetics curve [198-

201] being the choice usually made based upon the goodness of the fit of each model. 
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Figure 2.6 recovery-enrichment ratio (left) and recovery kinetics (right) curves [85] 

2.5.1 The influence of microwave irradiation on flotation 

The use of microwave irradiation to enhance flotation has been reported as a 

pretreatment [202] and also as a continuous process, in which the pulp is exposed to microwave 

radiation during flotation [3, 203-205]. In the latter approach, the recovery and grade of nickel 

and copper were said to be greatly enhanced [87], and that the effect of the treatment on the 

flotation performance is dependent on the collector’s adsorption mechanism [3, 205]. In 

microwave pretreatment, nickel recovery and kinetics were reported to improve [88, 206], but 

also to decrease due to pentlandite decomposition into other nickel phases [176, 207]. In this 

case, microwave pretreatment reduced the shear viscosity of a nickel ore pulp by converting 

serpentine into olivine. Improved recovery in the flotation of a  niobium ore was observed by 

Chistov et al. [208] and was associated with the reduction of fines in the microwave-treated 

samples. In the pretreatment of ilmenite ore, recovery was said to be most dependent on power 

level and exposure time and enhanced adsorption was explained by a more negative surface 

charge of ilmenite [202]. The change in the zeta potential of the minerals and consequent 

influence on flotation recoveries has been explained by phase transformation [202, 209]. In 

more recent studies, the oxidation of Fe2+ to Fe3+ is said to enhance the adsorption of oleate, 

render the ilmenite particles hydrophobic, reduce the consumption of collectors and increase 

the time particles remain in the froth zone [210, 211]. A positive correlation between ilmenite 

recovery and power level as well as an increased floatability of gangue minerals has been 

observed [211]. Studies with sulphide minerals indicated decreased floatability (chalcopyrite, 

pyrite and galena), but also no change in floatability (sphalerite) after microwave pretreatment 

[86]. In bench scale flotation studies, both improved and worsened results were observed. The 
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pretreatment of copper ores has led to decreased copper recovery [91] but also indicated no 

significant change in recovery of copper on bench scale flotation, even though phase 

transformation was observed around chalcopyrite and pyrite grains [79, 92]. Other results have 

even showed increased copper, nickel, zinc and lead grade in bench scale flotation after 

microwave pretreatment [82, 85, 88, 89]. Recent work with high power level microwave 

treatment for short times presented increased recovery and grade of copper and decreased 

recovery and grade of iron [78, 85], opposing the belief that microwave treatment and 

consequent surface oxidation of minerals would be detrimental to flotation. 

2.6 Ore characterization 

The use of different techniques to characterize minerals and ores is of paramount 

importance to mineral processing. These techniques are used to investigate phase composition 

(X-ray Powder Diffraction – XRPD), elemental composition (Inductively Coupled Plasma 

Optical Emission Spectrometry – ICP-OES), and mineral content, liberation and association 

(Quantitative Evaluation of Minerals by Scanning Electron Microscopy – QEMSCAN). 

Characterization techniques are also useful to investigate specific properties such as surface 

potential (Electrophoretic Light Scattering – ELS), wettability (particularly) of pure minerals 

(microflotation in Hallimond tube, Inverse Gas Chromatography – IGC), surface chemistry 

(Fourier-Transform Infrared Spectroscopy – FTIR, X-ray Photoelectron Spectroscopy – XPS, 

Energy-dispersive X-ray spectroscopy – EDS), and surface morphology (Scanning Electron 

Microscopy – SEM, gas adsorption/desorption analysis). 

2.6.1 Elemental and mineral analysis 

ICP-OES has been widely used for elemental analysis due to its rapid multielement 

analysis, low detection limit, wide linear dynamic range and high precision. The technique is 

based on the analysis of the characteristic light emitted by the atoms in the sample, when 

excited to a high energy state during sample atomization by an argon plasma. The different 

characteristic emissions are separated by using prisms and then analyzed by a light detector; 

the wavelength indicates the element, whereas the light intensity provides the elemental content 

using a calibration curve. As the method allows the acquisition of different emission lines for 

each element, overlapping can be avoided and high precision can be obtained. [212, 213].  

The identification of the minerals present in an ore sample is generally conducted using 

X-ray Powder Diffraction – XRPD. This technique identifies the minerals present in the sample 
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(2.12) 

(2.13) 

using the diffraction of a characteristic X-ray (commonly from Cu and Co) through the 

crystalline structure of the minerals. This is possible by using Bragg’s law, which correlates 

the diffraction patterns and the arrangement of the atoms (interplanar distance) in the minerals, 

as shown in Equation 2.12 [214, 215].   

2* sinɵ = 
λ 

where d = interplanar distance (nm), ɵ = scattering angle (°), n = positive integer, λ = 

wavelength of the incident x-ray (nm). 

2.6.2 Surface potential measurement 

The surface potential developed by a mineral in aqueous solution is commonly 

investigated through its zeta potential, obtained using Electrophoretic techniques, such as 

Electrophoretic Light Scattering – ELS. The zeta potential of a mineral is defined as the 

potential difference at the slipping plane relative to the bulk of the suspension. This plane is 

the region where there is no movement of the particle (and the fluid attached to it) relative to 

the bulk of the suspension. Although the zeta potential is not a surface measurement, it can be 

used to estimate of the surface potential, and is traditionally used to evaluate the adsorption of 

surfactants onto the minerals’ surfaces. ELS allows the acquisition of the zeta potential by 

measuring the movement of the charged particles in suspension and under the influence of an 

applied electric field. The method relies on the Doppler effect to measure the particle’s 

velocity, which is obtained using the shift in the frequencies of lasers which interact with the 

moving particles. The particle’s velocity can be used in Equation 2.13 to obtain the 

electrophoretic mobility of the sample and calculate its zeta potential [213, 216].  

μ� =
I

%
 

where μ� = electrophoretic mobility (m2 V−1 s−1), I = particle’s velocity (m s−1), E = electric 

field (V m−1). 

The model used in the zeta potential analysis depends on the conditions of the 

experiments, specially the particle size and the ionic strength of the medium. For most 

conditions and results found in the literature, the Smoluchowski approach is applied (Equation 

2.14) [213, 216].  
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(2.14) μ� =
εCε�J

K
 

where μ� = electrophoretic mobility (m2 V−1 s−1), εC = dielectric constant of the medium 

(dimensionless), ε� = permittivity of free space (F/m), J = zeta potential (V), K = dynamic 

viscosity (kg m−1 s−1). 

2.6.3 Wettability 

The hydrophobicity or wettability of minerals is traditionally investigated using contact 

angle measurements or microflotation experiments in Hallimond tube. Due to the difficulties 

to prepare the samples and to measure the contact angles; along with the differences between 

the conditions of the analysis and the conditions found in flotation systems, microflotation 

experiments are more frequently conducted. In a modified Hallimond cell (Figure 2.7), N2 is 

injected in the lower part of the tube and forms small bubbles when passing through a glass 

frit. These bubbles interact with the particles in suspension in the cell, forming aggregates 

bubble-particle with the hydrophobic minerals, which rise to the top of the froth and are 

collected in the concentrate receiver. The minerals are previously conditioned with collectors, 

which are added to make the minerals more hydrophobic. The hydrophilic minerals remain in 

suspension and are collected in the tailing receiver. The percent of the sample recovered as 

concentrate, also called floatability, is then calculated and can be used to evaluate the 

performance of a collector in the flotation of different minerals.        

 

Figure 2.7 Modified Hallimond tube [217]. 
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In addition, other techniques, such as Inverse Gas Chromatography (IGC), have 

recently shown great potential to investigate the wettability of pure mineral particles. IGC is 

an adaptation of the traditional Gas Chromatography (GC) to investigate solid samples. While 

the GC investigates the properties of liquid samples by using solid probes, IGC follows the 

inverse logic: organic solvents are the probes used to study the wettability, surface energy and 

many other properties of solid particles in a column. In the experiment, both the polar and the 

non-polar nature of the solid samples are accessed by measuring the interactions (retention 

times) with the probes. As the surface energy and heterogeneity are important mineral surface 

properties in flotation, since they can be correlated to wettability and floatability, and the 

technique does not require sample preparation as the contact angle measurements, IGC has 

recently attracted great attention from mineral processing researchers [188, 217].    

2.6.4 Surface chemistry and surface morphology 

The surface chemistry of minerals can be investigated using different techniques, such 

as Fourier-Transform Infrared Spectroscopy (FTIR), X-ray Photoelectron Spectroscopy (XPS) 

and Energy-dispersive X-ray spectroscopy (EDS)[213]. FTIR relies on the fact that a material 

can absorb infrared radiation that resonates with its internal structure at specific wavelengths, 

giving its atoms different forms of vibration. By comparing the spectrum of the incident 

radiation with that interacting with the sample, it is possible to obtain characteristic absorption 

signals at specific wavelengths (or wavenumbers). This provides a signature for different 

materials, allowing the identification of different species at the samples’ surface [218]. On the 

other hand, XPS uses the photoelectric effect to identify the chemical bonding at the samples’ 

surface: as the material is targeted with x-ray photons, its electrons are excited and emitted 

from the atoms. The kinetic energy of the emitted electrons is measured by a detector; once the 

energy of the incident photon and the work function are known, the binding energy of the 

emitted electron in the atom can be calculated. Since the electrons of an atom have specific 

energetic states, the XPS analysis can identify the elements, as well as the changes in the 

chemical environment of the element [214, 215].  

While the XPS analyzes thin layers of the samples surface (in the nm range), due to its 

less energetic incident energy, the EDS analysis allows the identification of chemical species 

in a greater depth (in the µm range). The technique is a semi-quantitative elemental analysis; 

it detects the characteristic x-rays of higher-energy electrons as they move to a lower-energy 

shell to fill the position of secondary electrons emitted when excited by an incident electron 
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beam [213-215, 219]. EDS is usually coupled with Scanning Electron Microscopy (SEM), 

which produces information on surface topography and composition. SEM is done by scanning 

the samples’ surface with a focused beam of electrons and measuring the number of electrons 

emitted as the surface and the elemental content changes. The chemical composition of the 

mineral is provided by measuring the back-scattered electrons (BSE), which are high-energy 

electrons retarded by the interaction with the nucleus of the atoms, whereas the morphology of 

the material is better investigated by measuring the secondary electrons (SE), which are low-

energy electrons that escapes depending on the topography of the sample [214, 220]. Therefore, 

the SE can be used to investigate the morphology and roughness of mineral samples along with 

techniques for surface area and porosity study, such as the application of the Brunauer, Emmett, 

and Teller (BET) and the Barrett-Joyner-Halenda (BJH) models to N2 adsorption/desorption 

isotherms. The BET is applied to the linear part of the isotherm (amount of gas adsorbed as a 

function of relative pressure) obtained during the formation of the gas monolayer, as N2 begins 

to adsorb onto the sample surface. As the relative pressure increases, the gas fills the pores and 

condenses. When desorption is conducted by reducing relative pressure, part of the condensed 

gas remains inside the pores until lower pressures are achieved, creating a hysteresis between 

the adsorption and desorption curves. The complete adsorption curve can be used in the BJH 

analysis to determine the pores volume and area, while the shape of the adsorption-desorption 

curve and its hysteresis can give information on the nature of the pores [221-223]. 

2.6.5 Mineralogy 

The information of an ore’s modal mineral composition, texture and liberation can be 

obtained using Quantitative Evaluation of Minerals by Scanning Electron Microscopy 

(QEMSCAN). The technique consists of an automated SEM system, which allows the 

acquisition of images with less details than a conventional SEM, however obtaining data for a 

much larger number of particles. This allows a quantitative evaluation of the samples’ 

mineralogy and a statistical treatment of the data. The QEMSCAN analyses are conducted in 

polished sections of particles prepared with a dispersant in epoxy resin. These sections are 

divided into small areas and BSE imaging is then used to isolate the particles present in each 

area. Subsequently, each particle is divided into smaller areas, which are represented by pixels 

according to a predefined resolution, and EDS measurements are conducted. The EDS spectra 

are used to identify and quantify the elements in each area/pixel. Colors are assigned to the 

pixels based on the elemental composition of the area, which is identified as a certain mineral 

(with the same elemental composition) from a database. The computational analysis 
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incorporated in the QEMSCAN analyses are of paramount importance since a large amount of 

data is being processed. In fact, most of the high cost of the analyses are due to the capital cost 

of the licenses for algorithms used in data processing [224, 225]. 
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Chapter 3: Surface Characterization of Microwave-treated 

Chalcopyrite 

Abstract 

The application of microwave radiation as an assisted grinding technique has shown 

great potential in reducing the energy consumption and improving efficiency in comminution. 

Besides fracturing, the treatment may also lead to phase transformation at the grain boundaries 

of the minerals, changing their surface properties and affecting downstream processes, such as 

flotation. Therefore, the study of the effects of microwave treatment on a mineral’s surface 

properties is an important step for the industrial application of microwave assisted grinding. In 

this work, the surface properties of untreated and microwave-treated chalcopyrite were 

investigated by XRPD, XPS, ATR-FTIR, SEM, BET/BJH, IGC, electrophoresis (zeta 

potential) and microflotation. Phase transformation was not observed by XRPD, indicating that 

oxidation was restricted to thin oxidation layers. XPS results showed that short exposure times 

favored the formation of copper polysulphides (CuxFeySn) at the mineral surface. Treatment 

for longer exposure times converted CuFeS2 into iron oxides/ hydroxides/oxyhydroxides and 

sulphate at the surface and CuxFeySn underneath the oxidation layer. A shift in the zeta potential 

curves to less negative values was observed for the longer exposure times, in which an IEP 

around 4.5 was obtained. The collectorless floatability of chalcopyrite initially improved after 

exposure as its surface energy decreased. However, the samples’ surface became energetically 

more active after longer treatment times, and the flotation recovery decreased. Microwave 

treatment also increased the mineral’s specific surface area (SSA) and porosity; and changed 

the pore size distribution.  

3.1 Introduction 

 Mineral beneficiation presents high energy consumption, which has increased over time 

[1]. Most of this energy is spent in comminution, which makes crushing and grinding the most 

costly steps in mineral processing, accounting for up to 80% of the energy spent in a mill and 

up to 4% of the world’s electrical consumption [1-9]. Conventional grinding techniques, which 

are reported to consume 97% of the energy in comminution, also present low energy efficiency 

(0.1 to 2%) [2, 10-14]. Both energy consumption and efficiency have encouraged the 

investigation of new comminution-assisting techniques which could improve this scenario 

(e.g., electrical, ultrasonic, hydraulic, thermal and microwave pre-treatments) [15-29].  
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In recent years, the application of microwave irradiation as an assisted-grinding 

technique has shown great potential in reducing the energy required in comminution and 

improving liberation and various effects on downstream processes such as leaching, flotation 

and magnetic separation [30-48]. The effects are clearly observed in the processing of sulphide 

ores, which are easily oxidized during microwave heating. One important example can be 

found in the flotation of microwave-treated chalcopyrite (CuFeS2): the world`s most important 

copper mineral (in terms of availability) and the world’s largest source of copper [49]. 

Microwave pre-treatment has been reported to affect the flotation of copper sulphide 

ores due to phase transformation which takes place at the boundaries of chalcopyrite during 

exposure [37, 38, 42, 50-56]. These changes could affect Cu recovery and grade in flotation, 

since the mineral surface would be rendered with new properties. In the case of chalcopyrite, 

the transformation consists of oxidation which starts from the surface and continues towards 

the core of each particle, forming different oxidized layers [50]. Although this can be regarded 

as a predictable process, beneficial [38, 50, 52-56] and detrimental effects [37] or even no 

significant changes [42, 51] have been observed in the flotation of microwave-treated copper 

ores, indicating that the extent of this oxidation is an important factor that should be 

investigated in detail. Research conducted to date on the surface characterization of 

microwave-treated minerals have focused on hematite [57] and ilmenite [58-63]. This calls for 

new research on the property changes of many other important valuable and gangue minerals 

exposed to microwave radiation.  

In this study, the surface properties of untreated and microwave-treated chalcopyrite 

samples are investigated. Information on phase composition, surface chemistry, surface charge, 

hydrophobicity and morphology are presented. 

3.2 Experimental 

3.2.1 Materials  

Chalcopyrite from Durango (Mexico) was purchased from Ward’s Natural Science 

(U.S.A.), with crystal aggregates ranging from 1 to 10 cm. They were dry-crushed, pulverized 

and sieved to obtain a particle size in the range –150 + 38 μm. As the sample contained other 

minor mineral phases, purification was performed by hand picking, use of a hand magnet and 

Frantz Isodynamic Separator (S.G. Frantz Company Inc., U.S.A.); the product was 

immediately stored in a freezer to minimize oxidation. In order to measure the zeta potential 
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and conduct elemental analysis, part of the sample was further pulverized to -10 μm (D50 = 3.2 

μm, measured using laser diffraction) using an agate mortar & pestle. Samples of both size 

fractions (–150 + 38 μm and -10 μm) were then exposed to microwave radiation. 

3.2.2 Methods  

3.2.2.1 Microwave treatment 

Chalcopyrite samples (20 g) were poured into a microwave transparent alumina 

crucible. The treatment was conducted in a 3.0 kW, 2.45 GHz Amana RC30 multimodal 

microwave (Amana, U.S.A.) for 5, 10 and 20 s. The crucible was placed in the center of the 

cavity (215 mm x 330 mm x 380 mm) for all exposures. Temperature measurements were 

obtained post exposure using a HH23 Omega thermocouple (Omega, U.S.A.). 

3.2.2.2 Chemical and phase composition 

The chemical composition of the untreated and microwave-treated particles was 

investigated to confirm the purity of the sample and identify possible changes due to the 

treatment. For that purpose, 0.1 g samples were digested at 95 °C using aqua regia, then 

inductively coupled plasma optical emission spectrometry (ICP-OES) was performed using a 

Thermo Scientific 6000 series spectrometer (Thermo Fisher Scientific Inc., U.S.A.). The phase 

composition was analyzed to identify the possible phase transformations after microwave 

treatment, by performing X-ray powder diffraction (XRPD) analysis in a Bruker D8 Discovery 

X-Ray Diffractometer (Bruker-AXS Inc., U.S.A.) equipped with Co κα X-ray source ( λ = 1.79 

Å), operating at 35 kV and 45 mA and 2L ranging from 15 to 75°.  

3.2.2.3 X-ray photoelectron spectroscopy (XPS) 

The species formed on the surface of microwave-treated chalcopyrite were analyzed 

using a Thermo Scientific K-Alpha monochromatic X-ray photoelectron spectrometer (Thermo 

Fisher Scientific Inc., U.S.A.) equipped with an Al κα X-ray source (1486.6 eV, 0.834 nm), 

ultrahigh vacuum chamber (10-9 Torr) and microfocused monochromator. The analysis 

consisted of an elemental survey from 0 to 1350 eV and high resolution scans with a pass 

energy of 1 and 0.1 eV respectively. Depth profiles were performed in-situ using an Ar ion 

beam sputtering, with energy of 3000 eV, current of 4.16 µA, 30 levels and etching cycles of 

30 s. These etching conditions provided an estimated etching rate of 0.53 nm s−1. The analyses 

were conducted on 3 target points for each sample using a spot size of 400 μm. Surface charge 

effects were avoided by employing an electron charge gun.  Prior to the experiments, the 
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chalcopyrite samples (–150 + 38 μm) were kept in a desiccator and dried for 2 hours in a 

vacuum oven at room temperature. The results (binding energies) were calibrated using the C 

1s peak for C-C, at 284.8 eV, and fitted using the software Thermo Advantage 4.60 (Thermo 

Fisher Scientific Inc., U.S.A.).  

3.2.2.4 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was 

conducted on the untreated and microwave-treated samples using a Spectrum 400 spectrometer 

(Perkin Elmer, U.S.A.). The dried samples were analyzed without further treatment (e.g., 

grinding and washing). The IR transmittance spectra were obtained by passing 64 scans, 

between 4000 and 650 cm-1, with a resolution of 4 cm-1. The obtained spectra were baseline 

corrected and normalized to the total surface area under the transmittance bands using 

Spectrum software (Perkin Elmer, U.S.A.).    

3.2.2.5 Morphological characterization 

The possible changes in morphology of the chalcopyrite surface were examined by 

scanning electron microscopy (SEM). The investigations were performed on a Hitachi SU3500 

scanning electron microscope (Hitachi, Japan) operated in VP-SEM Mode, at 15 kV, 107 μA, 

30 Pa and 10.9 mm working distance.  

The study of the surface area and porosity of the untreated and microwave-treated 

chalcopyrite samples (–150 + 38 μm) was conducted by N2 adsorption/desorption isotherms 

measured at 77K on a Micrometric TriStar 3000 analyzer (Micromeritics Instrument 

Corporation, U.S.A.). The specific surface area (SSA) was obtained from the isotherms by 

using the Brunauer–Emmett–Teller (BET) method [64] and the average pore width and pore 

volume distribution by using the Barrett–Joyner–Halenda (BJH) method [65]. Prior to each 

test, the sample was degassed with N2 for 24 hours at room temperature.  

3.2.2.6 Zeta Potential 

The samples’ surface potential (zeta potential) was investigated by Electrophoretic 

Light Scattering (ELS) using a NanoBrook 90Plus Zeta Particle Size Analyzer (Brookhaven 

Instruments, U.S.A.). The suspensions were prepared by adding 10 mg of sample into 10 mL 

of pH adjusted 1 x 10-2 M KNO3 solution (supporting electrolyte). Deionized water was purged 

with N2 for 30 minutes prior to the preparation of KNO3 solution in order to reduce the 
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dissolved oxygen (DO) content and avoid oxidation of the particles. The solution pH was 

adjusted using HNO3 and KOH (0.1 M, 0.01 M or 0.001 M depending on the target pH) prior 

to addition of the particles. The suspensions with untreated chalcopyrite were prepared 

immediately after pulverizing in order to avoid oxidation. The treated samples were obtained 

by pulverizing and then exposing to microwaves. Untreated or treated samples were added to 

the electrolyte solution and the suspensions mixed to ensure that the particles were kept in 

suspension; and the electrophoretic mobility was measured immediately, and converted to zeta 

potential by applying the Smoluchowski equation [66]. 

3.2.2.7 Microflotation 

The floatability of the untreated and microwave-treated chalcopyrite samples was 

investigated by microflotation tests in a 170 cm3 modified Hallimond tube, presented in Figure 

3.1. In each test, 1 g of sample was conditioned for 5 minutes in 30 mL of distilled water, with 

a pH of 7.0. The suspension was then poured into the bottom part of the tube, the extensor and 

the top part attached and the suspension level completed up to the froth layer with pH adjusted 

distilled water.  A magnetic stir bar was employed to ensure the particles remained in 

suspension. Nitrogen (N2) gas was purged through the frit, at the base of the bottom part, at a 

flow rate of 40 cm3/min. Collectorless flotation was performed for 1 minute. Floated and non-

floated products were then filtered, dried and weighed. 

3.2.2.8 Inverse gas chromatography (IGC) 

The surface energy of the chalcopyrite samples was determined using a Surface Energy 

Analyzer, SEA (Surface Measurements System Ltd., UK) at finite concentration (FC-IGC), 

and 5 % surface coverage. The chromatography columns were presilanized glass tubes of 30 

cm in length, with an outer diameter of 6 mm and an inner diameter of 4 mm. Helium was 

selected as carrier gas at a flow of 10 ml min-1 and methane was used for dead volume 

corrections. All measurements were carried out at 30 °C and 0% RH. The alkanes used in the 

surface energy experiments were decane, nonane, octane and heptane, and the polar probes 

were toluene and dichloromethane. The experiments were run a minimum of three times for 

each sample. The data were analyzed using Cirrus Plus Analysis Software (Surface 

Measurements System Ltd., UK). The retention time from the peak maximum was used to 

calculate the retention volume and to determine the surface energies. The Schultz method [67, 

68] was employed for determining the dispersive components, and the specific components 

were obtained using the Della Volpe scale [69-72]. 
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Figure 3.1 Modified Hallimond tube. 

3.3 Results 

3.3.1 Temperature 

The bulk temperature measured for chalcopyrite samples (Figure 3.2) is consistent with 

previous studies, noting the mineral response to exposure [30, 39, 73, 74]. In addition, a greater 

heating rate at longer exposure times is indicated by the curve in Figure 3.2, in agreement with 

a previous study [75] which claims an enhancement of the mineral dielectric properties by the 

increase in temperature. This also suggests that copper and iron sulphates and oxides may have 

been formed, especially after 20 s treatment [50, 76].   
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Figure 3.2 Temperature of chalcopyrite exposed to microwave radiation for different times. Error bars represent 

95% confidence intervals. 

3.3.2 Chemical and phase composition 

The XRPD patterns of untreated chalcopyrite (Figure 3.3a) confirmed the purity of the 

sample, which included quartz and sphalerite as being minor contaminants. This result is 

consistent with the chemical composition provided by ICP-EOS (Table 3.1), in which Zn and 

Si are the most abundant elements after S, Cu and Fe. The differences between the elemental 

content of treated and non-treated samples are not statistically significant as they are within the 

95% C.I. The XRPD patterns of treated chalcopyrite (Figures 3.3b, 3.3c and 3.3d) showed no 

changes in the original peaks, indicating that phase transformation could not be observed. 

These results are consistent with previous investigations in which phase transformation was 

not detected for microwave treatment of chalcopyrite even for longer times [54] or treatment 

of other sulphides such as pyrite [46]. Sahyoun et al. [76] and Waters et al. [46] suggested that 

the formation of new phases is unlikely to be observed by XRPD analysis since the changes 

may be below the threshold of sensitivity of the method. Observable changes could be only 

achieved for much longer treatment times [50], in which thicker oxidation layers are formed. 

 Table 3.1. Chemical composition (Wt %) of the purified - 150 + 38 μm chalcopyrite sample measured 

by ICP-OES. Standard error (%) < 7, with 95% confidence. 

 Cu S Fe Zn Si Ca Al Mg Ag B Co Mn Ni 

Untreated 32.06 28.67 27.19 0.60 0.43 0.20 0.04 0.03 0.03 0.02 0.01 0.01 0.01 

5s 32.21 28.05 26.17 0.68 0.47 0.19 0.05 0.04 0.04 0.02 0.01 0.01 0.01 

10s 31.99 27.74 26.86 0.68 0.47 0.20 0.04 0.04 0.04 0.02 0.01 0.01 0.01 

20 s 31.98 26.44 26.73 0.67 0.49 0.18 0.05 0.04 0.03 0.02 0.01 0.01 0.01 
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Figure 3.3 X-Ray diffractograms of chalcopyrite: a) untreated, and microwave-treated for b) 5 s, c) 10 s and d) 

20 s (Ccp: chalcopyrite, Sp: sphalerite and Qz: quartz). 

3.3.3 Zeta Potential 

The zeta potential of untreated and microwave-treated chalcopyrite as a function of pH 

is presented in Figure 3.4. The untreated particles exhibited negative zeta potential in the pH 

range investigated and no IEP was found (IEP < 3), which agrees with previous work by 

Fullston et al. [77] and Kelebek & Smith [78]. The microwave-treated chalcopyrite particles 

displayed less negative zeta potential curves. A T-test indicated no significant difference in the 

zeta potential curves of untreated and 5 s irradiated chalcopyrite or in between all the samples 

for pH values lower than 4 or greater than 8. The curves (untreated, 10 s and 20 s) are 

significantly different between pH 4 and 8. The 20 s treated sample showed positive values at 

lower pH and an IEP around 4.5. As these changes have been reported as a consequence of the 

oxidation of the mineral [77], similar effects are expected to occur during microwave 

irradiation; the heat is a driving mechanism of the oxidation process. The less negative surface 

charge, along with the surface speciation, may affect the adsorption of collectors and 

depressants in chalcopyrite flotation.  
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Figure 3.4 Zeta potential of chalcopyrite: untreated, and microwave-treated for 5, 10, and 20 s. Error bars 

represent 95% confidence intervals. 

3.3.4 X-ray photoelectron spectroscopy (XPS) 

The XPS results for the untreated and microwave-treated chalcopyrite were curve fitted, 

and the chemical species identified as shown in Table 3.2. The S 2p spectra (Figure 3.5) 

indicated the presence of CuFeS2 and a multicomponent distribution of sulfur, polysulphides 

or metal deficient sulphides (CuxFeySn, n>x>y), on the surface of the untreated chalcopyrite at 

161.31 eV and 163.02 eV, respectively [79-85]. Microwave treatment led to the oxidation of 

the chalcopyrite surface, reducing the relative intensity of CuFeS2 peaks and forming S 2p3/2 

broad peaks of SO4
2- and SO3

2- species at 168.46 eV [79, 80, 86, 87]. In addition, after longer 

exposure times, the intensity of the CuxFeySn S 2p doublet increased relatively to the CuFeS2 

S 2p doublet but decreased relatively to the SO4
2-/SO3

2- S 2p doublets. 

 

Figure 3.5 XPS S 2p spectra of chalcopyrite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 
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Table 3.2. Binding energy (eV) of Fe, S, O and Cu for the proposed species on the surface of untreated and 

microwave- treated chalcopyrite. 

Peak   Proposed species Untreated 5 s 10 s 20 s 

Fe 2p3/2 

Fe(II)S / Fe(III)S 707.44 707.58 707.36 707.48 

CuFeS2  708.35 708.47 - - 

FeOOH, Fe(OH)2, Fe(OH)3, 
FeO, Fe2O3, Fe3O4 

710.69 710.73 710.66 710.42 

FeSO4 712.32 712.38 712.41 712.32 

Fe2(SO4)3 714.01 714.16 713.98 713.95 

Fe 2p1/2 

Fe(II)S / Fe(III)S 720.50 720.31 720.45 720.73 

CuFeS2 721.48 721.42 - - 

FeOOH, Fe(OH)2, Fe(OH)3, 
FeO, Fe2O3, Fe3O4 

723.96 723.97 724.04 723.78 

FeSO4 725.34 725.61 725.56 725.54 

Fe2(SO4)3 727.23 727.28 727.38 727.35 

S 2p3/2 

CuFeS2  161.31 161.39 161.25 161.32 

CuxFeySn 163.02 162.98 162.79 163.10 

SO4
2-/SO3

2- 168.46 168.85 168.74 168.80 

S 2p1/2 

CuFeS2 162.39 162.46 162.33 162.51 

CuxFeySn 164.01 164.26 164.02 164.46 

SO4
2-/SO3

2- 169.67 169.48 169.96 169.98 

O 1s 

FeO, Fe2O3, Fe3O4 529.96 529.96 529.95 529.96 

FeOOH, Fe(OH)2, Fe(OH)3 / 
FeSO4, Fe2(SO4)3 

532.01 531.89 531.75 531.66 

physisorbed H2O  534.07 534.08 534.08 534.04 

Cu 
2p3/2 

CuFeS2 932.03 932.03 931.95 932.18 

CuO 933.80 933.78 933.64 933.48 

Cu 
2p1/2 

CuFeS2 951.88 951.89 951.78 952.01 

CuO 954.40 954.51 953.99 954.28 
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The fitting of the Fe 2p spectra (Figure 3.6) showed that iron was present on the surface 

of chalcopyrite as Fe(II)S/Fe(III)S (707.44 eV) [82, 88-91], CuFeS2 (708.35 eV), 

oxides/hydroxides/oxyhydroxides (e.g.: FeOOH, Fe(OH)2, Fe(OH)3, FeO, Fe2O3, Fe3O4) at 

710.69 eV and sulphates (e.g.: FeSO4 at around 712.30 eV and Fe2(SO4)3 at around 714.00 eV 

[86, 92, 93]). The peak 710.69 eV has been assigned to the presence of various iron oxides, 

hydroxides and oxyhydroxides due to broad band of the peak, especially before treatment. The 

oxidation of chalcopyrite due to microwave treatment increased the amount of iron as 

oxides/hydroxides/oxyhydroxides relative to iron as CuFeS2, which was not observed after 10 

s of treatment.  

 
Figure 3.6 XPS Fe 2p spectra of chalcopyrite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 

The O 1s spectra is consistent with the Fe 2p and S 2p spectra, indicating that oxygen 

was present as iron oxides at 529.96 eV [82-84, 94-96] and hydroxides [82-84, 94-96] or iron 

sulphate [86, 97] at 531.89 eV. A slight shift of this peak to lower binding energies after longer 

exposure times may suggest the oxidation of ferrous to ferric sulphate [86, 97]. In addition, 

physisorbed water was observed at 534.07 eV [82, 98-100]. The increase in the presence of 

oxides relative to the amount of hydroxides, as shown in Figure 3.7, is consistent with the loss 

of OH due to the heating generated by the microwaves. The Cu 2p3/2 spectra of untreated 

chalcopyrite was fitted with two curves, one at 932.03 eV, assigned as Cu in the bulk of the 

mineral structure; and a second one at 933.80 eV, assigned as copper oxide [82-84, 95, 101]. 

No significant changes in each peak’s position was observed at the mineral’s surface after the 

treatment although the Cu signals were reduced relative to the signals of Fe, S and O, while the 

Fe signal have increased relative to S and Cu. 
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Figure 3.7 XPS O 1s spectra of chalcopyrite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 

The Cu depth profiles produced for treated and untreated samples are shown in Figure 

3.8. The profiles indicate that the untreated sample exhibits an increase in Cu content from the 

bulk of the particles towards the surface. This enrichment is even greater in the samples treated 

for 5 s. In the case of the samples treated for 10 and 20 s, the Cu content increases from the 

bulk until a depth of 14 and 57 nm, respectively, and then displays a sharp decrease towards 

the surface. These results are consistent with previous studies which predicted: 1) the copper 

enrichment in between the oxidation layer and the non-oxidized chalcopyrite [80, 83, 89, 102, 

103]; 2) the lower copper content at the surface due to the enrichment of iron, which diffused 

from the inner layers, forming the oxidation layer (oxides, hydroxides and oxyhydroxides) [79, 

80, 82-84, 89, 95, 102, 103]. The profiles and the results shown in Figure 3.5 suggest that the 

metal deficient sulphide (CuxFeySn), formed during the iron diffusion to the surface, has high 

copper and low iron content. The mild oxidation (as obtained by microwave treating the 

samples for 5 s) has been reported to be the process by which the polysulphides are formed on 

the surface of chalcopyrite, rendering its collectorless floatability [104-107]. 
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Figure 3.8 XPS Cu depth profile of chalcopyrite: untreated and microwave-treated for 5 s, 10 s and 20 s. 

3.3.5 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

The baseline corrected and normalized ATR-FTIR spectra (1950 - 650 cm-1) of 

untreated and microwave-treated samples are presented in Figure 3.9. The typical bands of 

untreated chalcopyrite are shown in Figure 3.9a [108]. The band at approximately 1410 cm-1 

can be attributed to the stretching of Fe-O in Fe3O4 [109], which may be an oxidation product 

present in the sample prior to the treatment. After the sample was exposed to 5 s of microwave 

radiation, the bands corresponding to sulphates begin to appear in the spectra (Figure 3.9b). 

The bands at around 990, 1090, 1150 and 1625 cm-1 could be due to hydrated ferric sulphate, 

as reported by Miller et al. [110]. The bands at 670, 840, 1103, and 1168 cm-1 may indicate the 

presence of small amounts of hydrated ferrous sulphate [111]. The bands at 840 cm-1 and 1625 

cm-1 may be attributed to O-H bending while the others are due to S-O stretching [111]. The 

bands at 1008, 1027 and 1215 cm-1 suggest the presence of iron hydroxy-sulphates [111]. The 

spectra of the sample treated for 10 s (Figure 3.9c) appears similar to that of 5 s of treatment 

(Figure 3.9b). However, after 10 s treatment, the bands corresponding to hydrated ferrous 

sulphate appear to be weaker; while the bands corresponding to ferric sulphate become more 

pronounced. Furthermore, the appearance of the band at 1050 cm-1 indicates that iron oxide 

started to form [112]. When the sample was exposed to microwave radiation for longer, as in 

the case of 20 s treatment, the sulphate bands weakened, while the band corresponding to iron 

oxide (1050 cm-1) became more evident. The shift of the band corresponding to Fe-O stretching 

(from 1410 cm-1 to 1402 cm-1) from 0 s to 20 s treatment was also observed, which can be due 

to the formation of fresh iron oxide sites after microwave treatment.   
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Figure 3.9 ATR-FTIR spectra of chalcopyrite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. The S-O 

is assigned to iron hydroxy-sulphates; the S-O* to hydrated ferrous sulphates; and the S-O** to hydrated ferric 

sulphates.   

3.3.6 Morphological characterization 

The SEM images of the chalcopyrite samples, untreated and microwaved-treated, are 

shown in Figure 3.10. The untreated particles presented sharp edges and a smooth conchoidal 

surface on which smaller particles can be seen, as observed in  chalcopyrite samples previously 

studied [113, 114]. These particles, which display a similar composition of that of the surface, 

can be found since dry screening was performed instead of typical wet screening in order to 

avoid oxidation. The microwave treatment rendered the chalcopyrite with a highly porous 

surface after irradiation for 20 s, similar to that observed in microwave-treated ilmenite [62, 

63].  
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Figure 3.10 SEM photomicrographs of chalcopyrite: a) untreated and microwave-treated for b) 5 s, c) 

10 s and d) 20 s. 

The specific surface area (SSA) and the porosity of the samples were examined by BET 

and BJH methods, respectively. The SSA and the average pore width increased after 

microwave treatment (Table 3.3), which is in agreement with the results presented in Figure 

3.10. Based on the IUPAC recommendations [115], the untreated sample and the samples 

irradiated for 5 and 10 s are classified as mesoporous materials and the sample treated for 20 s 

is categorized as a macroporous material. All samples presented isotherms with a Type H3 

hysteresis loop, which indicates the presence of slit-shaped pores [116]. The pore size 

distribution (Figure 3.12) also changed with the treatment from unimodal, in the untreated 

sample, to bimodal in the treated ones. The classes are present in the meso and macroporous 

regions. The contribution of the new macropores to the total pore volume can be seen also in 

the cumulative pore volume curve (Figure 3.11). These data indicate that further investigation 

on porosimetry of microwave-treated chalcopyrite should be conducted with more suitable 

technique for macroporous solids such as mercury porosimetry [115, 117].    

b) a) 

c) d) 
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Figure 3.11 Cumulative pore volume of untreated and microwave-treated chalcopyrite. 

 
Figure 3.12 Pore size distribution of untreated and microwave-treated chalcopyrite. 

Table 3.3. Specific Surface Area and Average Pore Width of untreated and microwave-treated chalcopyrite 

Exposure time (s) 0 5 10 20 

Specific Surface Area (m2/g) 0.0638 0.0645 0.0761 0.0828 

Average Pore Width (nm) 27.87 29.24 43.60 54.61 
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3.3.7 Microflotation 

The collectorless microflotation tests displayed a significant floatability for untreated 

chalcopyrite samples, as proposed by previous studies [104-107]. After treating the samples 

for 5 s, an increase in recovery from 41% to 51% was obtained, which was followed by a 

decrease to 16% and then 4% after treatment for 10 and 20 s, respectively (Figure 3.13). In 

order to investigate if the increase was statistically significant, an independent-samples T-test 

was performed for the floatability of untreated samples and samples microwaved for 5 s. A 

significant difference in the floatability for untreated (M = 41, SD = 3.63) and treated (M = 51, 

SD = 4.23) conditions was observed, with t (16) = 5.57 and p < 0.001. 

 

Figure 3.13 Collectorless floatability of chalcopyrite. Error bars represent 95% confidence intervals.   

3.3.8 Inverse gas chromatography (IGC) 

The dispersive (γD) and specific (γAB) surface energy values obtained from IGC 

experiments are shown in Figure 3.14.  As can be seen, the surface free energy of chalcopyrite 

is highly affected by microwave radiation. The total surface energy (γT = γD + γAB) of 

chalcopyrite decreased significantly (from 57.32 mJ m-2 to 36.19 mJ m-2) upon 5 s treatment, 

and both dispersive (γD) and specific (γAB) components of surface energy were affected. 

Moreover, the lowest surface energy among all the samples was observed after 5 s treatment.  
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Figure 3.14 The dispersive and specific contributions to the total surface energy of the untreated and the 

microwave-treated chalcopyrite. Error bars represent 95% confidence intervals. 

Longer irradiations (10 s and 20 s) resulted in an increase in the surface energy, and the 

20 s sample showed the highest surface energy among the examined samples (62.18 mJ m-2), 

resulting from an increase in both γD and γAB.  A closer look at the specific component values 

(red bars) did not indicate exactly the same trend as the dispersive (blue bars) and total surface 

energy. Although 10 s radiation decreased the dispersive (and also total) surface energy, the 

γAB of this sample was greater (11.17 mJ m-2) than the untreated chalcopyrite (9.88 mJ m-2), 

indicating an affinity for stronger specific (polar) interactions, compared to the untreated 

sample. 

The work of adhesion to water (Wadh) values also provided information on the tendency 

of samples to attach to bubbles in flotation experiments. Figure 3.15 shows the work of 

adhesion between particles and water, calculated from IGC analyses. It can be clearly seen that 

the samples treated for 5 and 20 seconds showed the lowest and highest affinity for water, 

respectively.  This is in good agreement with the observed changes in flotation recovery. 
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Figure 3.15 The work of adhesion to water of the untreated and the microwave-treated chalcopyrite. Error bars 

represent 95% confidence intervals. 

3.4 Discussion 

The use of X-ray powder diffraction was not an effective technique to identify phase 

transformation of microwave-treated chalcopyrite. This method could be useful after longer 

exposure times, which would produce a thicker oxidation layer and changes greater than the 

method’s phase detection limit [46, 50, 76], which can be as low as 1 Wt% [118]. This is not 

an ideal scenario according to recent findings, which indicate that the use of high power level 

systems and short exposure time are the most energy efficient approach [31-38, 119-121]. 

However, the other characterization techniques (XPS, ATR-FTIR, electrophoresis, 

microflotation, IGC, SEM and gas adsorption/desorption) were able to give information on the 

changes in the surface properties of chalcopyrite due to microwave treatment.  

Microwave radiation is absorbed well by the chalcopyrite particles, and the energy is 

dissipated as heat, which is the driving mechanism for the oxidation process. Due to this 

process, new species are formed at the chalcopyrite surface. At low exposure time (5 s), no 

significant difference in the surface speciation was observed between the high resolution Fe, S 

and O XPS spectra of non-treated samples and samples treated for short time (5 s). The results 

showed the presence of sulphides (e.g.: Fe(II)S/Fe(III)S, CuFeS2, CuxFeySn) and iron oxides/ 

hydroxides/oxyhydroxides (e.g.: FeOOH, Fe(OH)3, Fe(OH)2, FeO, Fe2O3, Fe3O4). These 

results are consistent with the zeta potential curves for untreated and 5 s microwave-treated 

particles. Besides the presence of oxides, the ATR-FTIR results also indicate the presence of 
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iron sulphates after 5 s treatment, which is not evident at the surface of the untreated sample. 

Irradiation for 10 and 20 s promoted greater oxidation according to XPS and ATR-FTIR data, 

rendering the chalcopyrite surface with less sulphides and more hydrophilic iron oxides/ 

hydroxides/oxyhydroxides and sulphate (Fe2(SO4)3) species; consequently changing the 

surface potential of the particles (zeta potential curves shifted to less negative values) and 

decreasing the collectorless floatability of the mineral.  

The oxidation reactions at the CuFeS2 sites can be proposed based on the XPS and 

ATR-FTIR results and on the observations made by Steger & Desjardins [122]. The authors 

proposed the formation of iron thiosulphate and copper oxide (observed in the XPS analysis) 

as the immediate products in the oxidation of chalcopyrite (Equation 3.1) [122]. The 

thiosulphates would immediately undergo oxidation to ferrous sulphate (Equation 3.2), which 

was observed to be the predominant sulphate species on surface of the samples microwave-

treated for 5 s. After 10 s of treatment, the ferric sulphate was identified as the predominant 

sulphate species, which may have been formed by the oxidation of ferrous sulphate (Equation 

3.3 and Equation 3.5). The fresh iron oxide sites observed after 20 s treatment may have been 

formed by a late oxidation of ferric sulphate (Equation 3.4) or as a byproduct of the oxidation 

of FeSO4 to Fe2(SO4)3 (Equation 3.5), proposed by Steger & Desjardins [122].   

CuFeS2 + 2 O2  FeS2O3 + CuO              (3.1) 

          2 FeS2O3 + 3 O2  2 FeSO4 + 2 SO2                 (3.2) 

             2 FeSO4 + O2 + SO2  Fe2(SO4)3                   (3.3) 

         2 Fe2(SO4)3  2 Fe2O3 + 6 SO2 + 3 O2              (3.4) 

      12 FeSO4 + 3 O2  4 Fe2(SO4)3 + 2 Fe2O3          (3.5) 

The depth profile analysis revealed copper enrichment from the bulk towards the 

surface of untreated chalcopyrite, which is slightly larger in the case of particles microwaved 

for 5 s. This indicates that the mild oxidation may have increased the polysulphide or metal 

deficient sulphide content [80, 83, 89, 102, 103] on the chalcopyrite surface, therefore 

enhancing its hydrophobicity. This observation is consistent with literature [104-107] and was 

confirmed by microflotation results, which showed higher recovery after a 5 s microwave 

exposure. The particles treated for 10 and 20 s also displayed an increase in the Cu content 

from the bulk towards the surface, however the maximum value is reached within the oxidation 

layer, around 14 and 57 nm respectively, and decreases towards the surface. The CuxFeySn-
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enriched inner layer and the Cu-deficient surface is a result of the Fe diffusion from the bulk 

to the surface, where it forms oxides, hydroxides and oxyhydroxides [79, 80, 82-84, 89, 95, 

102, 103]. This may lead to a different stoichiometry for the reaction presented in Equation 

3.1, forming less copper oxides than iron oxides. 

The results obtained from IGC were also in agreement with the changes in the 

floatability of chalcopyrite due to microwave irradiation since the different exposure times led 

to the changes in the surface energy of the mineral. Five seconds of irradiation made the surface 

of chalcopyrite energetically more stable (lower surface energy) and increased the collectorless 

floatability of the sample. However, longer exposure (10 and 20 s) had the opposite effect on 

the surface, increasing its surface free energy and therefore reducing its floatability. In addition, 

the trend of the work of adhesion to water matched the expectations from flotation recovery 

since the sample with lowest Wadh showed the highest flotation recovery, and the lowest 

flotation recovery reflected the highest affinity for water (the highest Wadh value). The surface 

energy evaluations corroborate previous studies conducted by Mohammadi-Jam et al. [123, 

124] and Rudolph & Hartmann [125], which indicated the potential of the technique in the 

characterization of the mineral’s hydrophobicity. Surface energetics are one of the fundamental 

interaction parameters to predict and develop the response of minerals in flotation. 

The surface morphology of chalcopyrite particles was modified after microwave 

irradiation, changing from smooth surfaces in the untreated sample to rough and porous 

surfaces for treatments after 10 s, as seen in the SEM images (Figure 3.10). No significant 

changes were observed on the particles after treatment for 5 s. The porosimetry study is 

consistent with these results, displaying a significant increase in the specific surface area and 

average pore width of particles treated for 10 and 20 s. Microwave treatment also changed the 

pore size distribution of the chalcopyrite particles from unimodal to bimodal and increased the 

contribution of macropores to the total pore volume. This larger specific surface area and 

porosity, observed in both SEM and gas adsorption/desorption techniques, are important in 

downstream processes such as flotation and leaching since the adsorption phenomena and the 

kinetic rates depend directly on those parameters [42]. 

3.5 Conclusions 

The surface properties of untreated and microwave-treated chalcopyrite were 

investigated. X-ray powder diffraction was not an effective technique to identify phase 

transformation driven by the treatment. The surface enrichment in hydrophobic copper 
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polysulphides species on particles treated for 5 s made the sample’s surface more energetically 

stable, leading to a slight improvement in the collectorless floatability and no significant 

changes in the particles’ surface charge. Longer exposure to microwaves (10 and 20 s) 

produced an enrichment in copper polysulphide within the oxidation layer and the formation 

of hydrophilic iron oxides/hydroxides/oxyhydroxides and sulphates species at the chalcopyrite 

surface. These species led to property changes in the mineral’s surface, which had its surface 

free energy increased, became less negatively charged and more hydrophilic, causing a 

significant drop in floatability. A detailed investigation on the floatability of chalcopyrite in 

the presence of collectors is necessary to further understand the effects of microwave 

irradiation on flotation. 

Microwave treatment also increased the sample’s specific surface area; rendered the 

mineral surface rougher and more porous; changed the pore size distribution from unimodal to 

bimodal; and the material`s classification from mesoporous to macroporous. These information 

indicate that a more appropriate technique to the study of macropores, such as mercury 

porosimetry, may be required in the study of microwave-treated minerals. 

The investigations undertaken for chalcopyrite were also conducted for pyrrhotite and 

are discussed in Chapter 4. Since pyrrhotite is commonly found associated with chalcopyrite, 

the information provided in the next chapter is important to understand how the treatment may 

affect the processing of sulphide ores.     
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Chapter 4: Surface Characterization of Microwave-treated 

Pyrrhotite 

Abstract 

The pretreatment of sulphide ores with microwave radiation has shown great potential 

to improve energy efficiency in comminution. The heat generated by the technique can also 

trigger phase transformation at the minerals’ grain boundaries and consequently affect 

downstream processes which depend upon the minerals’ surface properties. This requires the 

study of the effects of microwave irradiation on the properties of important sulphide minerals, 

the valuable ones and also the gangues. As pyrrhotite is one of the most common and abundant 

sulphide gangue minerals associated with base metal deposits in Canadian deposits, the 

successful application of microwave irradiation on the processing of sulphide ores requires the 

study into how this mineral is affected by the treatment. This work aims at characterizing the 

surface properties of untreated and microwave-treated pyrrhotite by XRPD, XPS, ATR-FTIR, 

SEM, BET/BJH, IGC, ELS (zeta potential) and microflotation. XRPD analysis was not able to 

detect phase transformation on the treated samples. XPS and ATR-FTIR, however, indicated 

that the treatment oxidized the sulphides to sulphates and oxides/hydroxides/oxyhydroxides. 

This led to a shift in the zeta potential curves to positive values at acidic pH, with an IEP at pH 

5. Although polysulphides could be identified by XPS, the untreated and microwave-treated 

samples presented low collectorless floatability due to the dominance of the hydrophilic 

oxidized species, as indicated by almost no change in the surface energy and work of adhesion. 

Microwave radiation increased the pyrrhotite’s specific surface area and porosity by forming 

micro and mesopores. 

4.1 Introduction 

Pyrrhotite (Fe(1-x)S, x: 0 – 0.125) is one of the most common metal sulphide minerals 

and an important gangue, commonly occurring in Canadian sulphide deposits in association 

with valuable base metal minerals such as galena, sphalerite, chalcopyrite and pentlandite [1-

3]. The liberation of pyrrhotite from the valuable base metal minerals is necessary for the 

beneficiation of sulphide ores containing this gangue. The conventional comminution 

processes used to achieve liberation are energy intensive techniques and report low energy 

efficiency [4-17], representing a burden for currently operating mines and an obstacle for the 

exploitation of new deposits. This scenario encouraged the investigation on new comminution 
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assisting techniques (e.g., electrical, ultrasonic, hydraulic, thermal and microwave pre-

treatments) [18-32]. 

Microwave assisted grinding has shown significant improvements in the energy 

efficiency of comminution, liberation and is reported at times to affect downstream 

concentration processes such as flotation [33-51]. These effects have been investigated in the 

flotation of microwave-treated copper ores, showing beneficial [41, 52-56], detrimental [40, 

57] or even no effects [45, 57, 58] on the grade and recovery. According to previous studies, 

these changes in flotation performance are caused by phase transformations at the chalcopyrite 

grain boundaries, due to the heat dissipated in the irradiation [40, 41, 45, 52-58]. These studies 

focused on the changes in the properties of the valuable mineral, mostly due to its oxidation 

caused by microwave heating, to explain the changes in grade and recovery. 

The effects of the microwave treatment on the flotation of gangue minerals have not 

yet been addressed. This encourages new flotation studies with microwave-treated gangue 

minerals, especially pyrrhotite due to its abundance and common association with valuable 

minerals. Also, the studies on surface characterization of microwave-treated minerals have 

focused on oxides, such as hematite [59] and ilmenite [60-65]. This calls for new research on 

the characterization of microwave-treated sulphide minerals (valuable and gangue). In this 

study, the surface properties of untreated and microwave-treated pyrrhotite samples are 

investigated. Information on phase composition, surface chemistry, surface charge, 

hydrophobicity and morphology are presented in this Chapter. 

4.2 Experimental 

4.2.1 Materials  

The pyrrhotite sample from Worthington Mine (Ontario, Canada) was purchased from 

Excalibur Mineral Company (U.S.A.), with crystal aggregates ranging from 1 to 10 cm. 

Comminution was performed by dry-crushing (jaw crusher), pulverizing and sieving to obtain 

a particle size ranging from 38 to 150 μm. Minor mineral phases were isolated by purification, 

which was conducted by hand picking and by using a hand magnet and a Frantz Isodynamic 

Separator (S.G. Frantz Company Inc., U.S.A.); a freezer was used as storage for the purer 

particles, immediately after pulverizing and purifying, to minimize oxidation. Further 

pulverizing was performed for part of the purified sample using an agate mortar & pestle to 

obtain samples for zeta potential and elemental analysis; particles smaller than 10 μm (D50 = 
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5.3 μm, measured using laser diffraction) were obtained. Microwave treatment was then 

conducted on samples of both size fractions (–150 + 38 μm and -10 μm). 

4.2.2 Methods  

4.2.2.1 Microwave treatment 

The treatment was conducted in a 3.0 kW, 2.45 GHz Amana RC30 multimodal 

microwave (Amana, U.S.A.) for 5, 10 and 20 s. The pyrrhotite samples (20 g) were poured into 

an alumina crucible, which is transparent to microwaves. For enhanced repeatability, the 

crucible was placed in the center of the cavity (215 mm x 330 mm x 380 mm) for all trials. A 

HH23 Omega thermocouple (Omega, U.S.A.) was used to measure the temperature 

immediately after the irradiation.  

4.2.2.2 Chemical and phase composition 

The chemical composition of the untreated and microwave-irradiated pyrrhotite was 

analysed to confirm the purity of the sample and determine any changes after irradiation. The 

samples were prepared by digesting 0.1 g of pentlandite at 95 °C using aqua regia and 

inductively coupled plasma optical emission spectrometry (ICP-OES) was performed using a 

Thermo Scientific 6000 series spectrometer (Thermo Fisher Scientific Inc., U.S.A.). The 

standards used in the analyses were purchased from SCP Science (U.S.A.): PlasmaTest RQC-

1(#140-128-002) and RQC-2 (#140-128-003); and PlasmaCal S (# 140-050-161). The possible 

phase transformations due to microwave treatment were studied by analyzing the phase 

composition of the sample using X-ray powder diffraction (XRPD) in a Bruker D8 Discovery 

X-Ray Diffractometer (Bruker-AXS Inc., U.S.A.) equipped with Co κα X-ray source (λ = 1.79 

Å), operating at 35 kV and 45 mA and 2L ranging from 15 to 75°.  

4.2.2.3 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectrometry was conducted to identify the species formed on the 

surface of microwave-treated pyrrhotite. The experiments were performed in a Thermo 

Scientific K-Alpha monochromatic X-ray photoelectron spectrometer (Thermo Fisher 

Scientific Inc., U.S.A.) equipped with an Al κα X-ray source (1486.6 eV, 0.834 nm), ultrahigh 

vacuum chamber (10-9 Torr) and microfocused monochromator. An elemental survey from 0 

to 1350 eV (pass energy of 1 eV) and high resolution scans with a pass energy of 0.1 eV for 

iron, sulphur and oxygen were performed. Depth profiles were performed in-situ using an Ar 
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ion beam sputtering, with energy of 3000 eV, current of 4.16 µA, 30 levels and etching cycles 

of 30 s. An estimated etching rate of 0.22 nm s−1 is provided by these etching conditions. Each 

sample had 3 target points investigated using a spot size of 400 μm. Surface charge effects 

were avoided by employing an electron charge gun.  The pyrrhotite samples (–150 + 38 μm) 

were kept in a desiccator and dried for 2 hours in a vacuum oven at room temperature prior to 

the experiments. The data (binding energy) was calibrated using the C 1s peak for C-C, at 284.8 

eV, and fitted using the software Thermo Advantage 4.60 (Thermo Fisher Scientific Inc., 

U.S.A.).  

4.2.2.4 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

The surface speciation of the untreated and treated pyrrhotite samples were also 

investigated by attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy, which was performed using a Spectrum 400 spectrometer (Perkin Elmer, 

U.S.A.). Prior to the experiment the samples were dried and no further treatment was performed 

before the analysis (e.g., grinding and washing). The IR transmittance spectra were obtained 

by passing 64 scans, between 4000 and 650 cm-1, with a resolution of 4 cm-1. Each spectra was 

baseline corrected and normalized to the total surface area under the transmittance bands using 

Spectrum software (Perkin Elmer, U.S.A.). 

4.2.2.5 Morphological characterization 

Scanning Electron Microscopy (SEM) was used to investigate the morphology of the 

pyrrhotite surface, before and after treatment. A Hitachi SU3500 scanning electron microscope 

(Hitachi, Japan) operated in VP-SEM Mode (15 kV, 110 μA, 30 Pa and 10.1 mm working 

distance) was employed. 

Nitrogen adsorption/desorption isotherms were measured at 77K using a Micrometric 

TriStar 3000 analyzer (Micromeritics Instrument Corporation, U.S.A.) in order to study of the 

surface area and porosity of the untreated and microwave-treated pyrrhotite samples (–150 + 

38 μm). The Brunauer–Emmett–Teller (BET) method [66] was used to obtain the specific 

surface area (SSA) of the samples while the Barrett–Joyner–Halenda (BJH) method [67] was 

employed to acquire the average pore width and pore volume distribution. The samples were 

degassed with N2 for 24 hours at room temperature before each test.  
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4.2.2.6 Zeta Potential 

The electrokinetic properties of the samples (zeta potential) were investigated using 

Electrophoretic Light Scattering (ELS) in a NanoBrook 90Plus Zeta Particle Size Analyzer 

(Brookhaven Instruments, U.S.A.). The suspensions with untreated pyrrhotite were prepared 

immediately after pulverizing in order to avoid oxidation. The treated samples were obtained 

by pulverizing and then microwaving. The preparation of the suspensions consisted of adding 

10 mg of sample into 10 mL of pH adjusted 1 x 10-2 M KNO3 solution (supporting electrolyte). 

The solution pH was adjusted using HNO3 and KOH (0.1 M, 0.01 M or 0.001 M depending on 

the targeted pH) prior to addition of the particles. Untreated and treated samples were added to 

the electrolyte solution and the suspensions mixed to ensure that the particles were kept in 

suspension; and the electrophoretic mobility was measured straight away. The Smoluchowski 

equation [68] was used to convert these measurements to zeta potential values. 

4.2.2.7 Microflotation 

The untreated and microwave-treated pyrrhotite samples had their floatability 

investigated by microflotation tests in a 170 cm3 modified Hallimond tube (Figure 4.1). In the 

experiments, 1 g of sample was conditioned for 5 minutes in 30 mL of distilled water, at a pH 

of 7.0. The suspension was then poured into the bottom part of the tube, the extensor and the 

top part were attached and the suspension level completed up to the froth layer with pH adjusted 

distilled water. Agitation was employed using a manual stirrer to ensure the particles remained 

in suspension; a magnetic stir bar could not be used since the pyrrhotite sample is 

ferromagnetic. Nitrogen (N2) gas was purged through the frit, present in the bottom part, at a 

flow rate of 40 cm3/min. Collectorless flotation was performed for 1 minute. Floated and non-

floated products were then filtered, dried and weighed. 

4.2.2.8 Inverse gas chromatography (IGC) 

The surface energy of the pyrrhotite samples was determined using a Surface Energy 

Analyzer, SEA (Surface Measurements System Ltd., UK) at finite concentration (FC-IGC) and 

5 % surface coverage. Presilanized glass tubes of 30 cm in length, with an outer diameter of 6 

mm and an inner diameter of 4 mm were used as the chromatography columns. Helium was 

selected as carrier gas at a flow rate of 10 ml min-1 and methane was used for dead volume 

corrections. Decane, nonane, octane and heptane were the alkanes used in the surface energy 

measurements and toluene and dichloromethane were the polar probes. A minimum of 3 
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replicates were conducted for each sample. All measurements were carried out at 30 °C and 

0% relative humidity (RH). The data were analyzed using the Cirrus Plus Analysis Software 

(Surface Measurements System Ltd., UK). The retention time from the peak maximum was 

used to calculate the retention volume and to determine the surface energies. The dispersive 

and specific components of the surface energy were determined by employing the Schultz 

method the Della Volpe scale, respectively. The work of adhesion to water was determined 

through the same approaches as the surface energy.  

 

Figure 4.1 Modified Hallimond tube and manual stirrer. 

4.3 Results 

4.3.1 Temperature 

The bulk temperature of the pyrrhotite sample (96, 141 and 202 ºC) is consistent with 

previous studies, which describe this mineral as a readily heating material [42, 69]. The results 

also agree with temperatures reached in the treatment of chalcopyrite (179, 242 and 405 ºC, 
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Chapter 3), which has been reported to show higher temperatures than pyrrhotite [42, 70]. This 

indicates that a thermal differential should take place at the boundaries in between the valuable 

and the gangue mineral. Although they have presented similar dielectric constants at 20 ºC 

[71],  the increase in temperature is expected to modify their dielectric properties [72], leading 

to changes in their heating rates. The pyrrhotite’s lower heating rate observed at longer 

exposure time (Figure 4.2) indicates a lower influence of the rise in temperature on the 

dielectric constant and loss factor of this mineral than that observed for chalcopyrite. Iron 

oxides and lesser amounts of nickel oxides are expected to be formed at the surface of the 

microwave-treated pyrrhotite sample [73, 74]. 

 

Figure 4.2 Temperature of pyrrhotite exposed to microwave radiation for different times. Error bars represent 

95% confidence intervals. 

4.3.2 Chemical and phase composition 

The XRPD pattern (Figure 4.3a) indicated the sample contains mostly monoclinic 

pyrrhotite, with chalcopyrite and possibly pentlandite as minor contaminants. These minor 

contaminants are in agreement with the chemical composition provided by ICP-OES (Table 

4.1), which shows Ni and Cu as the most abundant elements after Fe and S. The differences 

between the elemental content of untreated and irradiated pyrrhotite are within the 95% C.I. 

Phase transformation could not be observed by XRPD results for treated pyrrhotite (Figures 

4.3b, 4.3c and 4.3d), which displayed no changes in the original peaks. This difficulty in 

identifying new phases formed due to microwave irradiation has been observed for 

chalcopyrite (Chapter 3), and also reported in previous investigation on microwave treatment 

of pyrrhotite [54] and other sulphides such as pyrite [49].  
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Table 4.1. Chemical composition (Wt%) of the purified - 150 + 38 μm pyrrhotite sample (untreated and 

microwave-treated for 5, 10 and 20 s) measured by ICP-OES. Standard error (%) < 7, with 95% confidence. 

 Fe S Ni Cu Ca Pb Co Mg B Zn Si Al Se 

untreated 56.32 29.21 3.05 0.45 0.31 0.14 0.06 0.05 0.04 0.03 0.02 0.02 0.01 

5 s 56.04 29.16 3.08 0.49 0.32 0.14 0.06 0.04 0.03 0.03 0.02 0.01 0.01 

10 s  56.24 28.50 3.13 0.40 0.30 0.15 0.06 0.04 0.03 0.03 0.02 0.01 0.01 

20 s 55.53 29.15 3.15 0.44 0.32 0.15 0.06 0.04 0.03 0.03 0.02 0.01 0.01 

 

 

Figure 4.3 X-Ray diffractograms of pyrrhotite: a) untreated, and microwave-treated for b) 5 s, c) 10 s and d) 20 

s (Po: pyrrhotite, Pn: pentlandite and Ccp: chalcopyrite). 

4.3.3 Zeta Potential 

The zeta potential of the untreated pyrrhotite (Figure 4.4) is consistent with previous 

studies [75, 76], with particles displaying negative zeta potential in the pH range investigated 

and an IEP lower than pH 3. The particles microwave-treated for 5 s showed no change in the 

zeta potential at basic pH but became slightly less negative in acidic pH. The plateau-like 

curves observed for untreated and 5 s microwave-treated pyrrhotite are also in good agreement 

with previous studies [76], again indicating no significant change in the surface charge of the 

mineral after short treatment time. Longer treatment times (10 and 20 s) led to a greater shift 
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of the zeta potential curves, rendering the particles with a positive charge at acidic pH and more 

negative charges at alkaline pH. IEPs around pH 5 were obtained for both treatment times. 

Comparable changes have been reported as a consequence of the oxidation of the mineral [75], 

and therefore similar effects are expected to occur due to the oxidation caused during 

microwave irradiation.  

 
Figure 4.4 Zeta potential of pyrrhotite: untreated, and microwave-treated for 5, 10, and 20 s. Error bars 

represent 95% confidence intervals. 

4.3.4 X-ray photoelectron spectroscopy (XPS) 

The XPS results for the untreated and microwave-treated pyrrhotite are shown in Table 

4.2; these results were curve fitted and the chemical species identified. The presence of Fe(1-

x)S and a distribution of sulfur species, polysulphides or metal deficient sulphides (FeSn), were 

observed on the surface of the untreated pyrrhotite at 161.30 eV and 162.70 eV [77-82], 

respectively, after the curve fitting on the S 2p spectra (Figure 4.5). At higher binding energy, 

SO4
2-/SO3

2- species were identified for a broad peak at 168.70 eV [79, 81, 83-85]. This indicates 

a rapid oxidation of the pyrrhotite’s surface even prior to irradiation. Microwave treatment 

appears to have accelerated the oxidation of the mineral’s surface, reducing the intensity of the 

Fe(1-x)S peak relative to the SO4
2-/SO3

2- peaks. Also, the intensity of the (FeSn) S 2p doublet 

decreased relative to the SO4
2-/SO3

2- S 2p doublets. 
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Table 4.2. Binding energy (eV) of Fe, S and O for the proposed species on the surface of untreated and 

microwave- treated pyrrhotite. 

Peak   Proposed species Untreated 5 s 10 s 20 s 

Fe 2p3/2 

Fe(1-x)S 707.14 707.13 707.14 707.14 

FeOOH, Fe(OH)3, Fe(OH)2, 
FeO, Fe2O3, Fe3O4  

710.49 710.51 710.53 710.49 

FeSO4   712.68 712.73 712.80 712.71 

Fe2(SO4)3 714.60 714.69 714.72 714.66 

Fe 2p1/2 

Fe(1-x)S 720.10 720.07 720.10 720.10 

FeOOH, Fe(OH)3, Fe(OH)2, 
FeO, Fe2O3, Fe3O4 

724.28 724.21 724.28 724.15 

FeSO4 726.67 726.63 726.64 726.66 

Fe2(SO4)3  727.78 727.76 727.76 727.77 

S 2p3/2 

Fe(1-x)S 161.26 161.28 161.33 161.37 

FeSn   162.72 162.72 162.73 162.81 

SO4
2-/SO3

2- 168.70 168.70 168.74 168.75 

S 2p1/2 

Fe(1-x)S 162.42 162.42 162.44 162.42 

FeSn 164.07 164.08 164.06 164.07 

SO4
2-/SO3

2- 169.99 169.98 170.02 169.99 

O 1s 

FeO, Fe2O3, Fe3O4  529.79 529.81 529.89 529.97 

FeOOH, Fe(OH)3, Fe(OH)2 / 
FeSO4, Fe2(SO4)3  

531.78 531.82 532.08 532.06 

Physisorbed H2O  533.98 534.18 534.38 533.51 
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Figure 4.5 XPS S 2p spectra of pyrrhotite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 

Iron was identified on the surface of untreated pyrrhotite as Fe(1-x)S at around 707.14 

eV [78-80, 86-88], oxides/hydroxides/oxyhydroxides (e.g.: FeOOH, Fe(OH)2, Fe(OH)3, FeO, 

Fe2O3 and / or Fe3O4) at around 710.50 eV [77-79, 83, 89, 90] and sulphates (e.g.: FeSO4 at 

around 712.70 eV and Fe2(SO4)3 at around 714.60 eV [84, 91]). These values were obtained 

from the fitting of the Fe 2p3/2 peaks in the Fe 2p spectra (Figure 4.6). The peak at 710.50 eV 

has been assigned to the presence of various iron oxides, hydroxides and oxyhydroxides species 

due to broad band of the peak, indicating an overlap of peaks with different binding energies 

ranging from 709 up to 712 eV [77-79, 83, 89, 90]. The oxidation of pyrrhotite due to 

microwave treatment sharpened the 710.50 eV peak and removed the 707.14 eV peak, 

suggesting an increasing in the amount of iron oxides/hydroxides/oxyhydroxides and decrease 

of Fe(1-x)S, which is not observed after 20 s of treatment. 

The O 1s spectra (Figure 4.7) indicates the presence of different species on the surface 

of the untreated pyrrhotite; oxygen was observed as iron oxides at 529.79 eV [79, 80, 89, 90, 

92-95], iron hydroxides/oxyhydroxides [90, 92-95] or iron sulphate [84, 96] at 531.94 eV and 

physisorbed water at 533.98 eV [79, 92, 95, 97, 98]. These results are consistent with the 

species observed in the Fe 2p and the S 2p spectra. Microwave treatment led to an increase in 

the presence of oxides relative to hydroxides and a shift of the hydroxide/sulphate peak to a 

higher binding energy, which suggests a greater amount of ferrous sulphate on the surface of 

microwave-treated pyrrhotite [84, 96]. Similar changes have been observed on the surface of 
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chalcopyrite (Chapter 3) and are expected once the oxidation is driven by the heat generated 

during microwave irradiation. 

 

Figure 4.6 XPS Fe 2p spectra of pyrrhotite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 

 

Figure 4.7 XPS O 1s spectra of pyrrhotite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 

The Fe depth profiles produced for treated and untreated samples are shown in Figure 

4.8. The results show a natural increase in the Fe content from around 30 nm in the bulk of the 

untreated particles towards their surface. After microwave-treatment, the profiles changed, 

showing a thicker iron enriched layer as deep as 60 nm for the 20 s treated particles. Similar 
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profiles have been suggested by Buckley & Woods [77] and presented by Pratt et al. [80] and 

Mycroft et al. [79]. The mechanism proposed by the authors is the same discussed in studies 

on the oxidation of chalcopyrite (Chapter 3): the Fe diffuses from the pristine core of the 

crystals, enriching the surface where it is oxidized and forms iron oxides, hydroxides and 

oxyhydroxides. An inner metal-deficient layer, also named polysulphide layer, is then formed 

on top of the pristine pyrrhotite, which is indicated by the minimum in the Fe content curves 

observed in between the plateau and the steep increase towards the surface. This sulfur-rich 

layer is also consistent with the results shown in Figure 4.5, which require the fitting of a higher 

binding energy peak assigned for a polysulphide (FeSn) at around 162.70 eV. 

 

Figure 4.8 XPS Fe depth profile of pyrrhotite: untreated and microwave-treated for 5 s, 10 s and 20 s 

4.3.5 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

The untreated and microwave-treated pyrrhotite samples were investigated using ATR-

FTIR spectroscopy. The baseline corrected and normalized spectra are presented in Figure 4.9. 

Figure 4.9a shows the spectra of untreated pyrrhotite; the bands at 990, 1090 and 1150 cm-1 

indicate the presence of traces of hydrated ferric sulphates [99]. Treating the sample with 

microwave for 5, 10 and 20 s intensified the 712 cm-1 band and led to the appearance of bands 

at 1010 and 1065 cm-1; all three bands corresponding to O-H bending in iron oxyhydroxides 

[100]. The 712 cm-1 band can also be attributed to Fe-O stretching due to the presence of iron 

hydroxide [101]. It can also be observed that an O-H bending band at 1615 cm-1 appeared, 
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indicating intensified sulphate peaks, since this band is related to the presence of hydrated 

sulphates [99]. The treatment has also shifted the Fe-O stretching band corresponding to the 

presence of iron oxide from 1390 cm-1 to about 1410 cm-1. 

 
Figure 4.9 ATR-FTIR spectra of pyrrhotite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 

4.3.6 Morphological characterization 

The SEM images of the pyrrhotite samples, untreated and microwaved-treated, are 

shown in Figure 4.10. The untreated sample presented smooth sub-conchoidal surface, as 

observed in  pyrrhotite samples previously studied [80, 102]. Since dry screening was 

performed, some smaller particles can still be seen on the surface of untreated and microwave-

treated pyrrhotite. These particles display a similar composition of that in the surface. Although 

a more porous surface was expected, as observed for microwave-treated chalcopyrite (Chapter 

3) and ilmenite [64, 65], no significant changes were noticed on the surface of pyrrhotite after 
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microwave irradiation. Twenty seconds treatment may have rendered the mineral’s surface 

slightly rougher, even though pores could still not be seen. These results are similar to those 

observed on mineral samples heated by conventional methods [64, 65]. 

 

  

Figure 4.10 SEM photomicrographs of pyrrhotite: a) untreated and microwave-treated for b) 5 s, c) 10 s and d) 

20 s. 

BET and BJH methods were used to investigate how the specific surface area (SSA) 

and the porosity of the samples might have been affected by microwave irradiation.  The results 

showed that the SSA increased whereas the average pore size decreased after microwave 

treatment (Table 4.3). These observations differ from those obtained for chalcopyrite (Chapter 

3); new,  larger pores were formed on the surface of chalcopyrite, therefore increasing the 

average pore width. However, the results are consistent with the data presented in Figure 4.10, 

which indicate larger pores were not created. Although the average pore width decreased due 

to the treatment, the treated and untreated samples are all classified as mesoporous materials 

based on the IUPAC recommendations [103]. Similar to the isotherms for microwave-treated 

chalcopyrite (Chapter 3), irradiated and non-irradiated pyrrhotite presented Type H3 hysteresis 

loops, indicating the presence of slit-shaped pores [104]. The pore size distribution (Figure 

b) a) 

c) d) 
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4.12) did not show significant changes with the treatment for 5 and 10 s, displaying a broad 

unimodal distribution. Twenty seconds irradiation led to the appearance of a 3 peak multimodal 

distribution in the mesoporous region. The increase in the total pore volume after 20 s treatment 

is mostly attributed to the mesopores, as shown in cumulative pore volume curve (Figure 4.11). 

Table 4.3. Specific Surface Area and Average Pore Width of untreated and microwave-treated pyrrhotite 

Exposure time (s) 0 5 10 20 

Specific Surface Area (m2/g) 0.0752 0.0747 0.0738 0.0863 

Average Pore Width (nm) 35.62 36.90 35.14 28.40 

 

Figure 4.11 Cumulative pore volume of pyrrhotite (untreated and microwave-treated for 5, 10 and 20 s). 

 
Figure 4.12 Pore size distribution of pyrrhotite (untreated and microwave-treated for 5, 10 and 20 s). 
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4.3.7 Microflotation 

The microflotation tests revealed no substantial collectorless floatability for the 

untreated pyrrhotite sample (Figure 4.13). This behavior is also observed after microwave 

treatment, which led to no significant change in the floatability of the mineral. Pyrrhotite has 

been suggested to present collectorless floatability under certain oxidative conditions, along 

with galena, pentlandite and chalcopyrite [105]. Different studies suggest that a hydrophobic 

metal deficient sulphide or polysulphide layer would be formed beneath the oxidation layer on 

the surface of pyrrhotite, due to the migration of iron from the pristine pyrrhotite towards the 

surface [77, 79, 80]. These polysulphides would be responsible for the enhanced collectorless 

floatability of sulphides [81, 105, 106]. However, since microwave-treated pyrrhotite has 

displayed behavior different to that of the irradiated chalcopyrite, the type of the sulphur-rich 

layer (CuSn in chalcopyrite [93, 107-110] and FeSn in pyrrhotite [77, 79, 80]) and the thickness 

of the oxidation may be responsible to dictate the degree of hydrophobicity of the minerals’ 

surface.  

 
Figure 4.13 Collectorless floatability of pyrrhotite (untreated and microwave-treated for 5, 10 and 20 s). Error 

bars represent 95% confidence intervals. 

4.3.8 Inverse gas chromatography (IGC) 

Total surface energy (γT) and their components (dispersive (γD) and specific (γAB)) were 

determined by IGC measurements and are shown in Figure 4.14. It was clearly observed that 

the total surface energy of pyrrhotite showed very little difference after microwave treatment. 

The maximum change consisted of a 1.5 mJ m-2 decrease upon 5 s irradiation. Similarly, the 

values of specific component of surface energy (γAB) did not change significantly. The work 
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of adhesion to water (Wadh), which is a measure of wettability of the samples, was also obtained 

from IGC experiments (Figure 4.15). As is readily seen, there was no significant change in the 

work of adhesion of the samples after treatment, and the plot is almost linear. 

 

Figure 4.14 The surface energy of pyrrhotite (untreated and microwave-treated for 5, 10 and 20 s). Error bars 

represent 95% confidence intervals. 

 

Figure 4.15 The work of adhesion of pyrrhotite (untreated and microwave-treated for 5, 10 and 20 s). Error bars 

represent 95% confidence intervals. 
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4.4 Discussion 

The X-ray powder diffraction showed similar results for irradiated samples of pyrrhotite 

as for samples of chalcopyrite (Chapter 3); the technique was not able to indicate phase 

transformation of microwave-treated samples, even after 20 s exposure. Because this method’s 

detection limit may be as low as 1 % by weight [111], it can be inferred that phase 

transformation was restricted to thin layers on the particles’ surface. Previous work conducted 

on microwave treated sulphide minerals have not been able to observe the presence of new 

phases [49, 74], illustrating the limitation of the technique in the study of samples microwaved 

for short periods. This indicates that X-ray powder diffraction might not be the most useful 

technique for the characterization of samples microwave-treated for short exposure times; 

recent studies argue industrial application of microwave systems may be focused or limited to 

short exposure time, aiming higher energy efficiency [34-41, 112-114]. Other characterization 

techniques (XPS, ATR-FTIR, electrophoresis, IGC, microflotation, SEM and gas 

adsorption/desorption) are likely to be of more value in the characterization of microwave 

treated sulphides since they are able to report the small changes in the surface properties of the 

minerals due to the treatment.  

The speciation observed on the surface of the pyrrhotite samples by XPS and ATR-

FTIR revealed that the mineral is easily oxidized after being crushed. Besides the pyrrhotite 

(Fe(1-x)S) and polysulphides (FeSn), the untreated samples already showed the presence of iron 

sulphate and oxides/hydroxides/oxyhydroxides (e.g.: FeOOH, Fe(OH)2, Fe(OH)3, FeO, Fe2O3, 

Fe3O4). The treatment led to the conversion of the sulphide into sulphates and iron 

oxides/hydroxides/oxyhydroxides, especially on the surface of the 20 s treated samples. This 

conversion is consistent with the shift in the zeta potential curves to a positive value. The 

different changes in the surface charge of pyrrhotite and valuable minerals may be exploited in 

the adsorption of collectors and depressants during flotation, improving the separation of  

sulphide minerals.  The low floatability of untreated and treated pyrrhotite might be attributed 

to the presence of sulphates and oxides/hydroxides/oxyhydroxides on the surface of these 

samples. The predominant presence of these hydrophilic species appears to dominate the 

surface behavior for pyrrhotite. The formation of polysulphides (Fe1-x-yS) and Fe2O3.H2O on 

the surface of pyrrhotite has been proposed by Buckley & Woods [77] in Equation 4.1, being 

the latter product also interpreted as FeO(OH) [87, 115].  

     4 Fe1-xS + 3y O2 + 2y H2O  2y Fe2O3.H2O + 4 Fe1-x-yS ,  y < (1-x)         (4.1) 
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The sulphate species was identified as ferrous sulphate (FeSO4) by its specific bands 

on the ATR-FTIR spectra (990, 1090 and 1150 cm-1) and by the shift of the 531.78 eV peak to 

a higher binding energy in the O 1s XPS spectra, after the treatment. Since ferric sulphate 

(Fe2(SO4)3) was not a significant observation in ATR-FTIR, it can be suggested that the 

oxidation of pyrrhotite has different intermediate products from that of, for example, 

chalcopyrite (Chapter 3). The mechanism by which the sulphates are formed is not yet 

understood, being the oxidation of iron-deficient sulphide or a direct oxidation of sulphide ions 

possible [87]. Steger [116] proposed the formation of ferrous sulphate and thiosulphate as 

intermediate products of pyrrhotite oxidation (Equation 4.2). The thiosulphate would then be 

further oxidized to ferrous sulphate or ferric sulphate (Equations 4.3 and 4.4, respectively 

[116]). The presence of elemental sulphur (which is volatile) was not detected in the fitting of 

the XPS S 2p spectra, likely due to the ultrahigh vacuum conditions of the experiment. In the 

later oxidation stage, high temperature and relative humidity would lead to the formation of 

Fe(OH)SO4.xH2O and finally FeO(OH) (Equations 4.5 and 4.6, respectively [116]).     

                        Fe7S8 + O2  x FeS2O3
 + (1 – x) FeSO4

                                   (4.2) 

                                  FeS2O3 + ½ O2  FeSO4 + So                                         (4.3) 

                              2 FeS2O3 + 3 O2  Fe2(SO4)3 + So                                       (4.4) 

           2 FeSO4 + (2x +1) H2O + ½ O2  2 Fe(OH)(SO4).xH2O                      (4.5) 

                          Fe(OH)(SO4) + H2O  FeO(OH) + H2SO4                            (4.6) 

The formation of ferrous sulphates might also be predicted by the Equations 4.7 and 

4.8, as proposed by Nicholson & Scharer [117], on which the oxidants can be the oxygen or 

ferric iron, respectively. The diffusion rate of O2 has been reported to be enhanced by the 

increase in temperature (promoted by microwave irradiation) [116] and the presence of ferric 

iron bonded to Sulphur in the structure of pyrrhotite was detected by Pratt et al. [80].  

     Fe1-xS + (2 – (1/2)x) O2 + x H2O  (1 – x) Fe2+ + SO4
2- + 2x H+               (4.7) 

      Fe1-xS + (8 – 2x) Fe3+  + 4 H2O  (9 – 3x) Fe2+ + SO4
2- + 8 H+                (4.8) 

The depth profile displayed the presence of an outermost iron-rich layer on the surface 

of the pyrrhotite, both microwave-treated and untreated. The exposure to microwave radiation 
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led to the expansion of this layer from around 30 nm (untreated) up to 60 nm (20 s treated). 

This layer is attributed to the presence of oxides/hydroxides/oxyhydroxides and sulphates 

formed after the diffusion of iron from the pristine structure of pyrrhotite towards the surface 

of the mineral and its subsequent oxidation [77, 79, 80], a similar mechanism to that proposed 

to the oxidation of chalcopyrite [83, 92-94, 107-110, 118]. Although the presence of 

polysulphides (FeSn) have also been observed on the surface of pyrrhotite, the ease of 

oxidization appear to render the mineral’s surface with more hydrophilic sites than 

hydrophobic FeSn sites after exposure of the fresh surfaces to air. Microwave irradiation 

accelerated the oxidation due to the heat generated in the process. The low flotation recovery 

would be a consequence of the particles hydrophilicity. 

From the IGC results, no remarkable changes in the surface free energies (dispersive 

and specific) of pyrrhotite were observed upon microwave irradiation. This is in excellent 

agreement with the mineral’s surface speciation and the microflotation experimental data since 

the flotation response of the samples did not change. The work of adhesion to water profile 

showed the same trend as the surface energy, namely no marked differences in wettability of 

pyrrhotite, before and after irradiation. These observations, along with those made for 

chalcopyrite (Chapter 3) and pyrite [119], confirm the potential of IGC as a tool to predict the 

floatability of sulphide minerals. 

 Microwave irradiation affected the pyrrhotite morphology in a different manner than 

that of chalcopyrite (Chapter 3); while the latter mineral had its surface rendered with large 

pores, the former presented a decrease of its average pore size. The SSA of pyrrhotite was not 

significantly affected by treatment for 5 and 10 s, although showing an increase after 20 s. The 

irradiation did not change the hysteresis loops of the samples, which were classified as Type 

H3, same as for chalcopyrite. This indicates that the shape of the pores did not change due to 

the treatment. The samples’ pore size distribution and pore volume were not significantly 

affected by exposure to microwave radiation for 5 and 10 s, while 20 s of exposure led to a 

greater contribution of micropores and mesopores to the total pore volume and a change in the 

pore size distribution. The decrease in the average pore width and the presence of a peak closer 

to the microporous region in the pore size distribution (Figure 4.12) suggest that probe 

molecules other than N2 should be considered to obtain a more reliable assessment of the 

micropore size distribution [103] of microwave-treated pyrrhotite. The opposite effects of 

microwave irradiation on the porosimetry of pyrrhotite and chalcopyrite is of great interest to 
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the mining industry since the pore size distribution can directly affect flotation and leaching 

performance [45]. 

4.5 Conclusions 

The surface properties of untreated and microwave-treated pyrrhotite were 

characterized in this study. The untreated pyrrhotite presented predominantly hydrophilic 

species on its surface, which is further oxidized by microwave irradiation, changing the 

particle’s surface potential. The treatment also affects the mineral morphology and porosity, 

increasing its specific surface area and decreasing the average pore width; as opposed to 

chalcopyrite (Chapter 3), which had large pores formed. These changes could subsequently 

influence downstream processes that are governed by surface characteristics (e.g.: surface area, 

porosity and surface potential) such as flotation and leaching. Since changes in surface 

potential indicate that the adsorption of reagents (collectors, depressants, modifiers) onto the 

pyrrhotite surface may change after microwave irradiation, further studies are required to 

understand how flotation of this mineral is affected. Also, as the microwave-treated pyrrhotite 

samples displayed lower temperatures than chalcopyrite, thermal fracturing can be achieved at 

the minerals’ grain boundaries, potentially improving liberation. 

Chapter 5 presents the results on the characterization of microwave-treated pentlandite, 

commonly found associated with pyrrhotite and chalcopyrite (Chapter 3) in sulphide ores. The 

next chapter also offers a comparison on how these minerals behave under microwave 

irradiation, highlighting key aspects which might be explored in the processing of microwave-

treated copper-nickel sulphide ores.  
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Chapter 5: Surface Characterization of Microwave-treated 

Pentlandite 

Abstract 

Pentlandite is the main source of nickel and is normally found associated with 

chalcopyrite and pyrrhotite in sulphide ores. The high energy consumption in the comminution 

of these ores has driven the research on the use of microwave irradiation as a pre-treatment 

technique, making the material easier to grind. As the irradiation is expected to change the 

surface properties of the minerals, affecting their separation in subsequent processes, these 

changes should also be investigated. In this work, the surface properties of untreated and 

microwave-treated pentlandite were studied to provide information that may help mineral 

processors adapt the downstream separation systems to the characteristics of the microwave-

treated ore, especially the flotation systems. The pentlandite samples were characterized by 

XRPD, XPS, ATR-FTIR, SEM, BET/BJH, IGC, zeta potential and microflotation. The 

formation of a new phase, of stoichiometry close to FeNi4S5, was observed by the XRPD 

analysis for the sample irradiated for longer times. This phase is expected to have been formed 

underneath the oxidation layer, which consists of sulphates and 

oxides/hydroxides/oxyhydroxides, as indicated by XPS and ATR-FTIR. Violarite was formed 

onto the mineral’s surface after short exposure times and further oxidized into sulphates during 

longer exposures. The presence of these species led to a change in the zeta potential curve, with 

an IEP shifted from less than 3 to approximately 5.5 after 20 s of irradiation. A decrease in the 

surface energy and work of adhesion was observed. In addition, microwave irradiation greatly 

increased the sample’s specific surface area and porosity and decreased its average pore 

diameter. 

5.1 Introduction 

Pentlandite, (Fe,Ni)9S8, is the main source of nickel; normally occurring in basic 

igneous rocks in association with pyrrhotite, chalcopyrite and violarite ((Fe,Ni)3S4), a common 

product of oxidation due to supergene alteration. Since the mineral’s surface is highly micro-

fractured, cleavage usually takes place along pre-existing oxidized fractures, which makes it 

difficult to study the freshly exposed pentlandite surface. It normally presents a Fe:Ni ratio 

around 1:1 and may contain small amounts of Co in its structure [1-5].  
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The separation of pentlandite from its major gangue, pyrrhotite, can be achieved by 

froth flotation when the latter is non-magnetic (hexagonal) or by magnetic separation and froth 

flotation when it is magnetic (monoclinic) [1, 6-9]. This separation requires the pentlandite to 

be liberated, which is achieved by comminution. The conventional comminution techniques 

are energy intensive and have low energy efficiency [10-23], having a big impact in the 

processing of low grade ores and resources with complex mineralogy. The low-efficiency 

comminution methods and the foreseen challenges in new ore deposits have triggered the 

investigation on new comminution assisting techniques (e.g., electrical, ultrasonic, hydraulic, 

thermal and microwave pre-treatments) [24-38]. The application of microwave radiation as an 

assisted grinding technique has shown the greatest potential to become an industrial practice 

[39-42].  

In addition to improving energy efficiency and reducing the total energy requirement 

in comminution, microwave irradiation has led to other benefits such as improved mineral 

liberation, and also affected downstream processes such as flotation [43-61]. The flotation of 

microwave-treated sulphide ores has indicated the treatment may be beneficial [41, 51, 62-65], 

detrimental [50, 66] or have no effect [55, 66, 67] on the grade and recovery. These results are 

explained by improvements in liberation and also by the formation of new hydrophilic and 

hydrophobic species; due to the oxidation of the sulfides during microwave heating. 

Although previous studies report the floatability of chalcopyrite to be affected by phase 

transformations at the mineral’s grain boundaries, [41, 50, 51, 55, 62-67], the effects of 

microwave irradiation on the floatability of pentlandite have yet to be properly addressed. In 

addition, since the studies on surface characterization of microwave-treated minerals have 

targeted oxides such as hematite [68] and ilmenite [69-74], new investigations should address 

the changes in the surface properties of sulphides due to microwave irradiation.  

The surface properties of untreated and microwave-treated pentlandite samples are 

investigated in the present work. Phase composition, surface chemistry, surface potential, 

hydrophobicity and morphology are examined. 

5.2 Experimental 

5.2.1 Materials  

The pentlandite sample (Worthington Mine, Canada) was purchased from Excalibur 

Mineral Company (U.S.A.), with crystal aggregates ranging from 1 to 10 cm. Particles with 
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size in the range –150 + 38 μm were obtained by dry-crushing, pulverizing and sieving. 

Purification was performed by hand picking by magnetic separation using a hand magnet and 

a Frantz Isodynamic Separator (S.G. Frantz Company Inc., U.S.A.); oxidation was avoided by 

immediately storing the ground sample in a freezer. An agate mortar & pestle was used to 

further pulverize part of the sample to -10 μm (D50 = 4.0 μm, measured using laser diffraction) 

in order to generate samples for zeta potential and elemental analyses. Both the –150 + 38 μm 

and the -10 μm samples were then microwave-treated. 

5.2.2 Methods  

5.2.2.1 Microwave treatment 

A 3.0 kW, 2.45 GHz Amana RC30 multimodal microwave (Amana, U.S.A.) was used 

to conduct the treatment for 5, 10 and 20 s. Microwave transparent alumina crucibles were used 

as containers into which 20 g of the pentlandite sample were poured. The crucibles were placed 

at the center of the microwave cavity (215 mm x 330 mm x 380 mm) for all trials. The 

temperature was measured using a HH23 Omega thermocouple (Omega, U.S.A.).  

5.2.2.2 Chemical and phase composition 

Inductively coupled plasma optical emission spectrometry (ICP-OES) was used to 

determine the chemical composition of the untreated and microwave-treated particles and then 

verify the purity of the sample and the possible changes due to irradiation. The samples were 

prepared by digesting 0.1 g of pentlandite at 95 °C using aqua regia. The ICP-OES 

measurements were performed using a Thermo Scientific 6000 series spectrometer (Thermo 

Fisher Scientific Inc., U.S.A.). The standards used in the analyses were purchased from SCP 

Science (U.S.A.): PlasmaTest RQC-1(#140-128-002) and RQC-2 (#140-128-003); and 

PlasmaCal S (# 140-050-161). The possible phase transformations after microwave treatment 

were investigated by observing the phase composition of treated and untreated. For that 

purpose, X-ray powder diffraction (XRPD) analysis was performed in a Bruker D8 Discovery 

X-Ray Diffractometer (Bruker-AXS Inc., U.S.A.) equipped with Co κα X-ray source ( λ = 1.79 

Å), operating at 35 kV and 45 mA and 2L ranging from 15 to 75°.  

5.2.2.3 X-ray photoelectron spectroscopy (XPS) 

The surface speciation of the microwave-treated and untreated pentlandite samples 

were investigated using a Thermo Scientific K-Alpha monochromatic X-ray photoelectron 
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spectrometer (Thermo Fisher Scientific Inc., U.S.A.) equipped with an Al κα X-ray source 

(1486.6 eV, 0.834 nm), ultrahigh vacuum chamber (10-9 Torr) and microfocused 

monochromator. Iron, copper, sulphur and oxygen high resolution scans with a pass energy of 

0.1 eV and an elemental survey from 0 to 1350 eV (pass energy of 1 eV) were obtained. Depth 

profiles were performed in-situ using Ar ion beam sputtering, with energy of 3000 eV, current 

of 4.16 µA,  22 levels and etching cycles of 30 s. The etching rate is estimated to be 

approximately 1.94 nm s−1 for the sputtering of pentlandite under those conditions. Three target 

points were studied for each sample, using a spot size of 400 μm. Surface charge effects were 

avoided by employing an electron charge gun.  The pentlandite samples (–150 + 38 μm) were 

kept in a desiccator and dried for 2 hours in a vacuum oven at room temperature before 

conducting the experiments. The experimental data (binding energy) was then calibrated using 

the C 1s peak for C-C, at 284.8 eV, and fitted using the software Thermo Advantage 4.60 

(Thermo Fisher Scientific Inc., U.S.A.).  

 5.2.2.4 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

In addition to XPS, attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

spectroscopy was conducted on the untreated and microwave-treated pentlandite samples to 

investigate their surface speciation. The experiments were performed using a Spectrum 400 

spectrometer (Perkin Elmer, U.S.A.). The dried samples were analyzed without any extra 

treatment (e.g., grinding and washing). The IR transmittance spectra were obtained by passing 

64 scans, between 4000 and 650 cm-1, with a resolution of 4 cm-1. The experimental data was 

baseline corrected and normalized to the total surface area under the transmittance bands using 

Spectrum software (Perkin Elmer, U.S.A.). 

5.2.2.5 Morphological characterization 

The morphology of the untreated and microwave-treated pentlandite samples (–150 + 

38 μm) were studied by scanning electron microscopy (SEM). The experiments were 

performed on a Hitachi SU3500 scanning electron microscope (Hitachi, Japan) operated in VP-

SEM Mode, at 15 kV, 103 μA, 30 Pa and 10.4 mm working distance. 

The surface area and the porosity of the samples were studied by N2 

adsorption/desorption isotherms measured at 77K on a Micrometric TriStar 3000 analyzer 

(Micromeritics Instrument Corporation, U.S.A.). The specific surface area (SSA) was obtained 

from the isotherms by using the Brunauer–Emmett–Teller (BET) method [75] and the average 
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pore width and pore volume distribution by using the Barrett–Joyner–Halenda (BJH) method 

[76]. Prior to the test, the samples were degassed with N2 for 24 hours at room temperature.  

5.2.2.6 Zeta Potential 

Electrophoretic Light Scattering (ELS) measurements were performed to obtain the 

samples’ surface potential (zeta potential) using a NanoBrook 90Plus Zeta Particle Size 

Analyzer (Brookhaven Instruments, U.S.A.). Two sets of samples were pulverized using a 

mortar and pestle – the second set having undergone microwave treatment – prior to zeta 

potential measurements. The suspensions with untreated pyrrhotite were prepared immediately 

after pulverizing in order to avoid oxidation. This preparation consisted on adding 10 mg of 

sample into 10 mL of pH adjusted 1 x 10-2 M KNO3 solution (supporting electrolyte). 

Deionized water was purged with N2 for 30 minutes prior to the preparation of KNO3 solution 

in order to reduce the dissolved oxygen (DO) and avoid oxidation of the particles. The solution 

pH was adjusted using HNO3 and KOH (0.1 M, 0.01 M or 0.001 M depending on the targeted 

pH) prior to addition of the particles. The suspensions were mixed to ensure that the particles 

were kept in suspension; the electrophoretic mobility was measured immediately and then 

converted to zeta potential by applying the Smoluchowski equation [77]. 

5.2.2.7 Microflotation 

Microflotation tests were conducted in a 170 cm3 modified Hallimond tube (Chapter 3) 

to obtain the floatability of the untreated and microwave-treated pentlandite samples. Prior to 

the test, 1 g of sample was conditioned for 5 minutes in 30 mL of distilled water, with pH of 

7.0. The suspension was then poured into the bottom part of the tube, the extensor and the top 

part were attached and the suspension level completed up to the froth layer with pH adjusted 

distilled water. A magnetic stir bar was employed to ensure the particles remained in 

suspension. Nitrogen (N2) gas was purged through the frit, at the base of the bottom part, at a 

flow rate of 40 cm3/min. Collectorless flotation was performed for 1 minute. Floated and non-

floated products were then filtered, dried and weighed. 

5.2.2.8 Inverse gas chromatography (IGC) 

A Surface Energy Analyzer, SEA (Surface Measurements System Ltd., UK) at finite 

concentration (FC-IGC), and 5 % surface coverage was employed to study the surface energy 

of the pentlandite samples. The chromatography columns were made of presilanized glass and 

had 30 cm in length, a 6 mm outer diameter and a 4 mm inner diameter. Helium was selected 
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as carrier gas at a flow of 10 ml min-1 and methane was used for dead volume corrections. The 

experiments were conducted at 30 °C and 0% RH. The surface energy measurements were 

performed with decane, nonane, octane and heptane as the chosen alkane probes and toluene 

and dichloromethane as the polar probes. A minimum of 5 replicates were run for each sample. 

The data analysis was done using the Cirrus Plus Analysis Software (Surface Measurements 

System Ltd., UK). The retention time from the peak maximum was used to calculate the 

retention volume to determine the surface energies and work of adhesion to water. The 

dispersive components were determined employing the Schultz method and the specific 

components were obtained using the Della Volpe scale. The work of adhesion was determined 

through the same method as the surface energy. 

 

Figure 5.1 Temperature of pentlandite exposed to microwave radiation for different times. Error bars represent 

95% confidence intervals. 

5.3 Results 

5.3.1 Temperature 

The changes in the bulk temperature of the pentlandite sample as a function of exposure 

time (118, 181 and 286 ºC) indicates the mineral presents a greater average heating rate (11.2 

°C/s) than that of pyrrhotite (7.1 °C/s, Chapter 4), but lower than that of chalcopyrite (15.0 

°C/s, Chapter 3). This is in agreement with a previous comparative study conducted by 

Chunpeng et al. [78], in which the authors even investigated the substitution of iron by nickel 

in a nickel bearing pyrrhotite showing a much greater heating response to microwaves than that 
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of an ordinary pyrrhotite. Although the results from Chunpeng et al. show that pentlandite 

presents a slightly greater response to microwave irradiation than that of chalcopyrite, data 

published by McGill et al. [52] indicates that copper sulphides (CuS) heat more and faster than 

nickel sulphides (NiS).  The heating rate observed from Figure 5.1, which does not change 

significantly with the temperature, suggests that the pentlandite’s dielectric properties are not 

as affected by the temperature as chalcopyrite [79]. 

5.3.2 Chemical and phase composition 

The XRPD pattern of the untreated pentlandite indicates the sample is mostly composed 

of pentlandite, with smaller amounts of violarite (FeNi2S4) and chalcopyrite (Figure 5.2a). The 

presence of chalcopyrite as a minor contaminant was also predicted by the ICP-EOS analysis 

(Table 5.1), which shows Cu as the most abundant elements after Fe, Ni and S. No significant 

change in the chemical composition was observed after the exposure to microwave irradiation. 

The XRPD pattern of the 5 s treated pentlandite (Figure 5.2b) showed similar profile to that of 

the untreated sample, while the 20 s treated pentlandite (Figure 5.2d) presents new peaks, which 

can even be inferred from the 10 s treated sample (Figure 5.2c). These new peaks can be 

assigned to the presence of a product from the oxidation of pentlandite in a stage before the 

formation of violarite, possibly a metal-deficient sulphide [1], with a general stoichiometry 

close to FeNi4S5: (Fe0.2Ni0.8)0.96S (JPDF reference number: 00-050-1790 [80]), Fe0.19Ni0.78S 

(JPDF reference number: 04-002-6333 [81]) or Fe0.5Ni0.5S (JPDF reference number: 04-001-

6160 [82]). The results differ from those observed for microwave-treated chalcopyrite (Chapter 

3) and pyrrhotite (Chapter 4), which indicated no change in their phase composition, suggesting 

an increased ease in  phase transformation. 

Table 5.1. Chemical composition (Wt %) of the purified - 150 + 38 μm pentlandite (untreated and microwave-

treated for 5, 10 and 20 s) measured by ICP-OES. Standard error (%) < 7, with 95% confidence. 

 S Ni Fe Cu Ca Co Al Mg Pb K Zn Cr Ti 

Untreated 29.74 29.66 28.24 2.01 1.19 0.51 0.43 0.32 0.25 0.21 0.18 0.04 0.03 

5 s 29.42 29.92 28.96 2.19 1.11 0.51 0.41 0.31 0.30 0.20 0.19 0.04 0.03 

10 s 30.03 29.95 28.88 2.13 1.08 0.52 0.45 0.33 0.29 0.22 0.19 0.05 0.03 

20 s 29.86 29.83 28.35 2.29 1.22 0.56 0.46 0.35 0.29 0.22 0.20 0.05 0.03 
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Figure 5.2 X-Ray diffractograms of pentlandite: a) untreated, and microwave-treated for b) 5 s, c) 10 s and d) 

20 s. Pn: pentlandite, Vl: violarite, Ccp: chalcopyrite and S: FeNi4S5. 

5.3.3 Zeta Potential 

The zeta potential of untreated pentlandite (Figure 5.3) showed the mineral is negatively 

charged in all the pH conditions investigated, which is consistent with previous studies 

conducted by Alvarez-Silva [83], Bremmell et al. [84] and Feng et al. [85]. The isoelectric 

point (IEP) was found to be lower than 3, indicating the experimental procedure was successful 

in avoiding the formation of iron and nickel oxides/hydroxides at the untreated particles’ 

surface, which would have raised the IEP [84]. The microwave treatment for 5 s led to a slight 

change in the zeta potential curve to less negative values at low pH and more negative values 

at alkaline pH, although a T-test showed the differences were not statistically significant. 

Treatments for 10 and 20 s shifted the zeta potential curves to positive values at pH lower than 

8, reaching an IEP around 4 and 5.5, respectively. The curves for 10 s and 20 s treated 

pentlandite showed significant differences from the untreated mineral for pH lower than 8. The 

observed changes are an expected consequence of the oxidation of pentlandite, forming 

oxides/hydroxides/oxyhydroxides [84]. 
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Figure 5.3 Zeta potential of pentlandite: untreated, and microwave-treated for 5, 10, and 20 s. Error bars 

represent 95% confidence intervals. 

5.3.4 X-ray photoelectron spectroscopy (XPS) 

The XPS results for the untreated and microwave-treated pentlandite were curve fitted 

and the chemical species identified (Table 5.2). After the fitting of the S 2p spectra, it was 

possible to identify the presence of (FeNi)3S4 at around 161.20 eV [1, 86], 5-coordinate S in 

(Fe,Ni)9S8 at around 162.10 eV [1, 3, 86, 87], S-rich species (polysulphides or metal deficient 

sulphides – FexNiySn, n>y>x) at around 163.20 eV and sulphates/sulphites (168.70 eV [87-91]) 

on the surface of the untreated pentlandite sample (Figure 5.4). Although the peak around 

161.20 eV has been previously assigned to a 4-coordinate S in pentlandite [3], simulations 

conducted by Goh et al. [86] indicated that the difference between the 4- and 5-coordinate  S 

in pentlandite should be less than 0.5 eV. Despite the presence of hydrophilic sulphate sites, 

the sulphide and polysulphide species still predominate. A mild exposure to microwave 

radiation (5 s) increases the violarite peak relative to the pentlandite and sulphates peaks. The 

SO4
2-/SO3

2- peak increases after 10 s of treatment and largely predominates after 20 s.   
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Table 5.2. Binding energy (eV) of Fe, S, Ni and O for the proposed species on the surface of untreated and 
microwave- treated pentlandite. 

Peak   Proposed species Untreated 5 s 10 s 20 s 

Fe 
2p3/2 

(Fe,Ni)9S8 707.24 707.44 707.48 707.56 

(FeNi)3S4 - 708.68 - - 

FeOOH, Fe(OH)3, Fe(OH)2, 
FeO, Fe2O3, Fe3O4 

710.28 710.39 710.38 710.39 

FeSO4   712.23 712.38 712.37 712.49 

Fe2(SO4)3  714.22 714.38 714.38 714.38 

Fe 
2p1/2 

(Fe,Ni)9S8 720.55 720.71 720.55 720.55 

(FeNi)3S4 - 721.95 - - 

FeOOH, Fe(OH)3, Fe(OH)2, 
FeO, Fe2O3, Fe3O4 

723.75 724.01 723.79 723.76 

FeSO4 725.52 725.69 725.50 725.60 

Fe2(SO4)3 727.09 727.25 727.25 727.25 

S 2p3/2 

(FeNi)3S4 161.23 161.30 161.19 161.19 

(Fe,Ni)9S8 161.98 162.22 162.17 162.11 

FexNiySn, y>x 163.16 163.26 163.42 163.26 

SO4
2-/SO4

2- 168.64 168.81 168.70 168.69 

S 2p1/2 

(FeNi)3S4 162.39 162.48 162.39 162.46 

(Fe,Ni)9S8 163.08 163.40 163.33 163.00 

FexNiySn, y>x 164.32 164.48 164.58 164.48  

SO4
2-/SO4

2- 169.82 170.06 169.82 169.88 

O 1s 

FeO, Fe2O3, Fe3O4 529.78 529.87 529.84 529.91 

FeOOH, Fe(OH)3, Fe(OH)2 / 
FeSO4 , Fe2(SO4)3 / NiSO4 

532.09 532.13 532.02 532.08 

Physisorbed H2O 533.98 534.05 533.93 533.90 

Ni 2p3/2 

(Fe,Ni)9S8 / (FeNi)3S4 853.00 853.10 853.10 853.10 

NiO 856.05 856.02 856.03 856.08 

NiSO4 857.98 857.98 857.98 857.98 

Ni 2p1/2 

(Fe,Ni)9S8 / (FeNi)3S4 872.01 872.01 872.08 872.01 

NiO 873.68 873.83 873.69 873.73 

NiSO4 876.02 875.77 875.90 875.61 
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Figure 5.4 XPS S 2p spectra of pentlandite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 

The fitting of the Fe 2p spectra for the untreated pentlandite sample (Figure 5.5) 

indicates a surface containing minor amounts of pentlandite (707.30 eV [1, 86, 87]), sulphates 

(e.g.: FeSO4 at around 712.30 eV [87, 89, 92] and Fe2(SO4)3 at around 714.30 eV [87, 89, 92]) 

and a predominant amount of oxides/hydroxides/oxyhydroxides (e.g.: FeOOH, Fe(OH)2, 

Fe(OH)3, FeO, Fe2O3, Fe3O4) at around 710.40 eV  [1, 3, 86, 87]. Various iron oxides, 

hydroxides and oxyhydroxides species are expected to appear in the range from 709 up to 711 

eV, which suggests that the 710.5 eV peak has the contribution of different overlapping peaks 

[93, 94]. The exposure to microwave radiation for 5 s required a peak to be fitted at around 

708.70 eV, which correspond to the binding energy of violarite [1, 86, 87]. Also, the peak fitted 

at 714.3 eV (Fe2(SO4)3) decreased relative to the other peaks. The fitting of the curves of 10 

and 20 s treated samples indicated no presence of violarite, while the pentlandite peak 

decreased significantly and the peak at 710.40 eV increased and became narrower.  
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Figure 5.5 XPS Fe 2p spectra of pentlandite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 

The O 1s spectra (Figure 5.6) suggests that oxygen is found at the surface of untreated 

pentlandite as iron oxides at around 529.80 eV  [1, 3, 86, 87, 93-97], iron 

hydroxides/oxyhydroxides [1, 3, 86, 87, 94-97], iron sulphates  and/or nickel sulphates at 

around 532.00 eV [87, 89, 91] and physisorbed water at around 534.00 eV [97-101]. The 

exposure to microwave radiation increased the presence of oxides relative to 

hydroxides/sulphates, which is consistent with the species observed in the Fe 2p and the S 2p 

spectra. The Ni 2p spectra for the untreated pentlandite was fitted with three curves: one 

assigned to the sulphides ((Fe,Ni)9S8 / (FeNi)3S4) at around 853.10 eV  [1, 3, 86, 87], a second 

and predominant peak assigned to NiO at around 856.00 eV [1, 3, 86, 102] and a third one 

assigned to NiSO4 at around 858.00 eV [3, 87, 102]. The exposure to microwave radiation did 

not change the profile of the Ni 2p spectra significantly, being the oxide peak predominant in 

all the treatments conducted. Moreover, it can be observed that the Ni 2p spectra presents a 

lower signal/noise ratio than that of the Fe 2p spectra (especially after microwave irradiation), 

which indicates the lower content of the former metal at the surface of pentlandite. 
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Figure 5.6 XPS O 1s spectra of pentlandite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 

Nickel depth profiles were obtained for treated and untreated pentlandite and are shown 

in Figure 5.7. The depth profile curve for the untreated pentlandite displays a depletion in Ni 

content at the mineral’s surface. This profile changes after 5 s and 10 s of exposure to 

microwave radiation, with the broadening of the Ni-depleted layer. Twenty seconds of 

exposure created a plateau in the Ni content for the first 200 nm followed by an increase until 

a depth of around 670 nm where a new plateau was achieved. The depletion of Ni at the samples 

surface might be due to the migration of iron from inner layers, forming 

oxides/hydroxides/oxyhydroxides at the surface. This agrees with the formation of S-rich 

phases in these inner layers, such as violarite [87] or a metal-deficient sulphide [1], which is 

also supported by the S 2p and Fe 2p spectra (Figure 5.4 and 5.5, respectively) or the new S-

rich phase identified in the XRPD results (Figure 5.2). 
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Figure 5.7 XPS Ni depth profile of pentlandite: untreated and microwave-treated for 5 s, 10 s and 20 s. 

 

5.3.5 Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 

The untreated and microwave-treated pentlandite samples were investigated using 

ATR-FTIR spectroscopy. The baseline corrected and normalized spectra are presented in 

Figure 5.8. Figure 5.8a shows the spectra of untreated pentlandite wherein the bands at 712 and 

1400 cm-1 indicate partial oxidation of the mineral surface. When the mineral was treated with 

microwave radiation for 5 s, the S-O stretching bands corresponding to hydrated ferric 

sulphates (990, 1090 and 1140 cm-1) [103] and the O-H bending bands corresponding to 

oxyhydroxides (1010 and 1175 cm-1) [104] appeared. The appearance of bands at 990 and 1010 

cm-1 changed the broad peak (between 885 and 1050 cm-1) which were present in the untreated 

sample. Before treatment, this broad peak is more right-skewed compared to that of the samples 

treated for 5 s (Figure 5.8b), which is slightly left-skewed. It can also be observed that the band 

corresponding to oxyhydroxides/hydroxides (712 cm-1) [105] intensified, whereas that of the 

band at 1400 cm-1, corresponding to Fe-O stretching in iron oxide [106], shifted to 1410 cm-1. 

Comparing the bands between 1050 and 1250 cm-1 of the 5, 10, 20 s treated samples, it can be 

observed that there is a subtle increase in the peaks’ intensity corresponding to the increase of 

sulphates and oxyhydroxides (see Figure 5.8b, 5.8c, and 5.8d). 
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Figure 5.8 ATR-FTIR spectra of pentlandite: a) untreated, and treated for b) 5 s, c) 10 s and d) 20 s. 

5.3.6 Morphological characterization 

The SEM images of the untreated and microwave-treated pentlandite samples are 

shown in Figure 5.9. The samples presented conchoidal fracturing typical of brittle materials 

[2], in agreement with previous work [84, 107, 108]. Smaller particles are observed on the 

surface of both untreated and microwave-treated pentlandite, showing similar composition to 

that of the surface. The mineral’s greatly fractured surface differs from the smoothly shaped 

surface of untreated chalcopyrite and pyrrhotite (Chapters 3 and 4, respectively). The SEM 

images also indicated that the pentlandite’s surface responds similarly to pyrrhotite rather than 

chalcopyrite when microwave-irradiated, as the mineral showed no observable change in its 

porosimetry.  Besides chalcopyrite, the results are also different from those obtained for 

microwave-treated ilmenite [73, 74].  
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Figure 5.9 SEM photomicrographs of pentlandite: a) untreated and microwave-treated for b) 5 s, c) 10 s and d) 

20 s. 

The effects of microwave irradiation on the specific surface area (SSA) and the porosity 

of pentlandite were studied by using the BET and the BJH methods. The results indicated that 

microwave irradiation led to the increase in the SSA while the average pore width decreased 

to half of that in the untreated pentlandite, after 20 s irradiation (Table 5.3); this trend is similar 

to that observed for pyrrhotite (Chapter 4) and contrary to the findings for chalcopyrite 

(Chapter 3). These results are in agreement with the SEM images in Figure 5.9, which does not 

show evidence for the formation of large pores, and is also in agreement with results for the 

cumulative pore volume (Figure 5.10) and the pore size distribution (Figure 5.11) of the 

microwave-treated pentlandite samples. All the pentlandite samples (untreated and irradiated) 

can be classified as mesoporous materials based on the average pore width (Table 5.3) and on 

the IUPAC recommendations [109]. The isotherms obtained for the treated and non-treated 

pentlandite samples show Type H3 hysteresis loops, indicating the presence of slit-shaped 

pores [110], similarly to the results  found for chalcopyrite and pyrrhotite (Chapters 3 and 4, 

respectively). The untreated sample presents a pore size distribution with two peaks within the 

mesopore size range, while the irradiated samples show broad peaks in the mesopore region; 

b) a) 

c) d) 
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an increased contribution of smaller pores (closer to micropore region) is observed with the 

increase in the exposure time. 

Table 5.3. Specific Surface Area and Average Pore Width of untreated and microwave-treated pentlandite 

Exposure time (s) 0 5 10 20 

Specific Surface Area (m2/g) 0.0948 0.1093 0.1472 0.2119 

Average Pore Width (nm) 30.34 29.415 20.18 15.21 

 
Figure 5.10 Cumulative pore volume of pentlandite (untreated and microwave-treated for 5, 10 and 20 s). 

 
Figure 5.11 Pore size distribution of pentlandite (untreated and microwave-treated for 5, 10 and 20 s). 
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5.3.7 Microflotation 

The results of the microflotation tests (Figure 5.12) indicates no substantial collectorless 

floatability for the untreated and microwave-irradiated pentlandite samples; the untreated 

sample is highly hydrophilic, which is still observed after treatment. These results are similar 

to that of  pyrrhotite (Chapters 4), even though it has been suggested that both minerals can 

present collectorless floatability [111] due to the presence of polysulphides on the mineral’s 

surface [88, 111, 112].   

 
Figure 5.12 Collectorless floatability of pentlandite (untreated and microwave-treated for 5, 10 and 20 s). Error 

bars represent 95% confidence intervals. 

5.3.8 Inverse gas chromatography (IGC) 

The total surface free energy (γT) and its components, dispersive (γD) and specific (γAB), 

were determined for the pentlandite samples by IGC measurements, and are shown in Figure 

5.13. The dispersive component of the surface energy (γD) of the sample did not change 

significantly due to microwave treatment. However, the specific component of surface energy 

(γAB) decreased from 16.0 to 9.1 mJ m-2 after 5 s microwave radiation. No greater changes were 

observed upon longer exposure.  

The influence of the radiation on the wettability of the pentlandite samples was also 

examined by determining the work of adhesion to water (Wadh) through IGC experiments 

(Figure 5.14). The diagram clearly shows that untreated pentlandite had a greater affinity to 

interact with water than the other samples which were microwave-irradiated. That means a 

more hydrophilic character before treatment although the difference is not as clear as for the 

γAB values. The wettability remained almost unchanged after longer radiation up to 20 s.  
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Figure 5.13 The surface energy of pentlandite (untreated and microwave-treated for 5, 10 and 20 s). Error bars 

represent 95% confidence intervals. 

 

Figure 5.14 The work of adhesion of pentlandite (untreated and microwave-treated for 5, 10 and 20 s). Error 

bars represent 95% confidence intervals. 

5.4 Discussion 

The X-ray powder diffraction showed changes in the X-ray pattern for the pentlandite 

sample after 20 s of exposure to microwave radiation, with the appearance of new peaks which 

can be assigned to a S-rich phase. This phase is expected to have a stoichiometry close to 
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FeNi4S5, which is plausible due to the large diffusion of iron from the pristine pentlandite core 

required to form the thick iron oxide layer observed at the mineral’s surface after 20 s treatment. 

Since the detection limit of the technique may be as low as 1% by weight [113], phase 

transformation might still have taken place at the surface of samples microwave irradiated for 

shorter time, such as 5 or 10 seconds. 

The temperature data from pentlandite suggests that a thermal differential can be 

produced at the boundaries in between the mineral and chalcopyrite or pyrrhotite, especially at 

greater exposure times, considering that their heating rates may be differently dependent on the 

temperature. Since iron presents a lower reduction potential than nickel [114] and based on the 

results presented by Chunpeng & Jinhui [115], it is expected that iron oxides and lesser 

amounts of nickel oxides should be formed at the surface of the microwave-treated pentlandite 

sample. The XPS and ATR-FTIR results corroborate these predictions by revealing that the 

surface of pentlandite presents a natural hydrophilicity, more alike pyrrhotite (Chapters 4) than 

chalcopyrite (Chapters 3), due to the presence of iron sulphates and 

oxides/hydroxides/oxyhydroxides (e.g.: FeOOH, Fe(OH)2, Fe(OH)3, FeO, Fe2O3, Fe3O4) and 

nickel sulphates and oxides; besides the expected (Fe,Ni)9S8, (FeNi)3S4 and metal-deficient 

sulphides. The exposure to microwave radiation for a short time (5 s) increased the amount of 

violarite on the mineral’s surface, as displayed by the S and Fe XPS spectra (Figure 5.4 and 

5.5, respectively). The oxidation of pentlandite into violarite, iron and nickel oxide or the 

formation of a thiospinel of violarite type and hydrated iron oxide has been suggested by Goh 

et al. [86] and Buckley & Woods [1], respectively in the Equations 5.1 and 5.2:  

         8 Fe4.5Ni4.5S8 + 17 O2  16 FeNi2S4 + 10 Fe2O3 + 4 NiO                    (5.1) 

Fe4Ni5S8 + (9/4) O2 + (3/2) H2O  2 Fe0.5Ni2.5S4 + (3/2) Fe2O3.H2O           (5.2) 

The formation of a metal-deficient sulphide layer underneath the oxidation layer of 

pentlandite, which has been identified by XRPD for the 20 s irradiated samples, has also been 

proposed by Buckley & Woods [1] in Equation 5.3:    

   Fe4Ni5S8 + (3x/4) O2 + (x/2) H2O  Fe4-xNi5S8 + (x/2) Fe2O3.H2O            (5.3) 

The pentlandite O 1s spectra is very similar to that observed for chalcopyrite and 

pyrrhotite, although these two minerals appear to have larger oxide peaks relative to 

hydroxides/sulphates peaks. The exposure for 10 s made the sulphates the S-dominant species 
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on the mineral’s surface while 20 s drastically decreased the amount of sulphides. While 

microwave irradiation does not convert all the sulphides on the surface of pyrrhotite and 

chalcopyrite into sulphates, the sulphur species on the surface of pentlandite are greatly 

affected, showing the larger conversion among the three minerals. The fitting of the Fe 2p 

spectra (Figure 5.5) indicates a decrease in the iron sulphate peaks after 20 s of exposure to 

microwave radiation, especially the Fe2(SO4)3. Still in this spectra, the disappearance of the 

pentlandite peak and decrease in the sulphate peak emphasizes the predominance of the iron 

oxide/hydroxide/oxyhydroxides sites. The zeta potential curves of the microwave-treated 

pentlandite is consistent with the dominant sulphate and oxides/hydroxides/oxyhydroxides 

species, changing from a sulphide-like curve to a more oxide-like curve as a result of a more 

positive surface charge; an IEP around 5.5 is observed after 20 s of exposure. The different 

responses of pentlandite, chalcopyrite and pyrrhotite to microwave irradiation in terms of the 

surface potential and speciation could be exploited to achieve selective separation in flotation. 

The low collectorless floatability still observed for the pentlandite samples after treatment are 

consistent with the shifted zeta potential curves and also in agreement with the increased 

amounts of hydrophilic surface species. These results and the depth profiles (Figure 5.7) 

indicate that pentlandite, along with pyrrhotite, acquire a much thicker oxidation layer than that 

of chalcopyrite after being microwave-irradiated.  

The Ni depth profile showed a depletion of this element on the surface of pentlandite, 

which is expanded after the exposure to microwave radiation. These profiles are consistent with 

the predictions made by Buckley & Woods [1] and Legrand et al. [3] and with the results 

presented by Richardson & Vaughan [87] for oxidized pentlandite samples, although more 

severe changes were produced by the heating due to the irradiation. The authors interpreted the 

lower Ni content at the surface of pentlandite as a consequence of the Fe diffusion from the 

bulk of the mineral towards the surface, where it is concentrated in the form of oxides, 

hydroxides and/or oxyhydroxides. An inner layer of a metal-deficient sulphide is expected to 

be formed underneath the oxidation layer, as indicated by the XRPD results. This interpretation 

is similar to those provided for the oxidation mechanism of chalcopyrite [95, 96, 99, 116-121] 

and pyrrhotite [98, 122, 123] and is consistent with the speciation assigned to the sample’s 

surface based on the XPS and the ATR-FTIR analyses and with the low collectorless 

floatability of the untreated and treated particles. The surprisingly large thickness of the 

oxidation layer on the surface of pentlandite when compared to chalcopyrite (Chapter 3) or 

even pyrrhotite (Chapter 4), particularly after 20 s of exposure, indicates that pentlandite is 
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easier to oxidize when microwave-irradiated than the other two sulphides, for which phase 

transformation was not observed. Therefore, pentlandite may present a weaker galvanic 

protection by the outermost oxide layer of pentlandite than by that of those minerals, when 

microwave irradiated. This might be a consequence of the highly porous surface of the mineral, 

which would allow a greater O2 diffusion into the pristine structure of the particles. 

The total surface energy of pentlandite and the work of adhesion (Wadh) decreased upon 

microwave irradiation, especially after short exposure to microwaves. Most of the change in 

the surface energy was due to the sharp reduction in the specific component (γAB) after 5 s of 

treatment. This reduction in the hydrophilicity may be associated with the formation of S-rich 

sites (stoichiometry close to FeNi4S5) observed for 20 s treated samples in the XRPD analyses, 

which may not have been detected for the samples treated for short time. Although these results 

are not consistent with the microflotation data, which seem to show a small decrease in the 

floatability of pentlandite (Figure 5.12), the coefficient of variation (CV) associated with the 

results do not allow a significant assessment of the changes in the floatability of pentlandite as 

that of chalcopyrite (Chapter 3). The interpretation of the observed pentlandite’s γAB and Wadh 

before and after treatment requires further investigation and should also consider the mineral’s 

unique response in terms of porosity and specific surface area when compared to those of 

chalcopyrite and pyrrhotite (Chapters 3 and 4, respectively). Since the distribution of the 

energetic sites of higher and lower energy on the mineral surface is altering (surface energy 

heterogeneity), and since the IGC data was collected at only one surface coverage (5%), one 

possible cause for the unexpected surface energy results could be a pronounced change in the 

degree of the surface energy heterogeneity of pentlandite upon treatment. 

The pentlandite sample had its surface morphology affected by microwave irradiation 

similarly to pyrrhotite (Chapter 4), with the formation of mesopores or even micropores, and 

in opposition to chalcopyrite (Chapter 3), which had its surface rendered with large pores. The 

SSA of the microwave-treated pentlandite, however, showed a different response than that of 

both other minerals, doubling after 20 s of exposure. All the exposure times contributed to an 

increase in the SSA and the total pore volume and the decrease in the average pore width and 

also changed the pore size distribution. The hysteresis loops of untreated and microwave-

treated pentlandite were found to be of Type H3 (similar to chalcopyrite and pyrrhotite), 

suggesting no changes in the pores’ shape due to the treatment. As the pore size distribution 

(Figure 5.11) shows a greater contribution of pores close to the mesopores/micropore region 

for the microwave-treated pentlandite,  it is advised that other probe molecules other than N2 
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should be applied to obtain a more reliable assessment of the micropores [109]. The large 

increase in the SSA and the formation of micropores and mesopores in the surface of the 

irradiated pentlandite can be exploited in the processing sulphide ores since these changes 

differentiate the surface of pentlandite, chalcopyrite and pyrrhotite, affecting differently 

processes such as flotation and leaching.  

5.5 Conclusions 

This study investigated the effects of microwave irradiation on the surface properties 

of pentlandite.  Although the mineral initially presented a hydrophilic surface, the treatment 

promoted a further oxidation, with the decrease in the amount of hydrophobic sulphide sites, 

increase in the amount of hydrophilic ones (i.e.: violarite, sulphates and 

oxides/hydroxides/oxyhydroxides) and even the formation of a S-rich phase. These phase 

changes and the observed decrease in the surface energy and work of adhesion contributed to 

a shift in the particles’ zeta potential. Therefore, the floatability of the microwave-treated 

pentlandite is expected to change in the presence of sulphide and oxide collectors and should 

be further investigated. Also, the irradiation increased the mineral’s specific surface area and 

porosity, reduced its average pore diameter, and improved its ease to oxidize and form metal-

deficient sulphides. All these changes can be of great interest in downstream systems, such as 

flotation and leaching, where the differences in surface properties can be exploited to obtain a 

selective separation between pentlandite, chalcopyrite and pyrrhotite. 

The insights obtained in this chapter, as well as those observed for chalcopyrite 

(Chapter 3) and pyrrhotite (Chapter 4) are important for understanding how the microwave-

treated sulphide minerals behave in a flotation system. Chapter 6 investigates such behaviors, 

through microflotation and zeta potential measurements, and relates them to the surface 

properties of microwave-treated chalcopyrite, pyrrhotite and pentlandite provided in previous 

chapters.  
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Chapter 6: The effects of microwave irradiation on the floatability 

of chalcopyrite, pentlandite and pyrrhotite 

Abstract 

Research into the application of microwave irradiation in the comminution of ores has 

made great progress in recent years, creating a demand to understand the effects of this 

technique on downstream processes, especially flotation. The present work investigated the 

floatability of untreated and microwave-treated chalcopyrite, pentlandite and pyrrhotite 

samples using potassium amyl xanthate and sodium oleate as collectors. The effects of the 

exposure time on each mineral’s recovery at different concentrations, pH and particle sizes 

were studied through microflotation, and the adsorption of the collectors was analyzed by 

electrophoretic zeta potential measurements. Microwave irradiation led to the decrease in the 

floatability of chalcopyrite and pyrrhotite in the presence of xanthate, at the pH values 

investigated, whereas no significant change was observed for pentlandite. As the zeta potential 

results indicated an increase of the xanthate adsorption at acidic pH for all the treated samples, 

a possible adsorption mechanism was discussed. The flotation of the microwave-treated 

minerals required greater sodium oleate concentration to display similar recoveries as the 

untreated samples, with the treated pentlandite requiring double the collector concentration of 

the other minerals. The treated and non-treated pentlandite and pyrrhotite samples did not float 

at pH 10. Although low recoveries were observed for the treated chalcopyrite and pentlandite 

at all pH values studied, the treated pyrrhotite displayed high floatability at acidic and neutral 

pH. No clear trend between the sample’s particle size, the temperature and the floatability of 

chalcopyrite, pentlandite and pyrrhotite was observed, although the recovery of the microwave-

treated sulphide minerals was more affected by the particle size in the tests with potassium 

amyl xanthate. The overall results presented by this work indicate potential conditions to 

achieve selectivity between the microwave-treated chalcopyrite, pentlandite and pyrrhotite.   

6.1 Introduction 

The application of microwave irradiation as an assisted grinding technique has shown 

great potential in reducing the energy required in comminution and improving the liberation of 

different types of ores [1-7]. However, the effects of this treatment go beyond these benefits; 

downstream processes, such as leaching, flotation and magnetic separation are also influenced 

by the treatment [3, 5-22]. These effects are clearly observed in the separation of sulphide ores 
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[1, 7, 12, 23-33], which utilize flotation as the most important and versatile separation 

technique.  

Flotation exploits differences in surface properties of the minerals to achieve 

selectivity. Such differences can be natural or, in most cases, induced by using collectors to 

render a specific mineral’s surface hydrophobic [34]. Xanthates are the most commonly used 

sulphide collectors while fatty acids are the most common non-sulphide collectors, especially 

salts of oleic acid [34-37]. The oxidation of sulphide minerals is a natural process, which takes 

place in the presence of oxygen and water, is temperature dependent and can greatly impair the 

adsorption of sulphide collectors [38-44]. However, since oxide collectors (i.e.: oleic acid and 

related salts) have been proven to perform well in the flotation of iron oxides and hydroxides 

[45-52], which are formed onto the surface of the oxidized sulphide minerals [27, 32, 53-64], 

a high floatability might be obtained for these minerals after oxidation in the presence of oxide 

collectors. 

Microwave irradiation promotes the oxidation of sulphide minerals during exposure [7, 

12, 23-26, 28, 33, 65]. In fact, this pre-treatment has been reported to affect the flotation of 

copper sulphide ores due to phase transformation (oxidation) which takes place at the 

boundaries of chalcopyrite during exposure [1, 7, 12, 16, 23-26, 28, 33]. These changes could 

alter recovery and grade in flotation since the oxidation would render the mineral surface with 

new properties. Although this can be regarded as a predictable process, beneficial [1, 7, 23-26] 

and detrimental effects [12, 28] or even no significant changes [16, 28, 33] have been observed 

in the flotation of microwave-treated sulphide ores. While the formation of oxides and 

hydroxides can explain the detrimental effects, the improvements may be due to the presence 

of hydrophobic metal-deficient sulphides or polysulphides at the mineral surface, as they are 

formed during mild oxidation, rendering the mineral with collectorless floatability [44, 65-69]. 

This suggests that the extent of the oxidation is an important factor in the flotation of 

microwave-treated sulphides, which should be investigated in detail. 

The surface characterization studies presented in Chapters 3, 4 and 5, on microwave-

treated chalcopyrite, pentlandite and pyrrhotite showed that each mineral responds to the 

treatment differently. Changes in important factors to flotation were observed, such as the 

surface speciation, surface charge, specific surface area, porosity and surface energy. This 

indicates that the adsorption of sulphide and non-sulphide collectors onto the surface of the 

irradiated minerals would be affected. 
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This Chapter details the effect of microwave irradiation on the floatability of 

chalcopyrite, pentlandite and pyrrhotite in the presence of a sulphide and an oxide collector. 

The influences of collector concentration, pH, Eh and particle size are addressed. 

6.2 Experimental 

6.2.1 Materials  

The mineral samples were purchased from Excalibur Mineral Company (U.S.A.) 

(pentlandite and pyrrhotite – Worthington Mine, Canada) and from Ward’s Natural Science 

(U.S.A.) (chalcopyrite – Durango, Mexico). The samples consisted of crystal aggregates 

ranging from 1 to 15 cm. Dry-crushing, pulverizing and sieving were conducted to obtain 

different particle size ranges: – 425 + 212 μm, – 212 + 75 μm, – 75 + 38 μm and – 150 + 38 

μm. Purification was performed by hand picking, hand magnet and Frantz Isodynamic 

Separator (S.G. Frantz Company Inc., U.S.A.); the samples were immediately stored in a 

freezer to avoid oxidation. Further pulverizing was performed using an agate mortar & pestle 

on part of the purified particles to obtain samples finer than 10 μm (D50 = 3.2 μm for 

chalcopyrite; D50 = 4.0 μm for pentlandite; and D50 = 5.3 μm for pyrrhotite, measured using 

laser diffraction) for zeta potential and elemental analyses. Samples of all size fractions (– 425 

+ 212 μm, – 212 + 75 μm, – 75 + 38 μm, – 150 + 38 μm and – 10 μm) were then microwave-

treated. 

The collectors investigated in this study were analytical grade sodium oleate (S-352, 

Fischer Scientific, U.S.A.) and potassium amyl xanthate (KAX 51, Prospec Chemicals, 

Canada), which required further purification. This reagent was purified using the method 

proposed by Rao (1971) [70]: the collector is dissolved in acetone, recrystallized in petroleum 

ether, filtered out and stored in ethylene ether. The pH adjustments for the S-352 solutions were 

done with HCl and NaOH; HNO3 and KOH were used for KAX 51. All pH modifiers were 

purchased from Fisher Scientific (U.S.A.). 

6.2.2 Methods  

6.2.2.1 Sample characterization 

The chemical composition of the untreated chalcopyrite, pentlandite and pyrrhotite 

samples was determined using inductively coupled plasma optical emission spectrometry (ICP-

OES) (Table 1). Samples of 0.1 g were digested at 95 °C for 2 hours using aqua regia and then 
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analyzed using a Thermo Scientific 6000 Series Spectrometer (Thermo Fisher Scientific Inc., 

U.S.A.). The standards used in the analyses were purchased from SCP Science (U.S.A.): 

PlasmaTest RQC-1(#140-128-002), RQC-2 (#140-128-003), and PlasmaCal S (# 140-050-

161). The phase composition of the purified minerals was studied by performing X-ray powder 

diffraction (XRPD) analysis in a Bruker D8 Discovery X-Ray Diffractometer (Bruker-AXS 

Inc., U.S.A.) equipped with  Co κα X-ray source ( λ = 1.79 Å), operating at 35 kV and 45 mA 

and 2L ranging from 15 to 75°.  

6.2.2.2 Microwave treatment 

Microwave treatment was conducted in a 3.0 kW, 2.45 GHz Amana RC30 multimodal 

microwave (Amana, U.S.A.). Each mineral had at least three replicates (20 g each) treated for 

each exposure time (5, 10 and 20 s). Microwave-transparent alumina crucibles were used as 

containers and were placed at the center of the cavity (215 mm x 330 mm x 380 mm) for all 

trials. The temperature was measured after exposure, using a HH23 Omega thermocouple 

(Omega, U.S.A.).  

6.2.2.3 Microflotation 

Microflotation tests were performed in a modified Hallimond tube (see Chapter 4) to 

obtain the recovery of the untreated and microwave-irradiated chalcopyrite, pentlandite and 

pyrrhotite samples. Prior to each test, 1 g of sample was conditioned for 5 minutes in 30 mL of 

the collector solution; the desired pH was kept constant throughout the conditioning time. The 

suspension was then transferred into the bottom part of the cell, the extensor and the top part 

were attached; and the flotation volume completed up to the froth layer with the addition of 

140 cm3 of pH adjusted distilled water. A manual stirrer (see Chapter 4) was used to ensure the 

particles were kept in suspension. Nitrogen (N2) gas was purged through the frit, present in the 

bottom part of the cell, at a flow rate of 40 cm3/min. The flotation tests were performed for 1 

minute. Floated and non-floated products were then filtered, dried and weighed. The mixed 

potential (EM) was measured for the conditioned mineral samples before each microflotation 

test, using an Ag/AgCl electrode, and later converted to the SHE scale. 

6.2.2.4 Zeta Potential 

The adsorption of potassium amyl xanthate and sodium oleate and its effect on the 

minerals’ surface potential (zeta potential) were investigated by Electrophoretic Light 

Scattering (ELS) measurements using a NanoBrook 90Plus Zeta Particle Size Analyzer 
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(Brookhaven Instruments, U.S.A.). To conduct the experiments, background electrolyte 

solutions (1 x 10-2 M KNO3) and collector solutions (containing the same background) were 

prepared using deionized water previously purged with N2 for 30 minutes in order to remove 

the dissolved oxygen (DO) and avoid oxidation of the particles. The solution pH was adjusted 

using HCl, NaOH, HNO3 and KOH prior to addition of the sample. The suspensions were then 

prepared by adding 10 mg of sample into 10 mL of solution. The untreated samples had their 

suspensions prepared immediately after pulverizing in order to avoid oxidation, whereas the 

treated samples were obtained by microwaving the particles finer than 10 μm, shortly after 

pulverizing, and then adding them to the solution. The suspensions were conditioned for 5 

minutes (mimicking the microflotation conditions) and the electrophoretic mobility was 

measured. The measurements were then converted to zeta potential by applying the 

Smoluchowski equation [71]. 

The collectors dosage used in the ELS tests were determined such that the adsorption 

density (mass of reagent per available surface area, g/m2) was similar to that used in the 

microflotation studies (chalcopyrite with 10-4 M KAX 51 and 10-5 M S-352; pyrrhotite with 

10-3 M KAX 51 and  1.5x10-5 M S-352; pentlandite with 10-3 M KAX 51 and 3x10-5 M S-352), 

based upon the samples’ specific surface areas (Chapters 3, 4 and 5). 

6.3 Results 

6.3.1 Chemical and phase characterization 

The elemental analysis for the minerals (Table 6.1) indicates that the samples are 

primarily composed of the elements of their mineral phase. The results are in agreement with 

the XRPD data (Figure 6.1), which displays pentlandite as a minor contaminant in the 

monoclinic pyrrhotite sample; the presence of violarite and chalcopyrite as a minor 

contaminant in the pentlandite sample; and sphalerite and quartz in the case of the chalcopyrite 

sample. Rietveld analyses on these results reveal a purity of 94% for the pyrrhotite sample; 

92% (pentlandite + violarite) for the pentlandite sample; and 98% for the chalcopyrite.     
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Table 6.1. Chemical composition (Wt %) of the purified – 425 + 38 μm chalcopyrite, pentlandite and pyrrhotite 

sample measured by ICP-OES. Standard error (%) < 7, with 95% confidence. 

pyrrhotite 
Fe S Ni Cu Ca Pb Co Mg B Zn Si Al Se 

56.32 29.21 3.05 0.45 0.31 0.14 0.06 0.05 0.04 0.03 0.02 0.02 0.01 

pentlandite  
S Ni Fe Cu Ca Co Al Mg Pb K Zn Cr Ti 

29.74 29.66 28.24 2.01 1.19 0.51 0.43 0.32 0.25 0.21 0.18 0.04 0.03 

chalcopyrite 
Cu S Fe Zn Si Ca Al Mg Ag B Co Mn As 

32.06 28.67 27.19 0.60 0.43 0.20 0.04 0.03 0.03 0.02 0.01 0.01 0.01 

 
Figure 6.1 X-Ray diffractograms of – 425 + 38 μm a) pyrrhotite, b) pentlandite and c) chalcopyrite. Co 

κα X-ray source (λ = 1.79 Å). Po: pyrrhotite, Ccp: chalcopyrite, Pn: pentlandite, Vl: violarite, Qz: quartz, Sp: 

sphalerite. 

6.3.2 Potassium Amyl Xanthate (KAX 51) 

6.3.2.1 Microflotation 

The effect of KAX 51 concentration on the floatability of chalcopyrite, pentlandite and 

pyrrhotite (treated and untreated) is shown in Figure 6.2. Among the untreated minerals, 

chalcopyrite presented greater floatability (95%) even with 10-6 M KAX 51; pentlandite and 

pyrrhotite required a much larger KAX 51 concentration (10-3 M) to display any significant 

floatability (25% and 33%, respectively). The chalcopyrite recovery was reduced due to the 

treatment, especially at lower KAX 51 concentrations; the 5 s treated sample displayed similar 

floatability to that of the untreated particles at concentrations greater than 10-5 M. At 10-3 M 
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KAX 51, pyrrhotite was more affected by the irradiation than chalcopyrite (15% and 79%, 

respectively); pentlandite did not show a substantial change in its floatability due to exposure.    

 

 
Figure 6.2 The effect of the KAX 51 concentration on the floatability of – 150 + 38 μm a) chalcopyrite, b) 

pentlandite and c) pyrrhotite (untreated and microwave-treated for 5, 10 and 20 s) at pH 7. Error bars represent 

95% confidence intervals. 

The effect of the pH on the floatability of chalcopyrite, pentlandite and pyrrhotite is 

presented in Figure 6.3. The floatability of the untreated chalcopyrite (Figure 6.3a) displayed 

no significant change in the pH values investigated. Whereas the irradiation for 5 s did not 

change the recovery remarkably at any pH, longer exposure times led to a decrease in the 

recovery for all pH values. The mixed potential (Figure 6.4a) decreased with increase of pH, 

from around 250 mV at pH 4 and 7 to around 150 mV at pH 10. No substantial difference was 

observed for the mixed potential of untreated and microwave-treated chalcopyrite.   

 
Figure 6.3 The effect of microwave irradiation on the floatability of the – 150 + 38 μm mineral particles at pH 

4, 7 and 10. a) chalcopyrite with 10-4 M KAX 51, b) pentlandite  and c) pyrrhotite with 10-3 M KAX 51. Error 

bars represent 95% confidence intervals. 

 The microflotation of the untreated and treated pentlandite samples (Figure 6.3b) 

showed a decrease in recovery in alkaline pH. The treated and the untreated particles did not 
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display a significant difference in recovery at pH 4 and 7, whereas the irradiated samples 

showed lower recovery at pH 10. The mixed potentials of pentlandite (Figure 6.4b) were 

reduced with an increase in pH. At all the pH values investigated, a similar measurement was 

observed for the untreated and the 5 s irradiated pentlandite; the samples treated for 10 and 20 

s presented a lower mixed potential. 

 
Figure 6.4 The effect of irradiation on the mixed potential (EM - SHE) at pH 4, 7 and 10. a) chalcopyrite with 

10-4 M KAX 51, b) pentlandite and c) pyrrhotite with 10-3 M KAX 51. Error bars represent 95% confidence 

intervals. 

The results indicated that the pyrrhotite recovery (treated and untreated) was not 

significantly influenced by the change in pH. However, the treatment led to a decrease in 

floatability with an increase in exposure time. The pyrrhotite samples exhibited a mixed 

potential three times larger at pH 4 than at pH 7 and 10, which is consistent with previous 

measurements conducted for magnetic pyrrhotite [72]. A slight increase in the potential with 

the increase in the exposure time can be observed for all the pH values investigated.   

  The effect of the irradiation on the floatability of the chalcopyrite, pentlandite and 

pyrrhotite depended on the particle size of these minerals, as displayed in Figure 6.5. Prior to 

irradiation, it can be observed that the recovery of chalcopyrite (Figure 6.5a) did not 

considerably depend on the particle size. On the other hand, pentlandite floated more as finer 

particles whereas pyrrhotite was more easily recovered at a coarser particle size. The treatment 

led to a reduction on the floatability of the –75+38 µm chalcopyrite; with no substantial change 

in coarser particle sizes. In the case of pentlandite and pyrrhotite, the greatest change in 

recovery (approximately 50%) was observed at the size fractions –212+75 µm and –425+212 

µm. The maximum temperature measured for the minerals (Figure 6.6) suggested different 

heating rates for each size fraction: chalcopyrite heated more as coarser particles; pentlandite 

as midsize particles and pyrrhotite as finer particles.   
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Figure 6.5 The effect of particle size on the mineral’s floatability (untreated and microwave-treated for 10 s). a) 

chalcopyrite with 10-4 M KAX 51, b) pentlandite and c) pyrrhotite with 10-3 M KAX 51 at pH 9. Error bars 

represent 95% confidence intervals. 

       

 
Figure 6.6 The effect of particle size on the maximum temperature of a) chalcopyrite, b) pentlandite and c) 

pyrrhotite microwave-treated for 10 s. Error bars represent 95% confidence intervals. 

6.3.2.2 Zeta Potential 

The zeta potential of the untreated and microwave-treated chalcopyrite in the presence 

and in the absence of KAX 51 is shown in Figure 6.7. The shift of the zeta potential curves to 

less negative values after microwave irradiation has been previously noted (Chapter 3). In the 

presence of the collector, the curves shifted to more negative values; the zeta potential 

magnitude increased with the exposure time, indicating that a greater amount of reagent should 

have adsorbed onto the surface of the samples treated for longer periods. A plateau around -30 

mV can be noticed for all the samples between pH 4 and 9, after the contact with the collector. 

This suggests an electrostatic limitation for the collector’s adsorption.  
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Figure 6.7 Zeta potential of chalcopyrite: a) untreated and microwave-treated for b) 5, c) 10, and d) 20 s, with 

and without the presence of KAX 51. Error bars represent 95% confidence intervals. 

The zeta potential of pentlandite (Figure 6.8) presents similar behavior to that of 

chalcopyrite; namely a shift to less negative values after the mineral was irradiated, reaching 

an IEP at higher pH values (Chapter 5). In the presence of KAX 51, the zeta potential curves 

are more negative for all samples. The net zeta potential after adsorption of KAX 51 appear to 

be constant for the untreated sample in the pH range investigated, whereas the treated samples 

display greater net values at acidic pH than those in the alkaline pH. This might indicate that, 

after irradiation, the collector adsorbs more efficiently at lower pH than at the alkaline range. 

The zeta potential of the microwaved pentlandite in the presence of collector presents a plateau 

at -25 mV (Figures 6.8b, c and d); slightly less negative than that of the untreated sample (-30 

eV, see Figure 6.8a).   
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Figure 6.8 Zeta potential of pentlandite: a) untreated and microwave-treated for b) 5, c) 10, and d) 20 s, with 

and without the presence of KAX 51. Error bars represent 95% confidence intervals. 

As presented in Chapter 4, after microwave irradiation the zeta potential of the 

pyrrhotite becomes less negative at lower pH and more negative at high pH. The zeta potential 

was reduced to a plateau around -25 mV in the presence of KAX 51, for both untreated and 5 

s treated pyrrhotite (Figure 6.9). The curves of the samples treated for 10 and 20 s, in the 

presence of KAX 51, did not present the plateau shape observed for chalcopyrite and 

pentlandite in the pH range from 4 to 9. The net zeta potential suggests a decrease in the KAX 

51 adsorption with the exposure time for alkaline pH.  
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Figure 6.9 Zeta potential of pyrrhotite: a) untreated and microwave-treated for b) 5, c) 10, and d) 20 s, with 

and without the presence of KAX 51. Error bars represent 95% confidence intervals. 

6.3.2.3 Discussions 

The behavior of the untreated chalcopyrite, pentlandite and pyrrhotite in the 

microflotation with KAX 51 was in agreement with previous observations [34, 73-75]: 

chalcopyrite required lower collector dosages than pentlandite and pyrrhotite to be recovered; 

pyrrhotite presented similar floatability in all pH values investigated, as chalcopyrite; and 

pentlandite displayed lower recoveries at alkaline pH. This flotation performance might be 

dependent on the degradation of the oxidized layers during conditioning, which might have 

exposed metal-deficient sulphides or polysulphides sites (Figures 6.10a and 6.10b), improving 

the particles’ hydrophobicity as previously demonstrated (Chapter 3). Although a decrease in 

the mixed potential was observed with the rise in pH for all the minerals, the electrochemical 

conditions were still within the range where chalcopyrite [47, 67, 76-81] and pyrrhotite [82] 

are floatable. These conditions are also favorable to the reaction between xanthate and 

pyrrhotite [83]. In the case of the latter, although the increase in pH is expected to oxidize the 

surface of the mineral, therefore decreasing the xanthate adsorption, it can also decrease the 
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potential, which is expected to promote higher recovery [84]. Even though other investigations 

show that the more hydrophilic oxidized surface may affect the flotation kinetics, xanthate 

adsorption on pyrrhotite still takes place at higher pH values [75]. The pentlandite behavior is 

consistent with the traditional approach used to depress the mineral by working in an alkaline 

pH [73, 82, 85]. The drop in the floatability and the lower mixed potential observed at pH 10 

are in agreement with studies which indicate a better performance with the increase in the 

potential [82, 86], although different observations suggest a better recovery of pentlandite at 

lower potentials [83]. These results exemplify the complexity of flotation systems. 

 

Figure 6.10 Schematic of the surface of the untreated chalcopyrite: a) untreated before conditioning; b) 

untreated after conditioning with KAX 51; c) treated before conditioning; and d) treated after conditioning with 

KAX 51. 

The decrease in the floatability of the chalcopyrite upon irradiation contrasts to a greater 

adsorption of KAX 51, suggesting that the oxidation layer formed after the treatment (Chapter 

3) is non-uniform, possibly presenting isolated and patchwise oxidized sites [44, 64, 87]. This 

idea is in agreement with the fact that sulphide sites were still observed on the surface of the 

mineral after treatment (Chapter 3). Since the oxidized film would make the chalcopyrite 

particles more hydrophilic and also prevent xanthate adsorption [77], the greater xanthate 

adsorption observed in the zeta potential curves might be due to the increase in the specific 

surface area and porosity due to irradiation (Chapter 3) or due to a greater amount of xanthate 
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present in the suspension to obtain a constant adsorption density for all the experiments. Based 

on these observations, an oxidized particle of similar size would present larger area for 

adsorption and a greater amount of available xanthate in solution for the zeta potential 

experiments (see Figure 6.10d).  

Besides the presence of oxidized patches or non-uniform oxidized layer, the rate of 

degradation of these products (dependent on the specific surface area, the surface porosity and 

the oxidation depth) should be considered when understanding the decreased recovery of the 

irradiated chalcopyrite. As proposed in Figure 6.10d, the degradation of the oxidized film 

during flotation conditioning might not be as successful as for the untreated samples (Figure 

6.10b) since a thicker film would be present. This might have resulted in the presence of 

oxidized patches on the surface of the microwave-treated chalcopyrite by the end of the 

conditioning. The overall hydrophobicity and floatability would then be determined by the 

balance between hydrophilic oxidized patches and hydrophobic patches (due to xanthate 

adsorption) in a heterogeneous surface rather than only the extent of the collector’s adsorption 

in a more homogeneous surface. This could be one of the cases in which the primarily function 

of the collector would be to counteract the effect of hydrophilic sites, instead of directly 

increasing the hydrophobicity of the mineral, as noted by Shannon & Trahar [88]. 

The floatability of the irradiated pyrrhotite appears to be influenced by a combination 

of a patchy oxidized surface and a decreased adsorption for pH 7 and 10. Although the sulphide 

sites are present on the surface of the mineral after treatment, alike chalcopyrite, the oxidation 

process appears to be more aggressive for pyrrhotite (Chapter 4), leading to a lower adsorption 

at neutral and alkaline pH. The greater adsorption suggested by the zeta potential curves at pH 

4 did not result in a higher recovery, which might indicate the counter effect of hydrophilic 

patches on the overall floatability of the particle, similar to the microwave-treated chalcopyrite 

(Figure 6.10d). 

The exposure to microwave radiation did not impact the pentlandite recovery in 

flotation, which contrasts to the chalcopyrite and pyrrhotite results. Among the three minerals, 

pentlandite displays a much larger specific surface area, which doubled after irradiation 

(Chapter 5), and also a more brittle behavior [89]; while the high surface area might be 

responsible for the mineral’s low floatability, its brittleness might have favored the oxidation 

of the mineral’s surface even before irradiation, which might explain the roughly constant 

recovery for the samples untreated and treated for different times. The slight reduction in the 
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floatability at pH 10 with an increase in exposure time might be due to the greater stability of 

the oxide layer in the alkaline system, and also due to the lower adsorption of KAX 51. This 

reduction could not be associated to the lower mixed potential observed after 10 s of exposure  

since similar behavior was observed for the potential at pH 4 and 7, with no significant change 

the recovery. 

While the floatability of untreated chalcopyrite is not influenced by the particle size, 

the floatability of pentlandite and pyrrhotite are affected: pentlandite floats more as finer 

particles and pyrrhotite is better recovered at coarser size fractions. Although the particle size 

has been previously shown to have an effect on the flotation kinetics of chalcopyrite, similar 

recovery can be achieved for coarse and fine particles given enough time [90]. The recovery of 

pentlandite has been reported as being more sensitive to changes in the particle size than 

chalcopyrite  [91]; the decrease in the floatability of the former has also been observed for 

coarser particles in previous work [82, 91]. The results obtained for pyrrhotite are in 

disagreement with previous work also with magnetic pyrrhotite [82], which indicate a narrower 

and finer optimum particle size range for the flotation of the mineral. It is important to mention 

that the effect of the particle size on the flotation performance also depends on the grinding 

process used to obtain the sample [92], making comparisons between different works limited.  

The irradiation led to an overall decrease in the floatability of the minerals at different 

particle sizes: chalcopyrite presented a significant drop in recovery for the size fraction –75+38 

µm, while pentlandite and pyrrhotite showed around 50% reduction in floatability for the 

coarser size fractions (–212+75 µm and –425+212 µm). As the maximum temperature of 

chalcopyrite was observed at coarser particle sizes, in agreement with previous studies [28, 

93], the maximum temperature (greater oxidation) does not explain the drop in the mineral’s 

recovery. The effect of the particle size on the maximum temperature of pentlandite and 

pyrrhotite due to microwave irradiation could not be referenced due to the lack of data in the 

literature. The values obtained for these minerals in the present study also do not explain the 

drop in floatability: similar temperatures were observed for the –75+38 µm and the –425+212 

µm pentlandite fractions, however, the coarser particles had around 50% reduction in recovery 

whereas the finer sample showed a slight increase; additionally, pyrrhotite had major decreases 

in recovery for the –425+212 µm samples, which presented lower temperature measurements. 
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6.3.3 Sodium Oleate (S-352) 

6.3.3.1 Microflotation 

The floatability of chalcopyrite, pentlandite and pyrrhotite as a function of sodium 

oleate (S-352) concentration is presented in Figure 6.11. Among the untreated samples, 

chalcopyrite showed a high floatability (94%) at a lower concentration (10-5 M). This is 

expected since the mineral displays collectorless floatability (Chapter 3), which is enhanced by 

the collector. Pyrrhotite required a slightly larger concentration (1.5x10-5 M) to achieve 82% 

recovery, whereas pentlandite exhibited similar recovery only for the concentration above 

3x10-5 M of sodium oleate. The exposure to microwave radiation decreased significantly the 

floatability of chalcopyrite, requiring three times the concentration used with the untreated 

samples to display similar recovery. While the chalcopyrite samples treated for 10 and 20 s 

displayed different recoveries, these exposure times led to equivalent recoveries for pyrrhotite 

and for pentlandite. The irradiated chalcopyrite and pyrrhotite samples showed recoveries 

greater than 90% with 3x10-5 M, half of that required by pentlandite to obtain similar 

performance. 

 
Figure 6.11 The effect of the S-352 concentration on the floatability of the – 150 + 38 μm a) chalcopyrite, b) 

pentlandite and c) pyrrhotite (untreated and microwave-treated for 5, 10 and 20 s) at pH 7. Error bars represent 

95% confidence intervals.  

The floatability of chalcopyrite, pentlandite and pyrrhotite was affected by the change 

in pH, as shown in Figure 6.12. Chalcopyrite showed a similar drop in recovery for pH 7 and 

10, with increased exposure time. While chalcopyrite presented considerable recovery at pH 

10 (untreated and treated for short time), pentlandite and pyrrhotite displayed no flotation 

recovery. In general, pH 4 provided the best recoveries for all the minerals. At this pH value, 

pentlandite showed a decrease in recovery after 5 s of exposure; chalcopyrite after 10 s; and 

pyrrhotite showed no substantial decrease in recovery, even for 20 s of exposure. The lower 
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flotation performance at alkaline pH is similar to those observed for magnetite, hematite and 

goethite [45, 47, 48, 51, 52, 94], and consistent with the formation of oxides, hydroxides and 

oxyhydroxides on the surface of the minerals upon irradiation (Chapters 3, 4 and 5).  

 
Figure 6.12 The effect of microwave irradiation on the floatability of the -150+38 μm mineral particles at pH 4, 

7 and 10. a) chalcopyrite with 10-5 M S-352, b) pentlandite with 3x10-5 M S-352, and c) pyrrhotite with 1.5x10-5 

M S-352. Error bars represent 95% confidence intervals. 

A more detailed investigation on the behavior of the untreated and the microwave-

treated chalcopyrite, pentlandite and pyrrhotite, in the pH range between 7 and 10, is shown in 

Figure 6.13. The results indicated that the increase in pH leads to a decrease in the recovery of 

the treated samples, except for chalcopyrite treated for 5 and 10 s, which presented maximum 

floatability between pH 8 and 9. The recovery curves for chalcopyrite (untreated and treated 

for 5, 10 and 20 s) were all different, alike pentlandite, although similar recovery curves were 

obtained when the mineral was treated for 10 and 20 s. The treatment did not have a significant 

effect on the floatability of pyrrhotite at pH 8, 9 and 10 (Figure 6.13c) as well as at pH 4 (Figure 

6.12c). 

 
Figure 6.13 The effect of the pH on recovery of the – 150 + 38 μm mineral particles (untreated and microwave-

treated for 5, 10 and 20 s). a) chalcopyrite with 10-5 M S-352, b) pentlandite with 3x10-5 M S-352, and c) 

pyrrhotite with 1.5x10-5 M S-352. Error bars represent 95% confidence intervals. 
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The effect of particle size on the floatability of untreated and microwave-treated 

chalcopyrite, pyrrhotite and pentlandite with sodium oleate S-352 is shown in Figure 6.14. 

These microflotation tests showed that the untreated chalcopyrite samples had higher 

recoveries with sodium oleate at coarser sizes. The behavior of the untreated pentlandite with 

S-352 was similar to that with KAX 51 - the floatability increased as the particle size decreased. 

The untreated pyrrhotite also floated better at finer sizes, in contrast to untreated pyrrhotite in 

the presence of KAX 51. Microwave irradiation caused a decrease in the floatability of all the 

samples; the reduction was comparable at all the particle sizes for chalcopyrite and pentlandite, 

whereas the greatest decrease in recovery was observed for the coarser pyrrhotite particles, 

similar to the behavior of treated pyrrhotite in the presence of KAX 51. 

 

Figure 6.14 The effect of particle size on the minerals’ floatability at pH 7 (untreated and microwave-treated for 

10 s). a) chalcopyrite and c) pyrrhotite with 2x10-5 M S-352, and b) pentlandite with 4x10-5 M S-352. Error bars 

represent 95% confidence intervals. 

6.3.3.2 Zeta Potential 

The zeta potential curves of the untreated and the irradiated chalcopyrite samples 

displayed a maximum net value (difference before and after adsorption) for the samples treated 

for short times (Figure 6.15b), with a decrease for longer exposure times. This suggests a larger 

adsorption of S-352 onto the samples irradiated for short times, agreeing with the higher 

recovery of 5 and 10 s treated chalcopyrite (Figure 6.12a), and especially at pH 8 – 9 ( Figure 

6.13a). The zeta potential results also indicate that the adsorption at pH 7 and 10 were more 

affected by the longer treatment than at pH 4, which is consistent with the recoveries obtained 

by microflotation (Figure 6.12a).  
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Figure 6.15 Zeta potential of chalcopyrite: a) untreated and microwave-treated for b) 5, c) 10, and d) 20 s, with 

and without the presence of S-352. Error bars represent 95% confidence intervals. 

The zeta potential for the untreated and microwave-treated pentlandite, with and 

without the presence of sodium oleate, is shown in Figure 6.16. It can be seen that the collector 

adsorption led all the samples to have a more negative zeta potential, similar to chalcopyrite. 

The net value due to the presence of collector was reduced with the exposure time, especially 

at pH 7 and 10, suggesting that the particles became less hydrophobic at higher pH. This is in 

agreement with the recoveries in the microflotation experiments (Figure 6.12b), since the 

pentlandite samples displayed lower floatability at pH 7 and 10 and a decrease in recovery was 

observed with the increase in the exposure time.  
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Figure 6.16 Zeta potential of pentlandite: a) untreated and microwave-treated for b) 5, c) 10, and d) 20 s, with 

and without the presence of S-352. Error bars represent 95% confidence intervals. 

    The zeta potential curves for pyrrhotite (Figure 6.17) indicate adsorption of sodium 

oleate onto the surface of all the samples, untreated and microwave-irradiated. The untreated 

(Figure 6.17a) and the 5 s treated samples (Figure 6.17b) displayed a similar behavior before 

and after adsorption. The samples irradiated for longer time presented a reduced net zeta 

potential value (difference before and after adsorption) at more alkaline pH values, but larger 

net values at pH 4. The net zeta potential value for pH 10 was remarkably lesser than for the 

other pH values. 

-40

-30

-20

-10

0

10

20

2 4 6 8 10
Z

et
a 

P
ot

en
ti

al
 (

m
V

)

Untreated Untreated + S-352

2 4 6 8 10

5 s 5 s + S-352

-40

-30

-20

-10

0

10

20

2 4 6 8 10

Z
et

a 
P

ot
en

ti
al

 (
m

V
)

pH

10 s 10 s + S-352

2 4 6 8 10

pH

20 s 20 s + S-352

b) a) 

c) d) 



Chapter 6 
 

169 
 

 

Figure 6.17 Zeta potential of pyrrhotite: a) untreated and microwave-treated for b) 5, c) 10, and d) 20 s, with 

and without the presence of S-352. Error bars represent 95% confidence intervals. 

6.3.3.3 Discussions 

The flotation performance of sulphides with sodium oleate or other carboxyl collectors 

has not been extensively studied [95], most probably due to the availability of a reagent class 

of great selectivity towards these minerals; namely xanthates. The investigations into flotation 

with sodium oleate indicated that sulphide minerals can present different behaviors as pH and 

concentration are manipulated [95, 96]; the comparison between the floatability of chalcopyrite 

and pyrite with sodium oleate in previous work has showed a better performance for the former 

mineral [95]. Similar observations can be made regarding the results obtained in the present 

work, although with different sulphides. The untreated chalcopyrite floated with very low S-

352 concentrations (10-6 M), followed by pyrrhotite and pentlandite. The latter required more 

than twice the concentration of the other minerals to achieve maximum recovery. This is in 

contrast to the fact that the zeta potential indicates sodium oleate adsorbed more onto the 

surface of the untreated pentlandite and pyrrhotite. The better performance of chalcopyrite with 

lower oleate concentrations (lower than its hemimicelle concentration (HMC): 1.2x10-5 M 
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[96]) is expected since the mineral displays collectorless floatability [43, 66, 69, 78], which is 

likely enhanced by the collector. In addition, the greater potential to naturally oxidize 

pentlandite and pyrrhotite might have contributed to the formation of thicker hydrophilic oxide 

layers on the surfaces of these minerals when compared to chalcopyrite (see Chapters 3, 4 and 

5), resulting in less hydrophobic surfaces. In the case of pentlandite alone, its larger specific 

surface area is expected to require larger collector dosages to perform similarly to the other 

minerals. 

The exposure to microwave radiation and, consequently, the extent of the oxidation 

clearly influenced the concentrations required to float chalcopyrite, pentlandite and pyrrhotite 

as well as the flotation performance at different pH conditions. The more oxidized chalcopyrite 

surface lost its natural floatability with exposure times longer than 5 s (Chapter 3), requiring a 

concentration greater than the HMC to present a significant recovery. Although the recovery 

of the microwave-treated pyrrhotite decreased, the changes were not as great as for 

chalcopyrite, possibly due to the oxidized sites already being present at the mineral surface 

prior to treatment (Chapter 4). Pentlandite showed the lowest recoveries after treatment; the 

samples treated for longer than 5 s showed no significant recovery with 3x10-5 M of sodium 

oleate, whereas chalcopyrite and pyrrhotite floated more than 95%. This is possibly due to the 

greater increase in the specific surface area of the mineral due to the irradiation (Chapter 5). 

Iron oxides and oxyhydroxides are expected to be easily collected by sodium oleate, it is 

therefore important to note that the increased amount of iron sulphates (FeSO4.7H2O and/or 

Fe2(SO4)3.9H2O) at the surface of the microwave-treated chalcopyrite, pyrrhotite and 

especially pentlandite (as shown in Chapters 3, 4, 5 and in previous research [97, 98]) might 

have played a negative role during  microflotation due to the high water content of the sulphate 

phases or poor floatability with sodium oleate [99].   

The lower recovery of the untreated pyrrhotite and pentlandite at higher pH suggests 

the oxidation layers and their stability could have a detrimental effect on the mineral’s 

recovery. The most abundant species found in the oxidation layers, iron oxides and 

oxyhydroxides, also showed a lower floatability at alkaline pH conditions. This was explained 

by the greater stability of the ferric hydroxides [47, 51, 100], the tendency of the oleate ions to 

form micelles [47, 101] and the increased competition between hydroxyl and oleate ions for 

surface sites [47, 50-52]. Another possibility is that a mechanism for the adsorption of sodium 

oleate, the activation by Cu2+ and Fe2+ or formation of cupric and ferrous carboxylate [102, 

103], could be impaired by the increase in pH since these metals precipitate out of solution at 
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more alkaline conditions, instead of forming oleate complexes [47, 100]. The higher recoveries 

obtained at acidic and neutral pH might be due to the adsorption of the molecular and the 

dissociated oleic acid, or an interaction between these species [96]. The adsorption below pH 

5 has been attributed to the electrostatic attraction between the collector and the positively 

charged mineral surface [45, 47].  In this pH range the insoluble oleic acid is the most abundant 

species [101], also reported as a colloidal precipitate with an IEP at approximately pH 3 [104]. 

Physically adsorbed oleic acid is maximum at pH 4, decreasing with until pH 8 [50-52]. A 

maximum floatability of iron oxides and oxyhydroxides has been observed at around neutral 

pH and weakly alkaline pH, usually close to the point of zero charge of the minerals. The 

adsorption in these conditions would involve the chemisorption of the oleate species onto a 

mineral surface that carries no net charge [45, 47, 50-52, 105]. In the process, ferric oleate is 

expected to be a more stable phase than ferric hydroxide at the mineral surface, promoting high 

floatability [50-52, 100]. 

The low recovery displayed by irradiated pyrrhotite and pentlandite at alkaline pH 

might be due to the fact that these mineral already presented a more developed oxidized layer 

before treatment as opposed to chalcopyrite, therefore behaving similarly to the untreated 

samples, as previously proposed. The greater effect of microwave irradiation on the floatability 

of chalcopyrite and pentlandite in comparison with pyrrhotite could be interpreted in terms of 

the phases formed onto the surface of the minerals upon treatment. Although pentlandite is 

oxidized much more easily than chalcopyrite, more similar to pyrrhotite, it presented greatest 

number of iron oxyhydroxides/hydroxides sites, behaving similarly to chalcopyrite. The 

pyrrhotite samples were the most oxidized among the minerals and displayed a predominance 

of iron oxides upon irradiation (Chapters 3, 4 and 5). Among the iron oxides (such as magnetite 

and hematite) and oxyhydroxides (such as goethite), magnetite is expected to present the 

highest floatability with sodium oleate, followed by hematite and then goethite [106]. 

Additionally, experiments with sodium oleate indicated that the contact angle of goethite was 

lower than hematite [107], and increases with hematite content [108, 109]. In the flotation of 

hematite samples with oleate, the recovery was reported to decrease due to the goethite content. 

Although the effects of the larger porosity and specific surface area were considered, in order 

to float at a similar adsorption density, the performance of the sample containing goethite was 

still poorer [51]. In a different study, goethite was initially found to be more stable than ferric 

oleate in a wide pH range, and that ferric oleate was not favored in the bulk solution when the 

mineral was present [110]. In the more detailed investigation of the present work on the effect 
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of pH (ranging from 7 to 10), the maximum floatability for chalcopyrite and pentlandite was 

found to be at pH 8; and at around pH 7 or lower, for pyrrhotite. This also indicates the presence 

of oxyhydroxides/hydroxides onto the nickel and copper mineral as magnetite and hematite 

float better at neutral pH and goethite floated better at pH 8.5 [106]. Based on this information 

and considering differences in phase composition at the surface of the microwave-treated 

chalcopyrite, pentlandite and pyrrhotite, it can be inferred that the drop in the floatability of the 

two former minerals might be due to the presence of more oxyhydroxides/hydroxides sites at 

the surface of these minerals. Additionally, although microwave irradiation has been reported 

to improve the flotation of ilmenite with sodium oleate by oxidizing Fe2+ to Fe3+ [111, 112], 

this change is not expected in the oxidation of chalcopyrite since the iron is already in the Fe3+ 

state in the mineral crystalline structure [113-115]. On the other hand, pyrrhotite [59, 116, 117] 

and pentlandite [61-64] could go through the oxidation of Fe2+ to Fe3+, which could favor the 

adsorption of the collector as ferric oleate [45, 47]. Although pentlandite might have benefited 

from this process, the great increase in its specific surface area might have prevailed, resulting 

in a poorer recovery. Finally, it is important to point that, since the collector physically adsorbs 

as colloids precipitates (IEP around pH 3) at acidic pH [50-52, 101, 104], the more positive 

zeta potential of the microwave-treated pyrrhotite might have favored the adsorption, 

counteracting the hydrophilicity acquired due to the oxidation and then resulting in a high 

recovery. Chalcopyrite might not have benefited from this process since its surface did not 

become as positively charged as the other minerals. Therefore, the mineral might have become 

more hydrophilic due to oxidation. In the case of pentlandite, although the mineral presents a 

similar change in the zeta potential to that of pyrrhotite, the larger increase in the specific 

surface area might have had a negative effect on its floatability.    

The results on the effect of particle size on the floatability of the microwave-treated 

chalcopyrite and pentlandite indicate that there is no significant influence on the recovery of 

the microwave-treated minerals. Although pyrrhotite displayed a greater drop in the floatability 

for the coarser particles, it was not possible to draw any suggestion from the data. More detailed 

research should be conducted to understand the effect of particle size on the recovery of 

microwave-treated sulphides with sodium oleate. 
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6.4 Conclusions 

The results of the present work indicate that the floatabilities of chalcopyrite, 

pentlandite and pyrrhotite are affected differently by microwave irradiation, either in a system 

with potassium amyl xanthate (KAX 51) or with sodium oleate (S-352).  

The formation of non-uniform oxidation or patched layers after treatment was 

suggested to result in a decreased recovery of chalcopyrite and pyrrhotite with KAX 51, even 

with a greater adsorption, whereas the brittle pentlandite could have its oxidation products 

removed from the surface during conditioning, leading to insignificant change in its recovery. 

The overall results provided by this work indicates that the treatment can be beneficial to 

sulphide flotation as the chalcopyrite recovery can be restored by increasing the collector 

dosage, the floatability of the pentlandite samples is not remarkably affected by the treatment 

and the recovery of pyrrhotite is lower after irradiation, even after raising the collector 

concentration. The floatability of the sulphide minerals with sodium oleate (S-352) was found 

to greatly decrease after microwave irradiation, with the exception of pyrrhotite. These results 

demonstrated that the oxidation process promoted by the treatment might be used to depress 

the valuable chalcopyrite and pentlandite and float pyrrhotite with the use of sodium oleate. 

These differences in floatability are suggested to depend upon the amount of oxides or 

oxyhydroxides/hydroxides sites at the surface of the treated minerals, on the oxidation of Fe2+ 

to Fe3+ or on the differences in the surface charge of the minerals after microwave treatment. 

Further research is required to delimitate the more appropriate mechanism.  

By investigating the floatability of microwave-treated chalcopyrite, pentlandite and 

pyrrhotite, the minerals which could be present in Cu-Ni sulphide ores, this study was able to 

provide a glimpse of how microwave treatment could affect downstream processes such as 

flotation. As the research on the application of microwave irradiation in mineral processing 

advances, it becomes essential to better understand how the treated minerals might behave in 

downstream processes. These results might be used as a preliminary guide to adapt the 

traditional sulphide flotation circuits, to design new flotation systems with an oxide collector 

or even a process with mixed collectors.  

Chapter 7 investigates how microwave treatment affects the flotation performance of a 

real Cu-Ni sulphide ore, from the Discovery Hill deposit. As the sulphide content of this ore 

consists mostly of pyrrhotite, chalcopyrite and pentlandite, the study can benefit from the 
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observations from the characterization of the microwave-treated minerals (Chapters 3, 4 and 

5) as well as from the floatability and surface charge studies discussed in this chapter.  
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Chapter 7: The Comminution and Flotation of a Microwave-

treated Cu-Ni Sulphide Ore 

Abstract 

Studies on microwave assisted comminution have demonstrated the method to be 

highly dependent on the characteristics of the ores. As such, further investigations into different 

ore types is required to identify deposits that can benefit from such an approach. This study 

investigates the effects of microwave irradiation on the comminution and flotation of the 

Discovery Hill copper-nickel sulphide ore. The effects of power level, exposure time, sample 

mass, particle size and quenching on the Bond Work Index (Wi) and flotation performance of 

the ore were studied using a 15 kW multimode microwave oven.  The Discovery Hill ore was 

found to have a favorable mineralogy for treatment: large grains of both insulator and 

microwave transparent minerals. Treatments at 5 kW were not effective at improving grinding, 

even with increased exposure time; whereas a higher power level (10 or 15 kW) led to greater 

reductions in the Wi with the increase in exposure time. The highest copper enrichment was 

observed for short exposure times (up to10 s), which worsened for longer treatments. Smaller 

sample masses showed increased reductions in the Wi, although lower copper enrichment was 

observed. Finer particles (- 0.6 mm) showed no significant reduction in the Wi after treatment; 

however, they displayed the largest improvement in the copper enrichment ratio (2.8 to 4.5 %) 

with small drop in recovery (95 to 93 %). The presence of melted/sintered particles caused 

detrimental effects to both comminution and flotation, whereas the use of quenching promoted 

a greater decrease in the Wi (from 1.64 to 6.28 %). Improvements in flotation performance 

were dependent on the changes in the surface chemistry of the sulphides rather than changes in 

liberation. The Berry & Bruce method was useful for studying the different factors during 

microwave treatment, but were found to underestimate its potential. All these findings suggest 

that both the grinding and the concentration of Discovery Hill ore can be improved by 

microwave treatment.   

7.1 Introduction 

The decreasing grades of important sulphide ore deposits, along with the more complex 

mineralogy of deposits, have led to an increase in the average energy consumption by a mill 

[1]. Most of this energy (up to 80%) is consumed by comminution processes [2-4], which 

represents up to 1.8% of the world’s electrical consumption [5], of which up to 90% is spent in 
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the grinding stage [6]. Very little of this energy (from 0.1 to 2% [7-10]) is actually used for 

size reduction, mostly due to losses as heat [6, 11]. The investigations into conventional 

grinding techniques, which apply compressive forces onto the particles, accounted for most 

research aimed at improving comminution efficiency [12]. As the tensile strength of the ores 

is reported to be around 10% of the compressive strength [13], new research has targeted the 

use of tensile forces to improve the efficiency of the comminution processes. Thermal pre-

treatments were initially one of the most popular approaches [14-17], based on the fact that the 

thermal expansion of the minerals creates thermal stresses within the ore particles, fracturing 

them and potentially improving grindability and liberation. This technique was  referred as 

Thermally Assisted Liberation (TAL) [17]. A more recent method of creating thermal stresses 

within the ore structure consists of the use of microwave irradiation, namely Microwave 

Assisted Comminution (MAC). 

MAC relies on the fact that the minerals present different heating rates when irradiated 

with microwaves and, consequently, develop thermal differentials and thermal stresses at the 

grain boundaries between minerals. As a result, the fracturing process promoted by MAC is 

more efficient than conventional TAL, since it favors the development of intergranular 

fractures rather than only random intragranular ones. This is expected to improve grindability 

and liberation, and to impact downstream concentration processes such as flotation [18, 19]. 

The grindability and liberation of different sulphide ores have been reported to improve 

with the use of MAC [20-28]. Some factors are said to be of paramount importance to the 

process, such as power level [20, 22, 27, 29-33], particle size [25, 29, 34-41], sample mass [20, 

41, 42], and mineralogy and texture [33, 43-47]. The required energy input into the ore [33] 

and the capital and operational costs [48] have  been noted as being potential limitations to the 

industrial application of MAC rather than the accessibility to equipment. In that sense, 

treatments at high power levels and for short exposure times have been proposed to be the most 

promising approach for MAC to become economically viable [22, 33, 49-51]. In addition to 

the improvements in grindability and liberation, the potential for less mill wear, increased 

throughput, reduced recycled load and the effects of cleaner liberation of valuable minerals on 

downstream processes such as leaching, flotation and magnetic separation indicate that MAC 

may become an economically viable technique [12, 32, 33, 48, 52-54]. 

Flotation is one of the concentration processes most prone to be affected by MAC since 

it relies directly on the degree of liberation of the valuable minerals and also on their surface 
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properties, which can be strongly affected by the treatment [18, 51, 55-59].  Studies with 

sulphide minerals indicated decreased floatability (chalcopyrite, pyrite and galena), but also no 

change in floatability (sphalerite) after microwave pretreatment [37]. In bench scale flotation 

of ores, both improved and worsened results have been observed. Nickel recovery and kinetics 

were reported to improve [38, 60, 61], but also to decrease due to pentlandite decomposition 

into other nickel phases [62, 63]. The pretreatment of copper ores has led to improved recovery 

[20, 38, 47, 61, 64, 65], decreased recovery [37, 53] and even no significant change in the 

recovery of copper [24, 37], even though phase transformation was observed around 

chalcopyrite and pyrite grains. Other base metals, such as lead and zinc, had their grade 

increased in bench scale flotation after microwave pretreatment [28]. Recent work with high 

power level microwave systems for short times presented increased recovery and grade of 

copper and decreased recovery and grade of iron [20, 47], at economical energy inputs.  

All these findings indicate that further research should be conducted to better 

understand the variables involved in the process, aiming at energy efficiency and better 

flotation performance, especially with high power level microwave systems. The present work 

approaches these concerns by characterizing and investigating the comminution and flotation 

of a microwave-treated Cu-Ni sulphide ore.   

7.2 Experimental 

7.2.1 Materials  

The ore sample investigated in the present work consisted of a Cu-Ni sulphide ore from 

the Discovery Hill ore body, Voisey’s Bay mine (Newfoundland & Labrador, Canada). The as-

received sample particle size was already below 6 mesh (3.35 mm), as required to perform a 

Bond ball grindability test [66, 67]. Before undergoing microwave irradiation, homogenization 

and sampling were performed using a riffle splitter and a rotary splitter. The bench flotation 

experiments were performed using potassium amyl xanthate (KAX 51, Prospec Chemicals, 

Canada) as the collector. The reagent was purified as proposed by Rao [68]: the collector was 

dissolved in acetone, recrystallized in petroleum ether, filtered out and stored in ethylene ether. 

The pH of the flotation system was controlled by using lime (CaO) solution (Fisher Scientific, 

U.S.A.). 
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7.2.2 Methods  

7.2.2.1 Sample characterization 

The characterization of the untreated and microwave-treated ore samples was 

performed by elemental analysis, X-ray powder diffraction (XRPD), scanning electron 

microscopy / energy dispersive X-ray spectroscopy (SEM/EDS) and QEMSCAN. The ore 

elemental content was investigated by inductively coupled plasma optical emission 

spectrometry (ICP-OES) using a Thermo Scientific 6000 Series Spectrometer (Thermo Fisher 

Scientific Inc., U.S.A.). The standards PlasmaTest RQC-1(#140-128-002), RQC-2 (#140-128-

003), and PlasmaCal S (# 140-050-161), purchased from SCP Science (U.S.A.), were used in 

the analyses. The XRPD analyses were conducted in a Bruker D8 Discovery X-Ray 

Diffractometer (Bruker-AXS Inc., U.S.A.), equipped with Co Kα X-ray source ( λ = 1.79 Å), 

operating at 35 kV and 45 mA and 2L ranging from 15 to 75°. This provided the phase 

composition of the ore samples. The QEMSCAN analyses complemented the XRPD tests by 

providing the modal mineralogy of the ore. The analyses were conducted at the Advanced 

Mineralogy Facility at SGS Canada (Lakefiled, CA), using the Particle Mineral Analysis 

(PMA) mode with pixel spacing ranging from 3 to 5 μm. An EVO 430 automated scanning 

electron microscope equipped with an energy-dispersive X-Ray spectrometer was used and the 

data was processed with the iDiscover software. An assay reconciliation was performed using 

data from ICP-OES tests. The SEM/EDS investigations were performed on a Hitachi SU3500 

scanning electron microscope (Hitachi, Japan) operated in VP-SEM Mode, at 15 kV, 105 μA, 

30 Pa and 11.1mm working distance. These analyses aimed at identifying the fracturing pattern 

along the ore texture and detect any possible phase transformation at the grain boundaries due 

to the irradiation.  

7.2.2.2 Microwave treatment 

The microwave treatment was conducted in a 15 kW, 2.45 GHz TMB multimodal 

microwave (Thermex Thermatron, U.S.A.). Microwave-transparent alumina crucibles were 

used as containers and placed at the center of the cavity for each trial. The tests were performed 

at different exposure times, sample masses, power levels and particle sizes, and with and 

without quenching. Each condition had at least three replicates microwave-treated. A HH23 

Omega thermocouple (Omega, U.S.A.) was applied to measure the bulk temperature of the 

irradiated ore.  
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7.2.2.3 Comminution 

The effects of the different microwave irradiation conditions on the ore’s Bond Work 

Index (Wi) were determined by using the comparative Berry & Bruce method [69]. These 

grinding tests were performed in a 14.5 cm inner diameter x 14.5 cm length mill, at 79 rpm 

(71% of the critical speed) and with an adapted ball charge to mimic the Bond ball grindability 

test ball charge (Table 1). The grinding time was obtained using a calibration curve, targeting 

a P80 of 75 µm. The Bond ball mill grindability test [66, 67] was used to evaluate the accuracy 

of the comparative test, considering a closing size of 106 µm. Wet ball grinding (approximately 

60 % solids by mass) was performed for the flotation samples, taking into account the grinding 

time from the comminution tests. 

Table 7.1. Bond ball grindability test and adapted ball charges. 

 Bond Ball Grindability Test Adapted charge for Berry & Bruce 

Ball diameter 
(mm) 

Number of balls Total weight (kg) Number of balls 
Total weight 

(kg) 

36.80 43 8.54 14 2.77 

29.70 67 7.14 22 2.32 

25.40 10 0.69 3 0.21 

19.10 71 2.24 23 0.72 

15.50 94 1.51 31 0.51 

 

7.2.2.4 Liberation analysis 

The mineral association, liberation, content by size fraction and particle size 

distribution of the ore samples (untreated and microwave-treated for 20 s at 5 and 15 kW) were 

obtained using QEMSCAN analyses. After being treated, these samples were ground and wet 

screened in different size fractions (-150 + 106 µm, -106 + 75 µm, - 75 + 53 µm, -53 + 38 µm 

and - 38 µm) from which representative samples were obtained and analyzed at SGS Canada 

(Lakefield, CA).               

7.2.2.5 Flotation 

The flotation experiments were conducted in a 1.2 L Denver flotation cell, with the 

impeller set at 1200 rpm and 3 L/min aeration. Each test was performed in triplicate, with a 

28.6% (solids by mass) pulp made by adding tap water to the wet ground ore. The pH of pulp 

was adjusted and kept at 9.5 by adding lime (CaO slurry). Aeration was conducted in the pulp 

for 15 minutes prior to each test. Potassium amyl xanthate (KAX 51) was then added to the 
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system at 140 g/t and conditioned for 2 minutes, then 3 drops of Dowfroth 250c were added 

and conditioned for 1 minute. The air was introduced and 4 concentrates were collected for 0.5, 

1, 2 and 4 minutes (total of 7.5 minutes). The pulp level and the pH were kept constant by 

adding tap water and lime throughout the experiment. The concentrates and the tailings were 

filtered, dried, weighed, homogenized and sampled for essaying by ICP analysis. 

7.3 Results 

7.3.1 Ore characterization 

The elemental analysis (Table 7.2) indicated that the untreated ore sample is composed 

of a number of other elements besides those expected for the main sulphide minerals (e.g.: S, 

Fe, Ni and Cu). The high content of Si, Al, Mg, Ca, Na and K is consistent with the results 

from the XRPD (Figure 7.1), QEMSCAN (Figure 7.2) and SEM/EDS (Figure 7.3) analyses, 

which displays various silicates as gangue minerals. Some phases identified by QEMSCAN 

were closely related to those of XRPD, although not exactly the same: plagioclase and  

albite/anorthite, tremolite and forsterite, chlorites and cordierite, Fe-oxides and magnetite. By 

analyzing the QEMSCAM data, which is more detailed, it can be seen an approximate 

distribution of microwave absorbing minerals (45 %) and microwave transparent minerals (55 

%). Pyrrhotite is the main gangue, along with plagioclase, tremolite and chlorites. The 

elemental and phase composition of the ore samples did not show significant changes after 

microwaving for 15 s at 10 kW, as seen in Figure 7.1 and Table 7.2.  

Table 7.2. Chemical composition (Wt %) of the untreated and microwave-treated Cu-Ni sulphide ore measured 
by ICP-OES. Standard error (%) < 7, with 95% confidence. 

 Fe S Si Al Mg Ca Na Ni Cu K Tl Ti Mn 

Untreated 28.20 12.74 11.90 5.70 3.29 3.18 2.36 1.66 1.13 1.34 0.74 0.57 0.08 

Treated 28.32 12.51 11.30 5.85 3.40 3.13 2.52 1.62 1.11 1.79 0.49 0.53 0.07 

The elemental maps (Figure 7.3) obtained for polished sections of the untreated and 

microwave-treated ore showed that the pentlandite and chalcopyrite grains share borders with 

both the sulphide matrix and the silicate and oxide gangue. After treatment, the maps indicate 

the formation of intragranular fractures across the grains of all the minerals, especially 

pyrrhotite and pentlandite. Intergranular fractures was observed at almost all the grain borders 

in the section: chalcopyrite-pentlandite, pentlandite-pyrrhotite, pentlandite-magnetite and 
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pyrrhotite magnetite. However, these fractures were not observed at the boundaries between 

the magnetite and the ilmenite.   

 

Figure 7.1 X-Ray diffractograms of the - 3.35 mm untreated and microwave-treated Cu-Ni sulphide ore. Co Kα 

X-ray source (λ = 1.79 Å). Ab: albite, An: anorthite, Fo: forsterite, Crd: cordierite, Mag: magnetite, Po: 

pyrrhotite, Ccp: chalcopyrite, Pn: pentlandite. 

 

 Figure 7.2 QEMSCAN Modal mineralogy of the Cu-Ni sulphide ore. Microwave absorbing minerals in red, 

transparent minerals in blue and minor phases in green. 
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Figure 7.3 EDS map of the Cu-Ni sulphide ore: a) untreated and b) microwave-treated for 15 s at 10 kW. 

7.3.2 The effects of microwave irradiation on comminution 

7.3.2.1 Comparative Berry & Bruce method 

The changes in the Bond Work Index (Wi) of the ore due to the microwave treatment 

were estimated using the Berry & Bruce method and are presented in Figures 7.4 to 7.6. The 

results show that a maximum Wi reduction of approximately 3% was obtained with 20 s 

exposure at 15 kW (Figure 7.4a).  The treatment at 5 kW resulted in a reduction no greater than 

1%, even after 40 s of exposure. The samples treated at this power level for 10, 20, 30 and 40 

s displayed similar Wi reduction, whereas the increase in the exposure time led to an increase 

in the Wi reduction for the samples treated at 15 kW. The ore samples with 200 g provided a 

greater reduction in the ore’s Work Index (Figure 7.4b) than that of the 400 g samples (mass 

adopted as reference in the investigation of other variables). The opposite behavior was seen 

a) 

b) 
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for the 800 g samples. Although the smaller masses could better reduce the ore’s bond Work 

Index, more intense arcing were observed.   

 
Figure 7.4 The effect of a) exposure time and power level and b) sample mass on the Bond Work Index (Wi) of 

the microwave treated Cu-Ni sulphide ore. The sample masses were exposed for 15 s at 10 kW. Error bars 

represent 95% confidence intervals. 

The investigations using the Berry & Bruce method showed that no significant 

reduction in the Wi was achieved for particles finer than 0.6 mm (Figure 7.5a). The particles 

coarser than 0.6 mm, however, displayed a slightly greater reduction (2.11 %) than the sample 

as a whole (1.64 %). When quenching was performed after irradiation, the reduction in the Wi 

was observed to increase significantly; while the treatment for 15 s at 10 kW led to 1.64 % 

reduction, the samples microwaved and quenched displayed a Wi 6.28 % lower than the Wi of 

the untreated sample.  

The formation of aggregates of melted/sintered particles (Figure 7.6a) was observed in 

almost all the tests with power levels greater than 5 kW, and irradiation times of 10 s or longer. 

Since these aggregates were expected to behave differently to the non-melted particles, repeats 

of the exposure for 15 s at 10 kW were conducted in order to obtain enough aggregates to apply 

the Berry & Bruce method. The results of this investigation (Figure 7.6b) indicated that the 

aggregates have a negative impact on the grindability of the ore, since they have a Wi 4.5 % 

greater than the Work Index of the untreated ore. On the contrary, the non-melted particles 

showed a reduction of 3.5 %, greater than the 1.6 % reduction obtained for the whole sample. 
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Figure 7.5 The effects of a) particle size and b) quenching in water on the Bond Work Index (Wi) of the Cu-Ni 

sulphide ore microwave-treated for 15 s at 10 kW. Error bars represent 95% confidence intervals. 

    

Figure 7.6 Ore sample with a) aggregates of melted particles due to microwave irradiation for 15 s at 10 kW, 

and b) the effect of melting on the Bond Work Index (Wi) of the ore. Error bars represent 95% confidence 

intervals. 

 7.3.2.2 Bond ball grindability test 

The Bond ball grindability test was performed on the untreated ore sample as well as in 

the samples microwave-treated for 15 s at 10 kW. Figure 7.7 presents the Bond Work Index 

(Wi) obtained in those tests, as well as the value provided by the Berry & Bruce method. While 

the latter indicated that the treatment reduced the Wi from 16.90 to 16.62 kWh/t, representing 

a 1.64 % reduction, the Bond grindability test demonstrated the Wi reduced to 15.66 kWh/t, 

representing a 7.35 % decrease.   
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Figure 7.7 The Work Index (Wi) of the untreated and microwave-treated (15 s, 10 kW) Cu-Ni sulphide ore. 

Error bars represent 95% confidence intervals. 

7.3.3 The effects of microwave irradiation on liberation 

The QEMSCAN results (Figure 7.8) indicated the liberation of chalcopyrite, pentlandite 

and pyrrhotite at coarser particle sizes is enhanced by the microwave irradiation (up to 10 % 

for chalcopyrite and pentlandite) while the particles finer than 38 µm presented a slight 

decrease of liberation, with the exception of pentlandite.  

 

 

Figure 7.8 The liberation of a) chalcopyrite, b) pentlandite and c) pyrrhotite at different size fractions; after 

grinding the untreated and the microwave-treated Cu-Ni sulphide ore for 20 s at 5 and 15 kW. 

Because the particles finer than 38 µm present most of the sulphides after grinding 

(Figure 7.9), the overall liberation of chalcopyrite and pyrrhotite does not show significant 

change after treatment while the liberation of pentlandite appears to be enhanced (Figure 7.10). 
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This indicates that it might be difficult to observe the effects of microwave pretreatment on the 

liberation of the Discovery Hill ore if a P80 of 75 µm is targeted in the grinding process. 

 
Figure 7.9 The chalcopyrite, pentlandite and pyrrhotite content (%) by size fraction after grinding the untreated 

Cu-Ni sulphide ore. 

 

Figure 7.10 The liberation of chalcopyrite, pentlandite and pyrrhotite after grinding the untreated Cu-Ni 

sulphide ore. 

The QEMSCAN analyses showed the main minerals associated with chalcopyrite, 

pentlandite and pyrrhotite (Figure 7.11). These results confirm the liberation data (Figure 7.10) 

as pyrrhotite presents the lowest association with other phases, followed by chalcopyrite and 

pentlandite. After grinding, chalcopyrite and pentlandite are mostly associated with pyrrhotite 

and complex association of grains (i.e.: association with more than one phase, listed in figure 

7.11 and of minor content). Pyrrhotite presents greater complex association and association 

with chlorites/tremolite/pyroxene. The irradiation with microwaves appears to have increased 

the percentage of chalcopyrite associated with pyrrhotite and decreased the association with  
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chlorites/tremolite/pyroxene. Although it seems that the treatment decreases the association of 

pentlandite with pyrrhotite, this percentage is still significant (approximately 10 %).  

   
Figure 7.11 The association of a) chalcopyrite, b) pentlandite and c) pyrrhotite after grinding the untreated and 

the microwave-treated Cu-Ni sulphide ore for 20 s at 5 and 15 kW. 

The QEMSCAN analyses also provided the chalcopyrite, pentlandite and pyrrhotite 

cumulative content by size fraction after treatment (Figure 7.12), which confirms the 

predominant mineral content in finer size fractions. No significant change in the mineral size 

distribution was noticed after microwave irradiation. 

   

Figure 7.12 The cumulative a) chalcopyrite, b) pentlandite and c) pyrrhotite content (%) by size fraction after 

grinding the untreated and the microwave-treated Cu-Ni sulphide ore for 20 s at 5 and 15 kW. 
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7.3.3 The effects of microwave irradiation on flotation 

The enrichment ratio-recovery and the flotation kinetic curves for copper and nickel 

obtained for the ore samples treated at 5 kW are shown in Figure 7.13. It can be seen that there 

is a decrease in the cumulative recovery of both metals, from around 95 to 90 % (not 

statistically different, using a T-test) for copper and from around 76 to 50 % (statistically 

different) for nickel with 20 s pretreatment. In general, an increased exposure time resulted in 

a greater decrease in the recovery of these metals. In the case of the enrichment ratio-recovery 

curves, the treatment led to opposing trends for copper and nickel; while the former presented 

greater enrichment for the treatments from 10 to 20 s and similar curve for the samples 

untreated and treated for 40 s, the irradiation caused the nickel enrichment to worsen, especially 

for the longer exposure times. 
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Figure 7.13 The enrichment ratio-recovery and the kinetic curves for copper (upper) and nickel (lower) as a 

function of the exposure time for irradiation at 5 kW. Error bars represent 95% confidence intervals. 

The treatment at 10 kW caused a drop in recovery for copper and nickel, although the 

changes were not as large as for the tests at 5 kW. Decreases in recovery from 95 to 93 % (not 

statistically different, using a T-test) were observed for copper and decreases from 76 to 60 % 

(statistically different) were obtained for nickel (see Figure 7.14). While better results in the 

enrichment ratio for copper were noticed for treatments for 5 and 10 s, the exposure for 20 s 

resulted in a significant drop in the enrichment ratio. The enrichment ratio-recovery curves for 

nickel indicated a greater drop in the nickel grade at 10 kW than at 5 kW, especially after 

treatment for 20 s.    

 

 

Figure 7.14 The enrichment ratio-recovery and the kinetic curves for copper (upper) and nickel (lower) as a 

function of the exposure time for irradiation at 10 kW. Error bars represent 95% confidence intervals. 
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The samples treated at 15 kW displayed the greatest decrease in copper recovery; from 

95 to 87 % (statistically different, see Figure 7.15). The nickel recovery was also significantly 

reduced; from 76 to 54 % (statistically different, using a T-test). Similar to the results of the 

tests at 5 and 10 kW, the best copper enrichment ratio-recovery curves were obtained at a 

relatively low exposure time (10 s). Lower enrichment was observed after 20 s of treatment. 

Although 7 and 10 s of exposure appears not to have affected significantly the nickel 

enrichment, treatment for 20 s at 15 kW led to the lowest nickel enrichment among the three 

power levels investigated.   

 

  

Figure 7.15 The enrichment ratio-recovery and the kinetic curves for copper (upper) and nickel (lower) as a 

function of the exposure time for irradiation at 15 kW. Error bars represent 95% confidence intervals. 

The samples’ particle size clearly had an effect on the flotation performance after 

microwave irradiation, as seen is Figure 7.16. Although the cumulative recovery curve showed 
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a small decrease in the copper recovery from 95 to 93 % (not statistically different, using a T-

test), it can be seen that the enrichment ratio has a much greater increase when the fine and 

coarse size fractions are microwave-treated separately. The treatment showed an increase from 

approximately 2.8 to 4.5 in the copper cumulative enrichment ratio at 93 % recovery for the - 

0.6 mm sample. The results also show that the nickel kinetics are faster for the coarser untreated 

samples and that the treatment led to a similar decrease in nickel recovery for all the particle 

sizes. The nickel enrichment ratio for the - 0.6 mm sample showed a slight improvement, 

whereas the coarser - 3.35 + 0.6 mm displayed inferior results, similar to the whole sample.    

 

 

Figure 7.16 The enrichment ratio-recovery and the kinetic curves for copper (upper) and nickel (lower) as a 

function of particle size for 15 s irradiation at 10 kW. Error bars represent 95% confidence intervals. 
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The flotation performance for the melted/sintered and non-melted particles is presented 

in Figure 7.17. The enrichment ratio-recovery and kinetic curves for copper indicate the 

detrimental effect of melting: slower flotation kinetic and lower copper enrichment. The sample 

composed of non-melted particles displayed an increase in the enrichment, whereas the whole 

sample presented no significant change. In the case of nickel, the sample containing non-melted 

particles showed no significant change in the enrichment ratio with reference to the untreated 

sample, while the melted particles and the whole sample had a much lower enrichment. The 

nickel kinetics for melted, non-melted and whole sample were similar.       

 

 

Figure 7.17 The effect of melting on the enrichment ratio-recovery and the kinetic curves for copper (upper) 

and nickel (lower). Treatment for 15 s irradiation at 10 kW. Error bars represent 95% confidence intervals. 
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to both the copper kinetics and enrichment ratio; the increase in the mass to 800 g showed no 

significant change in these parameters. All the microwaved samples, of different masses, 

showed a decrease in the nickel enrichment ratio, especially for 200 and 400 g. In the case of 

the nickel kinetic curves, the 400 g samples displayed the poorest performance.    

 

Figure 7.18 The effect of sample mass on the enrichment ratio-recovery and the kinetic curves for copper 

(upper) and nickel (lower). Treatment for 15 s irradiation at 10 kW. Error bars represent 95% confidence 

intervals. 

7.4 Discussion 

The XRPD, ICP and QEMSCAN analyses showed that the Discovery Hill ore is 
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composition to obtain thermal differentials and stresses within the ore structure upon irradiation 

[33, 43-46]. Besides the phase composition, the large grain sizes observed in the EDS results 

are also expected to favor the microwave assisted comminution (MAC), as previously observed 

[20, 29-31, 43]. The EDS maps for the microwave-treated samples confirmed the potential of 

the treatment to induce micro-fracturing, especially along the minerals’ grain boundaries. Both 

the chalcopyrite and pentlandite grains presented intergranular fractures, although the latter 

displayed greater intragranular fracturing, possibly due to its brittleness [71].  Despite the fact 

that dissociation of phases and formation of new crystalline ones has been noted as being the 

outcome of microwave irradiation of minerals and ores [51, 55-58], the XRPD results for the 

microwave-treated Cu-Ni sulphide ore were similar to those of chalcopyrite and pyrrhotite 

(Chapters 4 and 5), with no difference between the diffractograms of the untreated and the 

irradiated ore sample. These results indicate that any change in the phase composition of the 

samples were not greater than the limit of detection for the technique [37, 72, 73], which has 

been reported to be around 1% [74].  

The QEMSCAN analyses indicated that the sulphide minerals are mostly present in the 

-38 µm fraction of the ore after grinding. Therefore, since the liberation of chalcopyrite and 

pyrrhotite in this size fraction is not significantly affected by microwave pretreatment, the 

overall liberation for these minerals does not appear to change significantly. Pentlandite 

followed a different behavior, with improved overall liberation as a result of greater liberation 

in the -38 µm fraction, due to the treatment. All three sulphide minerals showed improved 

liberation at the coarser 150 - 106 µm fraction. These liberation results are in agreement with 

previous studies [20, 47, 75] which performed coarser grinding (larger P80). While those studies 

obtained improved flotation performance due to the greater liberation of the microwave-treated 

ore, the flotation results of the present work were not supported by a significant improvement 

in liberation of chalcopyrite and not even for pentlandite; although the liberation of pentlandite 

was improved by microwave irradiation, the nickel grade and recovery were reduced. The 

investigation into the mineral association of chalcopyrite and pentlandite after grinding 

indicated pyrrhotite to be the mineral mostly associated, especially in the case of pentlandite. 

Microwave treatment appears to have increased association of pyrrhotite in chalcopyrite (up to 

6 %) and decreased the association in pentlandite, although it still remained at around 10 %. 

The particle size distribution of these minerals after grinding did not show significant changes 

due to the treatment, which indicates the changes in the flotation performance might not have 

been caused by this variable. As the Berry & Bruce method focusses on the P80 of feed and 
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product of grinding, the decreases in P80 observed after microwave irradiation do not 

necessarily mean significant changes in the valuable minerals’ particle size distribution.  

The study of the effects of power level and exposure time indicated that a greater 

reduction in the Wi of the Discovery Hill ore is achieved with treatment at the highest power 

level (15 kW) and for a longer exposure time (20 s). Treatment at 5 kW did not deliver similar 

reductions, even with an increase in exposure time. These results are consistent with the fact 

that greater heating rates (and consequently greater thermal differential) are obtained at higher 

power levels and agree with similar trends and predictions from previous studies [30, 31, 34, 

37, 39, 48, 52, 70, 73, 76-79]. The flotation performance suggests that improved copper 

enrichment ratios can be achieved at all the power levels, for the shorter exposure times (around 

10 s); the longer treatments decrease the enrichment. The depression of pyrrhotite, noticed due 

to the decreased mass pull after treatment (Figure 7.19), might have enhanced the copper 

enrichment, rather than an increased hydrophobicity of chalcopyrite alone. The cumulative 

mass recoveries (Figure 7.19) are consistent with this explanation as larger decreases in the 

mass pull are observed for the improved copper enrichment ratio curves. The longer exposures 

might have caused the depression of chalcopyrite as well, especially those particles associated 

with pyrrhotite (Figure 7.11a), leading to lower enrichment even with less pyrrhotite being 

recovered. These results are in agreement with the behavior of the microwave-treated 

chalcopyrite in Chapter 4 (greater recovery for short exposure time and decreased recovery for 

longer treatments) and do not contradict the beneficial [20, 38, 47, 61, 64, 65], detrimental [37, 

53] and indifferent [24, 37] effects of microwave irradiation on copper flotation noticed in 

previous studies. As the nickel enrichment ratio was reduced for most of the conditions 

investigated, the decomposition of pentlandite into other nickel phases [62, 63] might have 

occurred. Corresponding phase transformation was detected for the microwave-treated 

pentlandite in Chapter 5 and might not have been detected by the XRPD analyses with the ore 

due to the lower mineral content. Since the floatability of pentlandite with KAX 51 does not 

appear to be affected significantly by the treatment (Chapter 6), it is also possible that the 

decreased nickel enrichment ratio might be due to the high association of pentlandite and 

pyrrhotite (Figure 7.11b), with the former being depressed along with the latter. This process 

might also be partially responsible for the decreased copper and nickel recovery at all power 

levels and exposure times, besides the detrimental oxidation of chalcopyrite and pentlandite. 

Although an improvement in liberation was noticed for the coarser particle sizes of chalcopyrite 

and especially pentlandite (Figure 7.8), the enrichment-recovery curves for both copper and 
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nickel and the QEMSCAN results indicate the association with pyrrhotite and the effects of 

microwave irradiation on the surface chemistry of the minerals play a more prominent role on 

flotation.       

 

Figure 7.19 Cumulative mass recovery for the Discovery Hill sulphide ore samples: untreated and microwave-

treated at a) 5 kW, b) 10 kW and c) 15 kW, for different exposure times. Error bars represent 95% confidence 

intervals. 

Although the mean Wi reduction was increased with the reduction of the sample mass 

(from 400 to 200 g), a T-test indicated this change is not statistically significant. Previous 

studies have observed that the optimum feed is not necessarily the smallest feed due to an 

increase in the reflected power, which could result in a lower power density than that of the 

original larger feed mass [20, 42]. In the case of the flotation performance, treating smaller 

sample masses resulted in lower copper enrichment and recovery, whereas all the sample 

masses showed detrimental results for nickel. The lower performance in the concentration of 

pentlandite might be expected since, differently from chalcopyrite, the mineral’s phase 

composition, surface area and porosity are expected to be affected by microwave irradiation, 

resulting in the formation of a thick hydrophilic oxidation layer (Chapters 5).  

The results of the Berry & Bruce and liberation analyses suggests that coarser grinding 

might better benefit from microwave irradiation, which consequently makes pre-screening an 

option to increase the efficiency of MAC. These results are consistent with previous 

observations for magnetite [36], silicate gangues [25], chalcopyrite [29, 37] and even a similar 

nickel-copper sulphide ore [38], which heated faster as coarser particles when microwave-

irradiated. The particle size has been noticed to affect the heating rate of sulphide particles [29]. 

This was said to be a result of more prominent heat transfer effects for finer particle sizes, 

which could lead to lower thermal gradients between the sulphide and silicate minerals, and 
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also due to the influence of temperature on the material’s dielectric loss [29]. It has also been 

noted that the particle size can affect the electric field, thus influencing the minerals’ heating 

rate [36, 80]. The flotation results also indicated the pre-screening of the ore sample to be 

beneficial, especially for the fine particle size samples, which showed great improvement in 

copper enrichment with little decrease in recovery upon irradiation (2.8 to 4.5 % and 95 to 93 

%, respectively). A slight increase in nickel enrichment was noticed, although the metal 

recovery decreased for all the particle sizes investigated. In recent studies [20], the 

improvement in copper grade has been noticed for coarser particles, with no significant changes 

for the fine fraction. The larger improvement in liberation for the coarser samples has been 

shown to benefit flotation. In the present work, since the improvements occur for finer feed 

samples (-0.6 mm), which benefit less from fracturing and liberation due to irradiation, it is 

suggested that the changes in the surface properties of the minerals are responsible for the 

change in flotation performance. The reduction in mass pull for the microwaved fine particles 

(Figure 7.20) suggests the improvement in copper and nickel enrichment is likely to be due to 

the depression of pyrrhotite, the main sulphide mineral and also the main gangue present in the 

ore.  

 
Figure 7.20 Cumulative mass recovery for the Discovery Hill sulphide ore, untreated and microwave-treated: 

whole sample (- 3.35mm), coarse sample (- 3.35 + 0.6 mm) and fine sample (- 0.6 mm). Error bars represent 

95% confidence intervals. 

The presence of aggregates of melted/sintered particles was observed in most treatment 

conditions, as shown in Figure 7.6a. These melted particles and also the non-melted ones 

displayed different behaviors when analyzed using the Berry & Bruce method and bench 
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flotation. The melted/sintered particles presented an increase in the Bond Work Index (4.56%), 

whereas the non-melted showed a larger Wi reduction (3.52 %) than that of the whole treated 

sample (1.54 %). These findings are supported by previous observations which indicate the 

MAC to be less efficient when these aggregates are formed [24]. In the flotation test, the 

melted/sintered particles also presented detrimental effects in the enrichment and recovery of 

both copper and nickel. These results are expected based on the findings from Chapters 3, 4, 5 

and 6, which show decreased floatability after a certain degree of damage (oxidation/melting) 

is achieved at the minerals’ surface, and also based on other studies [53]. The non-melted 

particles, however, can show much larger copper enrichment and no significant change in 

nickel enrichment when the negative effects of the aggregates are isolated (Figure 7.17). 

Taking into account all the factors investigated, the use of quenching in water provided 

the larger Wi reduction, of around 6.28%, whereas the irradiation without quenching led to a 

reduction of 1.64 %, indicating that MAC can be much more efficient when followed by 

quenching. This finding is in agreement with previous data [24, 28, 81], which shows different 

degrees of improvement, possibly due to the different microwave system, treatment conditions 

and mineralogy of the ore sample.    

The Berry & Bruce method have recurrently been used to detect changes in the Bond 

Work Index (Wi) due microwave irradiation [24, 28, 38, 44, 47, 53, 61, 82], even relating, with 

good accuracy, the reductions in Wi and the quartz α-β transition above 500 ºC [83]. The results 

provided by such approach in the present work also showed to be very useful, pointing different 

directions to increase the efficiency in the microwave treatment of ores. However, it is worth 

mentioning that the comparison between the values obtained with the method and those 

obtained by the Bond ball grindability test (Figure 7.7) shows that the comparative method 

underestimated the Wi reductions and, therefore, the Wi reductions achieved for the different 

conditions investigated might be greater. 

7.5 Conclusions 

The present work has demonstrated that the Discovery Hill ore (Voisey’s Bay mine) 

presents a favorable mineralogy to benefit from microwave assisted comminution (MAC), 

based on previous works. The parameters exposure time, power level, sample mass, particle 

size and quenching were found to have significant impact on the ore’s Bond Work Index and 

flotation performance. Pre-screening is advised to make MAC more energy efficient, and also 
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to improve copper enrichment. The impact of MAC on flotation was possibly due to oxidation 

and depression of pyrrhotite and pentlandite (chalcopyrite at longer exposure times) rather than 

an improvement in liberation. Future studies, which can better investigate the variables in a 

MAC system and their synergetic interactions and determine the optimum conditions, are 

important to delimitate the full potential of the treatment for the investigated ore. The results 

of this study also showed that melting/sintering is detrimental to both comminution and 

flotation, suggesting it is of paramount importance that the microwave systems provide a 

homogeneous treatment. The Berry & Bruce method was observed to be a good tool for 

tracking the effects of different conditions in a microwave system, although it was also noticed 

that the method can underestimate the treatment performance when compared to the Bond ball 

grindability test.         
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Chapter 8: Conclusions, Contributions and Recommendations 

This research introduced the principles of microwave irradiation and its potential 

application in mineral processing, with focus on the impacts on grindability, liberation, 

flotation and the psychochemical properties of the minerals. The context of current research in 

the field and the demands for studies were discussed, leading to the objectives of this project. 

The research was conducted in order to fulfill these objectives and the results presented as 

“paper-based” chapters. The conclusions drawn from these investigations, how they contribute 

to original knowledge in the mining industry and the proposed lines of study for future work 

are shown in the following sections.    

8.1 Conclusions 

The characterization of the untreated and microwave-treated chalcopyrite, pyrrhotite 

and pentlandite showed:  

 Chalcopyrite presented the highest heating rate among the mineral samples (15.0 

°C/s), followed by pentlandite (11.2 °C/s) and pyrrhotite (7.1 °C/s). This indicates 

a potential for fracturing at the grain boundaries of theses minerals, improving 

liberation. 

 Phase transformation upon irradiation is not detected by using X-ray powder 

diffraction for chalcopyrite and pyrrhotite, whereas the formation of a S-rich phase 

can be identified for the irradiated pentlandite.  

 The chalcopyrite surface is less affected by microwave irradiation, as the formation 

of a metal-deficient sulphide/polysulphide inner layer appeared to buffer the growth 

of the outermost oxide/hydroxide/oxyhydroxide layer. Sulphide sites were still 

observed after treatment, whereas metal-deficient sulphide/polysulphide sites were 

favored by short exposure times. The untreated pyrrhotite displayed an oxidized 

surface layer, which was thickened by the irradiation. The pentlandite surface was 

oxidized similarly to pyrrhotite, although with the appearance of violarite at short 

exposure times, greater sulphate/sulphide ratio and a much thicker oxidation layer 

than that of chalcopyrite and pyrrhotite. 
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 At acidic pH, the minerals showed a shift of the zeta potential curves to less negative 

values, possibly due to the formation oxide/hydroxide/oxyhydroxide and sulphate 

sites, reaching an IEP at approximately pH 4 (chalcopyrite) and 5.5 (pyrrhotite and 

pentlandite). The treated chalcopyrite also showed less negative zeta potential at 

neutral/slightly basic pH. 

 Chalcopyrite had its collectorless floatability enhanced by short exposure to 

microwave radiation (possibly due to the formation of polysulphides) and decreased 

by longer exposures (due to the formation oxides/hydroxides/oxyhydroxides). 

Pyrrhotite and pentlandite did not show collectorless floatability or significant 

changes due to the treatment. 

 While the surface energy of chalcopyrite matched the floatability results, decreasing 

with short exposure times and increasing for longer exposure, and the surface energy 

of pyrrhotite did not show significant change after irradiation (matching the 

floatability of pyrrhotite), the surface energy of pentlandite decreased slightly with 

the treatment, although its floatability did not show any significant change.  

 Microwave irradiation increased the specific surface area of all the minerals, 

especially pentlandite (from 0.09 to  0.21 m2/g). While the average pore diameter 

increased for chalcopyrite (from 28 to 54 nm) after treatment, it decreased for 

pyrrhotite (from 35 to 28 nm) and showed a great reduction for pentlandite (from 

30 to 15 nm). Pentlandite was observed to be very brittle, with the microfracturing 

being enhanced by the treatment.          

The characterization studies and the investigations on the floatability of the untreated 

and microwave-irradiated chalcopyrite, pyrrhotite and pentlandite in the presence of sodium 

oleate and potassium amyl xanthate indicate:  

 After microwave irradiation, the recovery of chalcopyrite and pyrrhotite with KAX 

51 decreased, even with a greater adsorption, possibly due to the formation of non-

uniform oxidation or patched layers. The insignificant change in the recovery of the 

treated pentlandite is associated with its brittleness, which could have favored the 

oxidation of the mineral even before microwave treatment.  
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 The treatment might be beneficial to the flotation of a sulphide ore with potassium 

amyl xanthate as the chalcopyrite recovery can be restored by increasing the 

collector dosage, the floatability of the pentlandite samples is not remarkably 

affected by the treatment and the recovery of pyrrhotite is lower after irradiation, 

even after raising the collector dosage. 

 The floatability of the sulphide minerals with sodium oleate (S-352) was found to 

greatly decrease after microwave irradiation, at acidic and neutral pH, with the 

exception of pyrrhotite. This demonstrates that the oxidation process promoted by 

the treatment might be used to depress the valuable chalcopyrite and pentlandite 

and float pyrrhotite with the use of sodium oleate.  

 The differences in floatability presented by chalcopyrite, pyrrhotite and pentlandite 

are suggested to depend upon the amount of oxides or oxyhydroxides/hydroxides 

sites at the surface of the treated minerals, on the oxidation of Fe2+ to Fe3+ or on the 

differences in the surface charge of the minerals after microwave treatment.  

 Although no correlation between particle size, temperature and floatability of the 

microwave-treated minerals was noted for the experiments with xanthate and 

sodium oleate, the changes in recovery with xanthate after the treatment are 

dependent on the particle size.  

Based on the findings of the comminution and flotation studies with the microwave-

treated Discovery Hill Cu-Ni sulphide ore, the following conclusions were drawn:  

 The Discovery Hill ore (Voisey’s Bay mine) has a favorable mineralogy to benefit 

from microwave assisted comminution (MAC).  

 All the parameters investigated (exposure time, power level, sample mass, particle 

size and quenching) have significant impact on the ore’s Bond Work Index and 

flotation performance. 

 Pre-screening is advised to make MAC more energy efficient, and also to improve 

copper and nickel enrichment in the flotation of finer particles. 

 The depression of pyrrhotite and pentlandite (and chalcopyrite for longer exposure 

times) and the association of the valuable minerals with pyrrhotite were observed 
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to have greater effect on the flotation of the microwave-treated Discovery Hill Cu-

Ni sulphide ore than the changes in liberation.    

 Melting/sintering was found to be detrimental to both comminution and flotation, 

indicating it is essential that the microwave systems provide a homogeneous 

treatment.  

 The Berry & Bruce method was an effective tool for studying the effects of the 

different conditions in a microwave system, although it was also noticed that the 

method can underestimate the treatment performance when compared to the Bond 

ball grindability test. 

8.2 Contributions to original knowledge 

As Microwave Assisted Comminution (MAC) has not yet become an industrial 

practice, this research aimed at contributing for this transition by providing new insights on the 

effects of the treatment on the physicochemical properties of individual sulphide minerals and 

on the processing of a Cu-Ni sulphide ore. A broad characterization of the microwave-treated 

chalcopyrite, pyrrhotite and pentlandite was conducted for the first time, investigating the 

phase composition, surface chemistry, surface potential, hydrophobicity and morphology of 

the particles. The surface energy (IGC) and porosimetry studies provided results not yet 

published for a microwave-treated mineral or ore. A broad and comparative single mineral 

flotation study with xanthate, for the irradiated chalcopyrite, pyrrhotite and pentlandite, was 

conducted for the first time. In addition, these samples were floated with sodium oleate, taking 

into account the formation of iron oxides and hydroxides on the surface of microwave-treated 

sulphides. This broad comparative study was performed for the first time with the treated and 

also the untreated chalcopyrite, pyrrhotite and pentlandite. This work also investigated, for the 

first time, the effects of MAC on the processing of the Discovery Hill Cu-Ni sulphide ore 

(Voisey’s Bay mine), indicating benefits in both comminution and flotation.     

8.3 Recommendations for future work 

As the investigations on the effects of microwave irradiation on concentration 

processes, especially flotation, are still few and restricted to specific ores, much research is 

required to understand how the treatment can affect the processing of ores of different 
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mineralogy. This thesis aimed at contributing to this task, by examining sulphide minerals and 

a sulphide ore.  

In order to complement the analyses conducted in this work and advance the general 

understanding of the effects of microwave irradiation on flotation, some recommendations are 

given:  

 To conduct further IGC analysis with different untreated and microwave treated 

minerals, beyond chalcopyrite, pyrrhotite and pentlandite. In the case of these 

minerals, studies with different surface coverages could be undertaken to evaluate 

if a change in the degree of the surface energy heterogeneity can interfere in the 

surface energy results. 

 To perform microflotation and zeta potential analyses for the irradiated 

chalcopyrite, pyrrhotite and pentlandite in the presence of xanthates of different 

chain lengths and other oxide collectors.  

 Since the differences in floatability with sodium oleate between chalcopyrite, 

pyrrhotite and pentlandite are suggested to have different potential explanations, 

further research is required to delimitate the more appropriate mechanism. 

 To investigate the kinetics of adsorption before and after the microwave treatment 

of chalcopyrite, pyrrhotite and pentlandite, which can be done by using Uv-Vis 

spectroscopy. 

 To perform a comparative study, with a similar methodology to that presented in 

this thesis, to understand how the treatment affect the flotation behavior of other 

minerals present in the Discovery Hill sulphide ore, such as albite, anorthite, 

cordierite, forsterite and magnetite. This approach could even be applied to other 

important sulphide, oxide and carbonate minerals beyond those suggested, in order 

to obtain a database for future inquiry.  

 Future studies, which can better investigate the variables in the MAC system and 

their synergetic interactions and determine the optimum conditions, are important 

to delimitate the full potential of the treatment for the Discovery Hill Cu-Ni sulphide 

ore. 
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Appendix A: particle size analysis of the ore 

 

The particle size distribution of the -3.35 mm ore sample. 

 

The particle size distribution of the coarser fraction (-3.35 + 0.6 mm) of the ore sample. 
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The particle size distribution of the finer fraction (- 0.6 mm) of the ore sample. 
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Appendix B: grinding calibration curves 

 

The ball grinding calibration curve for the -3.35 mm ore sample. 

 

 
The ball grinding calibration curve for the -3.35 +0.6 mm ore sample. 
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The ball grinding calibration curve for the -0.6 mm ore sample. 
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Appendix C: zeta potential curves with collectors 

 
Zeta potential of chalcopyrite: untreated and microwave-treated for (b) 5, (c) 10, and (d) 20 s, with the presence 

of KAX 51. Error bars represent 95% confidence intervals. 

 
Zeta potential of pyrrhotite: untreated and microwave-treated for (b) 5, (c) 10, and (d) 20 s, with the presence of 

KAX 51. Error bars represent 95% confidence intervals. 
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Zeta potential of pentlandite: untreated and microwave-treated for (b) 5, (c) 10, and (d) 20 s, with the presence 

of KAX 51. Error bars represent 95% confidence intervals. 

 

Zeta potential of chalcopyrite: untreated and microwave-treated for (b) 5, (c) 10, and (d) 20 s, with the presence 

of S-352. Error bars represent 95% confidence intervals. 
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Zeta potential of pyrrhotite: untreated and microwave-treated for (b) 5, (c) 10, and (d) 20 s, with the presence of 

S-352. Error bars represent 95% confidence intervals. 

 

Zeta potential of pentlandite: untreated and microwave-treated for (b) 5, (c) 10, and (d) 20 s, with the presence 

of S-352. Error bars represent 95% confidence intervals. 
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Appendix D: flotation mass recovery 
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Appendix E: Bond ball grindability test untreated ore 

Cycle Test # product product New 
Prod. 
Rate Oversize CLR Average 

# feed  mill in MSL in mill product of new (CL)   CLR 

  added revs.   discharge created product       

  (g)   (g) (g) (g) (g/rev) (g) (%) (%) 

0                   

1 1564 100 266.5 361.4 94.9 0.95 1203.1 332.9   

2 361.4 406 61.5 490.4 428.9 1.06 1074.0 219.0   

3 490.4 344 83.5 464.9 381.4 1.11 1099.5 236.5 262.8 

4 464.9 332 79.2 458.9 379.7 1.14 1105.6 240.9 232.1 

5 458.9 322 78.2 444.3 366.2 1.14 1120.1 252.1 243.2 

6 444.3 327 75.7 443.9 368.2 1.126 1120.6 252.5 248.5 

7 443.9 330 75.6 457.3 381.7 1.157 1107.2 242.1 248.9 

8 457.3 319 77.9 441.8 364.0 1.141 1122.6 254.1 249.6 

9                   

Bond grindability: 1.14 g/rev 

Final test CLR: 249.6 % 

Test control size : 106 microns 

F = 2620 microns 

P = 85 microns 

Bond Ball Mill Work Index : 

   
W.I. (kwh/st)= 15.32 

W.I. (kwh/mt)= 16.91 
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Appendix F: Bond ball grindability test microwave-treated ore 

Cycle Test # product product New 
Prod. 
Rate Oversize CLR Average 

# feed  mill in MSL in mill product of new (CL)   CLR 

  added revs.   discharge created product       

  (g)   (g) (g) (g) (g/rev) (g) (%) (%) 

0                   

1 1531 100 246.9 370.5 123.6 1.24 1160.8 313.3   

2 370.5 306 59.8 460.3 400.6 1.31 1071.0 232.7   

3 460.3 277 74.2 418.9 344.7 1.24 1112.4 265.5 270.5 

4 418.9 297 67.6 444.2 376.7 1.27 1087.1 244.7 247.6 

5 444.2 289 71.6 440.6 369.0 1.28 1090.7 247.5 252.6 

6 440.6 287 71.1 444.4 373.4 1.301 1086.9 244.6 245.6 

7 444.4 281 71.7 421.4 349.8 1.244 1109.9 263.4 251.8 

8 421.4 297 68.0 438.5 370.6 1.248 1092.8 249.2 252.4 

9                   

Bond grindability: 1.26 g/rev 

Final test CLR: 252.4 % 

Test control size : 106 microns 

F = 2655 microns 

P = 86 microns 

Bond Ball Mill Work Index : 

   
W.I. (kwh/st)= 14.19 

W.I. (kwh/mt)= 15.65 
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Appendix G: Chalcopyrite XPS data 

 

S 2p XPS spectra of chalcopyrite: untreated and microwave-treated for 5, 10 and 20 s. 

 

O 1s XPS spectra of chalcopyrite: untreated and microwave-treated for 5, 10 and 20 s. 
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Fe 2p XPS spectra of chalcopyrite: untreated and microwave-treated for 5, 10 and 20 s. 

 

Cu 2p XPS spectra of chalcopyrite: untreated and microwave-treated for 5, 10 and 20 s. 
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Appendix H: Pyrrhotite XPS data 

 

S 2p XPS spectra of pyrrhotite: untreated and microwave-treated for 5, 10 and 20 s. 

 

O 1s XPS spectra of pyrrhotite: untreated and microwave-treated for 5, 10 and 20 s. 
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Fe 2p XPS spectra of pyrrhotite: untreated and microwave-treated for 5, 10 and 20 s. 
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Appendix I: Pentlandite XPS data 

 

S 2p XPS spectra of pentlandite: untreated and microwave-treated for 5, 10 and 20 s. 

 

O 1s XPS spectra of pentlandite: untreated and microwave-treated for 5, 10 and 20 s. 
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Fe 2p XPS spectra of pentlandite: untreated and microwave-treated for 5, 10 and 20 s. 

 

Ni 2p XPS spectra of pentlandite: untreated and microwave-treated for 5, 10 and 20 s. 
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