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ABSTRACT 

The rare-earth elements (REE), which comprise the fifteen elements of the lanthanoid series of the 

periodic table, as well as yttrium, have gained enormous public, economic and scientific attention 

in recent years. Their growing economic and strategic importance, coupled with uncertainty in the 

global supply of REE from China, have led to concerns about their future availability. As such, 

many new REE deposits have been identified and developed around the world. However, these 

deposits are often complex and contain various rare-earth minerals (REM) for which there is 

limited processing knowledge. This thesis examines the application of physical separations to the 

Nechalacho deposit in the Northwest Territories of Canada. It is specifically focused on relating 

the deposits mineralogical characteristics to quantify mineral separation behaviour in various 

processes; and ultimately proposing an industrially applicable beneficiation process for the ore. 

The valuable REE-bearing minerals in this ore are allanite, bastnӓsite, columbite (Fe), fergusonite, 

monazite, synchysite and zircon; and the primary gangue minerals are quartz, feldspars and iron 

oxides. 

Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN) results 

indicate the grain size distributions and association behaviour of valuable minerals in the deposit 

cause them to be concentrated in high specific gravity (SG) particles, at particle sizes well above 

their liberation size. To take advantage of this property, a Knelson Concentrator and spiral are 

examined as methods to preconcentrate the ore at a relatively coarse particle size; with the goal of 

rejecting low SG silicate gangue minerals (quartz and feldspars) early in the beneficiation process. 

Both techniques are determined to be effective. However, due to its simplicity, the spiral is 

recommended as the more applicable process in an industrial setting. The optimization and 

application of such a process could have profound effects on any downstream processing, as well 

as in the overall economics, as it would minimize the energy required for comminution.  

Following the preconcentration test work, a Knelson Concentrator, Multi-Gravity Separator 

(MGS) and Mozley Laboratory Shaking Table are studied to assess their ability to produce a bulk 

heavy mineral (REM, zircon and iron oxides) concentrate, at particle sizes much closer to the 

liberation size of the valuable minerals. All three techniques are effective at upgrading zircon and 

REM. But, the MGS is recommended as the superior process. The MGS is particularly effective 
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at recovering and concentrating zircon. Although REM are effectively upgraded, their recovery 

was relatively low. Mineralogical analysis indicates that with optimization of the comminution 

process and the MGS operating conditions, satisfactory recovery targets are likely to be achieved. 

However, it is noted that allanite recovery may remain depressed due to its relatively low SG 

compared to the other valuable minerals in the Nechalacho deposit.  

Gravity concentrates from the MGS and Mozley Laboratory Shaking Table are then processed 

using a low-intensity magnetic separator, to remove iron oxide gangue, and a wet high intensity 

magnetic separator (WHIMS), to produce separate REM and zircon concentrates. Iron oxide 

gangue is effectively removed. But, its association with REM and zircon indicates that some losses 

of valuable material in this step may be unavoidable. The WHIMS is capable of producing a high-

grade REM concentrate; with the relative magnetic response of REM following allanite > 

fergusonite > columbite (Fe) > monazite > bastnӓsite > synchysite. However, a significant portion 

of REM remain in the non-magnetic fraction with zircon. Concluding that a magnetic separation 

step which can induce a high magnetic force on REM through high magnetic field gradients should 

be examined.  

These metallurgical tests coupled with the use of automated mineralogy, along with other 

characterization techniques, led to the eventual proposal of a flowsheet to beneficiate the 

Nechalacho deposit. The proposed process involves early gangue rejection using a spiral, the 

production of a heavy mineral concentrate using a MGS, and the removal of iron oxides with a 

low-intensity magnetic separator. The bulk valuable mineral concentrate could be further separated 

into separate zircon and REM concentrates, using magnetic separation. However, separators which 

produce high magnetic field gradients are likely required. It is also suggested that allanite losses 

by the MGS, could be recovered by processing the MGS tails with a WHIMS. It is important to 

note that this proposed process is not representative of the currently selected process design for 

the Nechalacho deposit. Any application this process to this deposit would require optimization to 

ensure appropriate grade and recovery targets are met.  
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RÉSUMÉ 

Les éléments de terre rare (REE), qui constituent les quinze éléments de la série lanthanoid de la 

table périodique, en plus du yttrium, ont acquis beaucoup d’attention publique, économique et 

scientifique au cours des dernières années. Leur importance économique et stratégique, couplée 

avec une incertitude sur la fourniture globale des REE provenant de la Chine, démontre une 

inquiétude par rapport à leur disponibilité future. Par conséquence, plusieurs nouveaux gisements 

ont été identifiés et développés autour du monde. Cependant, ces gisements sont souvent 

complexes et contiennent des minéraux de terre rare (REM) dont les connaissances de procédé 

sont limitées. Cette thèse examine l’application de méthodes de séparations physique sur le 

gisement Nechalacho situé dans les Territoires du Nord-Ouest, au Canada. La concentration est 

surtout sur l’utilisation des propriétés minéralogiques des gisements pour quantifier le 

comportement séparatoire des minéraux à travers une variété de procédés. Le but ultime est de 

proposer un procédé d’enrichissement du minerai pertinent pour l’industrie. Les minéraux 

contenant des REE de valeur sont l’allanite, le bastnäsite, le colombite (Fe), le fergusonite, la 

monazite, le synchysite et le zircon, et les minéraux de gangue primaire sont le quartz, le feldspath 

et les oxides de fer.  

Les résultats de l’analyse quantitative des minéraux par la microscopie en balayage (QEMSCAN) 

indiquent que les distributions des tailles de grains et le comportement d’association des minéraux 

de valeur dans le gisement causent une concentration de ces minéraux dans des particules ayant 

une gravité spécifique (GS) haute et à des tailles de particule au-dessus de leur taille de libération. 

Pour prendre avantage de cette propriété, un concentrateur Knelson et un spiral sont examinés 

comme possibilités de méthode pour préconcentrer le minerai à des tailles de particule corses, avec 

le but de rejeter les minéraux de gangue à GS basse (le quartz et le feldspath) tôt dans le processus 

d’enrichissement. Les deux techniques ont prouvé être efficaces. Or, le spiral est recommandé 

d’autant plus comme procédé applicable à l’industrie dû à sa simplicité. Optimiser et appliquer un 

tel procédé peut avoir des effets profonds sur tous procédés postérieurs; et autant plus dans 

l’économie globale parce que l’énergie requise pour la comminution serait minimisée. 

Après un travail d’investigation de la préconcentration, un concentrateur Knelson, un séparateur 

multi-gravitationnel (MGS) et une table vibratoire du laboratoire Mozley ont été étudiés pour 
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évaluer leur habileté à produire un concentré en frac de minéraux lourds (REM, zircon et oxides 

de fer) à des tailles de particules beaucoup plus proche de la taille de libération des minéraux de 

valeur. Les trois techniques sont efficaces pour valoriser le zircon et les REM. Par ailleurs, le MGS 

est recommandé comme procédé supérieure. Le MGS est particulièrement efficace pour le 

recouvrement et le concentrement du zircon. Outre, même si les REM sont effectivement valorisés, 

leur récupération était plutôt base. Une analyse minéralogique indique que, avec une optimisation 

du procédé de comminution et des conditions d’opération du MGS, des cibles de récupération 

satisfaisantes peuvent être atteintes. Cependant, ce fut noté que la récupération de l’allanite peut 

rester réduit dû à une GS relativement base comparer aux autres minéraux de valeur dans le 

gisement Nechalacho. 

Par après, les concentrés obtenus par séparation gravitationnelle provenant du MGS et de la table 

vibratoire du laboratoire Mozley sont procédés en utilisant un séparateur magnétique à bas 

intensité, pour enlever la gangue d’oxides de fer, et un séparateur magnétique mouillé à haute 

intensité (WHIMS), pour produire des concentrés distincts de REM et de zircon. La gangue 

d’oxide de fer est effectivement enlevée. Or, son association avec les REM et le zircon indique 

qu’une quantité minime de perte de matériel de valeur est inévitable. Le WHIMS peut produire un 

concentré de REM de haute qualité avec une réponse magnétique relative suivante : allanite > 

Fergusonite > colombite (Fe) > monazite > bastänite > synchysite. Par ailleurs, une quantité 

significative de REM reste dans la fraction non-magnétique du zircon. Par conséquence, une étape 

de séparation magnétique qui peut induire une grande force magnétique sure les REM à travers 

des gradients de haut champ magnétique doit être examinée. 

Ces analyses métallurgiques couplé avec la minéralogie automatisé et d’autres méthodes de 

caractérisations, ont éventuellement amené vers une proposition d’un schéma d’enrichissement 

pour le gisement Nechalacho. Le procédé proposé implique un rejet tôt de gangue à l’aide d’un 

spiral, la production d’un concentré de minéraux lourds en utilisant un MGS et l’enlèvement des 

oxides de fer avec un séparateur magnétique à bas intensité. Le concentré minéral de valeur en 

vrac peut être encore séparé dans des concentrés de zircon et REM avec la séparation magnétique. 

Cependant, des séparateurs qui produisent des gradients de haut champ magnétique sont 

possiblement requis. Ce fut aussi suggéré que les pertes d’allanite dues au MGS peuvent être 

récupérées en traitant les queues du MGS avec un WHIMS. C’est important de noter que ce 
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procédé proposé n’est pas représentatif du procédé sélectionné à l’instant même pour le gisement 

Nechalacho. Toutes applications de ce procédé à ce gisement nécessiteraient de l’optimisation pour 

assurer que les cibles de qualité et de récupération sont atteintes. 
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1.1 Introduction 

The rare-earth elements (REE) have gained enormous public, economic and scientific attention in 

recent years. They are strategic metals which are indispensable to the development of modern 

defense systems, electronic applications and green technologies. The growing economic and 

strategic importance of these sectors, coupled with uncertainty in the global supply of REE from 

China, have led to concerns about the future availability of many of these metals. Due to these 

supply concerns and the increasing demand of REE, they have been designated as a critical 

resource by several countries, including the USA (United States Department of Energy, 2011), the 

EU (European Commission, 2017) and Canada (Fekete, 2014). Although significant and 

accelerating advancements continue in REE resource development, processing and applications, 

the rare-earth supply chain remains complex and continues to face challenges. It is therefore 

critically important to conduct research in all stages of the supply chain, from geology, 

beneficiation, separation and refining, to final product design, lifecycle management and 

recycling; with the focus of this thesis being on the beneficiation of REE deposits.  

The REE supply disruption in 2010, as a result of China (the worlds primary supplier) 

implementing export quotas, prompted many companies and governments to explore REE 

resources and, consequently, many new deposits have been identified and developed around the 

world. As of 2015, there were 53 advanced REE projects outside of China (Hatch, 2015). These 

deposits are generally complex and contain multiple rare-earth element-bearing minerals (REM) 

for which there is limited processing knowledge. Among the advanced projects, many are in 

Canada, including the Nechalacho Deposit (owned by Avalon Advanced Materials Inc.) located 

in the Northwest Territories of Canada.  

The supply of REE continues to be an increasingly important worldwide concern. During the 

second half of 2018, China reduced REE exports by 36 %, likely looking to crimp international 

exports and increase REE prices (Lewis and Scheyder, 2018). Compounding this is the trade war 
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rhetoric between the USA and China, which has escalated with threats to cut off REE exports 

(Rogers et al., 2019). Although the 2010 quotas resulted in increased research into new means of 

supply, including from both primary (Anderson, 2015; Cui, 2015; Espiritu, 2018; Jordens, 2016; 

Schriner, 2016; Xiong et al., 2018; Yang et al., 2015; Zhang, 2016) and secondary (recycling) 

resources (Abaka-Wood et al., 2019a; Binnemans et al., 2013; Hu et al., 2017; Jowitt et al., 2018; 

Lorenz and Bertau, 2019; Yin et al., 2018), Chinese control of the industry remains strong, 

providing more than 80 % of the 130,000 t of documented rare-earth oxide (REO) supplied to the 

market in 2017 (Gambogi, 2018). These numbers become even worse when undocumented 

(illegal) production is accounted for, as it has been estimated that an additional ~40,000 t of 

illegally produced REO are supplied from China annually (Kingsnorth, 2018; Packey and 

Kingsnorth, 2016). Kennedy (2019) of ThREE (a consulting firm which provides services to the 

financial, mining and nuclear energy industry on strategic issues related to REE and thorium) wrote 

in a recent article that an embargo on REE could shut down nearly every automobile, computer, 

smartphone and aircraft assembly line outside of China. This further reiterates the criticality of 

timely research to fill the knowledge gaps surrounding REM projects.   

1.2 Thesis Objectives 

The goal of this thesis was to design an effective process for concentrating REM from the 

Nechalacho deposit. Most of the minerals in this deposit have limited established knowledge base 

in mineral processing. As such the main objectives of this research program were to: 

- Quantify mineral separation behaviour in various separation processes 

- Propose an industrially applicable beneficiation process which could be applied to the 

Nechalacho deposit  

Although this thesis presents a possible processing route for the Nechalacho deposit, it is important 

to acknowledge its limits in scope. The thesis has limited discussion of its impact on downstream 

REE separation operations. All test work was performed purely on a bench scale and any 

application of the proposed process would require scale-up and optimization to ensure appropriate 

grade and recovery targets are met. 
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1.3 Thesis Structure 

This thesis is presented as a traditional monograph thesis comprised of nine chapters and two 

appendices. The chapters summarize the current state of the rare-earth industry; mineral processing 

techniques; the application of physical separation methods to REE-bearing deposits; the methods 

employed in the experimental test work; the findings from ore beneficiation studies; and global 

conclusions, contributions and suggestions for future studies. Information outside the primary 

scope of this thesis, particularly with regards to REM flotation, is provided in the appendices. More 

specifically, the individual chapter and appendix details are as follows: 

Chapter 1: Introduction provides a general introduction of REE along with an overview of the 

thesis objectives and structure; 

Chapter 2: The Rare-Earth Elements details important background information on REE and 

REM. This includes important definitions, insight into the current global economic supply and 

demand of REE, and discusses the challenges associated with the supply of REE;  

Chapter 3: Mineral Processing summarizes important background information on mineral 

processing, including the theories of different separation techniques and their operating principles;  

Chapter 4: The Physical Beneficiation of Rare-Earth Minerals includes a thorough review of 

literature detailing the current knowledge base surrounding REM beneficiation using gravity and 

magnetic separation; 

Chapter 5: Experimental Methods provides a detailed description of the experimental 

procedures employed throughout this research; 

Chapter 6: Ore Characterization details the results of characterization experiments used to 

determine the properties of selected constituent minerals of the Nechalacho deposit. The 

implications of these results to the beneficiation of this deposit are discussed; 

Chapter 7: Gravity Separation details the use of gravity separation techniques for the 

beneficiation of the Nechalacho deposit. The use of gravity separation for both preconcentration 

and primary separation stages are described. The results are characterised using a range of 
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analytical tools to develop an in-depth understanding into their application to the Nechalacho 

deposit. An optimal process is selected for both preconcentration and primary separation. The 

optimal product produced from the primary separation stage is selected for downstream magnetic 

separation experiments; 

Chapter 8: Magnetic Separation presents the findings of magnetic separation experiments 

performed on gravity concentrates. The results are similarly characterized by various analytical 

techniques and a physical separations-based flowsheet is proposed for processing the deposit; 

Chapter 9: Conclusions, Contributions and Future Work presents the major conclusions 

derived from this research, highlights the contributions to original knowledge and suggests future 

studies to address areas in need of further research;  

Appendix A: Preliminary Experimental Work provides two published manuscripts which are 

removed from the body of the thesis to improve its overall readability; and 

Appendix B: Rare-Earth Mineral Flotation includes a thorough literature review of REM 

flotation and one published and one unpublished manuscript detailing work which was 

accomplished during this research and has importance to REM beneficiation, but was outside the 

general scope of this thesis. 
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2.1 Introduction 

The REE comprise the fifteen metallic elements of the lanthanoid series of the periodic table, as 

well as chemically similar yttrium, and occasionally scandium (Krishnamurthy and Gupta, 2016). 

These elements are usually classified into two different sub-groups, the cerium sub-group of 

“light” rare-earth elements (LREE) and the yttrium sub group of “heavy” rare-earth elements 

(HREE) (Gambogi, 2015; Krishnamurthy and Gupta, 2016). A third sub-group, “medium” rare-

earth elements (MREE), is also sometimes used (Kingsnorth, 2010; Krishnamurthy and Gupta, 

2016; Zepf, 2013). The grouping of REE in these sub groups is not consistent among different 

authors, however, the most logical grouping is based on electron configuration (Gambogi, 2015; 

Zepf, 2013). Using this distinction, the LREE consist of cerium (atomic number 58) to gadolinium 

(atomic number 64), which have unpaired electrons in the 4f electron shell, and the HREE include 

terbium (atomic number 65) to lutetium (atomic number 71), which have paired electrons in the 4f 

electron shell (Gambogi, 2015; Zepf, 2013). Lanthanum (atomic number 57) does not have 

electrons in f-orbitals, however, it is generally grouped with the LREE (Gambogi, 2015; Zepf, 

2013). Yttrium is generally classed as a HREE, as its ionic radius and chemical behaviour is similar 

to holmium (Zepf, 2013). Scandium, when classified as a REE, is not included in either the LREE 

or HREE classifications (Krishnamurthy and Gupta, 2016). While this sub-grouping is at present 

sufficient for REM exploitation and is what will be used here, it is important to note that the use 

of three groups may become more common, because, Chinese resource tax rates use this distinction 

(Argus Media Ltd., 2015; Zepf, 2016).   

The name “rare-earths” is a historical misnomer, as these elements are quite abundant in the Earth’s 

crust (with exception of promethium, which does not exist naturally in stable form). The 16 

naturally occurring REE fall into the 50th percentile of elemental abundances (Cobb, 2012), and 

are significantly more abundant than other commonly exploited elements. The abundance of the 

individual REE in the upper continental crust is shown in Figure 2.1. Cerium (63 ppm), the most 
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abundant REE, is more plentiful than copper (28 ppm), and even the least abundant REE, thulium 

(300 ppb) and lutetium (310 ppb), are more plentiful than elements such as silver (53 ppb) and 

gold (1.5 ppb) (Rudnick and Gao, 2003). The “zig-zag” pattern shown in Figure 2.1, is known as 

the Oddo-Harkin’s rule, which states that elements with even atomic numbers are significantly 

more prevalent in the earths crust than their odd number neighbours in the periodic table (Parak, 

1973; Trifonov, 1963). These abundances are, however, only average concentrations and do not 

reflect the nature and extent of their concentration in mineral deposits. REE are generally not found 

in high concentrations and they do not occur in nature as pure metals, like gold. They are 

concentrated in minerals such as carbonates, halides, oxides, phosphates and silicates 

(Krishnamurthy and Gupta, 2016; Vijayan et al., 1989).  

As of 2019, there are more than 250 REM that have been discovered; however, not all of them are 

of economic value (Bulatovic, 2010; Ferron et al., 1991; Jordens et al., 2013; Krishnamurthy and 

Gupta, 2016). These minerals can be considered as complex (containing all the REE), or selective 

(containing either predominately LREE or HREE) (Ferron et al., 1991). Selective REM which 

contain mainly LREE are grouped as cerium type minerals or light rare-earth minerals (LREM), 

whereas those containing HREE are called yttrium type minerals or heavy rare-earth minerals 

(HREM). A list of some REM, along with their chemical formula, specific gravity (SG), magnetic 

characteristic, and content of REO, uranium and thorium, are shown in Table 2.1 to Table 2.5. The 

chemical and physical properties of these minerals will have implications in downstream 

beneficiation and separation processes. To date, only three of these minerals (bastnӓsite, monazite 

and xenotime) have been exploited commercially on a large scale (Jordens et al., 2013). 
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Figure 2.1 – Abundance of REE in upper continental crust. Adapted from Rudnick and 

Gao (2003) 
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2.2 Resources 

The majority of the world’s REE are derived from primary (natural) resources. These deposits can 

be divided into various categories based on their formation and major mineral types. They can be 

broadly classified, primarily, into four geologic environments: carbonatites, alkaline/peralkaline 

igneous rocks, placers (mineral sands), and ion adsorption clays (Castor, 2008; Goodenough et al., 

2018).  

For more than 50 years, the majority of REE have been derived from carbonatite deposits; these 

are defined as an igneous rock deposit containing > 50 % carbonate minerals. These deposits tend 

to be large, high-grade, and generally contain a high proportion of LREE. There are currently 

several operating REE-bearing carbonatite deposits, as well as many others under investigation 

(Verplanck et al., 2016). The world’s largest REE mine, the Bayan Obo mine in China, along with 

the newly operating Mount Weld mine, in Australia, and the Mountain Pass mine (the world’s 

primary producer from 1965 – 1995), in the USA, are all carbonatite deposits (Castor, 2008; 

Verplanck et al., 2016). These deposits are large, high-grade, deposits which contain 

predominately LREE. Carbonatite deposits can contain a variety of REE-rich mineral phases, 

including bastnӓsite, parisite, synchysite, ancylite, monazite and apatite; with bastnӓsite being the 

primary mineral mined (Castor, 2008; Verplanck et al., 2016).  

The other group of “hard-rock” REE deposits are classified as alkaline/peralkaline igneous rock 

deposits. These deposits tend to have a much “flatter” REE distribution than carbonatite deposits, 

making them one of the most economically important resources of HREE (Dostal, 2016; 

Goodenough et al., 2018). They are, however, often much more complex than carbonatite deposits, 

with highly variable mineralogy, both within individual deposits and particularly among the 

various deposits (Dostal, 2016). The only active REE deposits of this type are in the Kola Peninsula 

in Russia, where the main REE bearing mineral is loparite (Dostal, 2016; Goodenough et al., 2018; 

Hedrick et al., 1997). However, there are many alkaline/peralkaline igneous rock deposits which 

are currently being investigated, including the Nechalacho deposit. The Nechalacho deposit is one 

of the largest resources of this type, with an inferred resource of 160 million tons at a grade of 1.38 
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% total rare-earth oxide (TREO) (Avalon Rare Metals Inc., 2013; Castor, 2008). This deposit 

contains complex mineralogy with the REE hosted in various minerals including zircon, bastnӓsite, 

synchysite, allanite, monazite, fergusonite and columbite (Fe).  

Placers, or mineral sands, are sedimentary deposits formed by the natural physical concentration 

of minerals from weathering processes. Although placer deposits are most commonly processed 

for other commodities such as gold, tin (in cassiterite), titanium (in ilmenite and rutile) and 

zirconium (in zircon), many have potential to produce REE as a co-product (Goodenough et al., 

2018; Sengupta and Gosen, 2016). In fact, before full scale production began at the Mountain Pass 

mine, in 1965, placer mines were the world’s chief REE supplier (Sengupta and Gosen, 2016). The 

REM found in these deposits are primarily monazite and, sometimes, xenotime. As they are 

generally more enriched in monazite, they contain more LREE than HREE, however, xenotime 

offers potential for HREE production (Goodenough et al., 2018; Sengupta and Gosen, 2016). 

Although, placers deposits are, generally, smaller and have lower REE grades than carbonatite 

ores, they have very simple and well-established processing routes (with little to no comminution 

required) and can produce multiple salable products to offset mining costs (Goodenough et al., 

2018; Jordens et al., 2013; Sengupta and Gosen, 2016).  

The final major deposit type for REE are ion adsorption clays. Ion adsorption clays are currently 

the second major producer of REE and the world’s chief source of HREE, with a large proportion 

coming from illegal Chinese producers (Brown and Eggert, 2018; Goodenough et al., 2018; 

Sanematsu and Watanabe, 2016). These deposits are primarily located in China, with a few specific 

locations else where in the world (Goodenough et al., 2018; Sanematsu and Watanabe, 2016). In 

ion adsorption clay deposits, REE are not held within minerals but adsorbed onto clay surfaces 

(Goodenough et al., 2018; Sanematsu and Watanabe, 2016). Therefore, REE from these deposits 

can be easily extracted by ion-exchange using a dilute electrolyte solution, such as ammonium 

sulfate, and do not require any comminution or mineral processing steps (Goodenough et al., 2018; 

Sanematsu and Watanabe, 2016).  
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2.3 Global Economic Supply and Demand 

The first industrial application of REE dates to the 1890’s, when Austrian scientist, inventor and 

entrepreneur, Carl Auer von Welsbach (who also discovered neodymium and praseodymium), 

developed the Auer incandescent mantle which composed of 99 % thorium oxide and 1 % cerium 

oxide (Greinacher, 1981). While the role of cerium was minor, the low cost and superior lighting 

properties of the Auer incandescent mantle resulted in widespread adoption and by the 1930’s over 

5 billion units had been sold. Auer von Welsbach’s first invention developed two new problems: 

the gas mantles were difficult to ignite, and large quantities of unseparated REE from the 

production of incandescent mantles (thorium came from the mineral monazite which contains up 

to 20 % thorium and 35 - 71 % REO) had accumulated in large waste piles. He ameliorated this 

situation in the early 1900’s by blending a mixture of unseparated REE (termed “Mischmetall”) 

with iron to develop the pyrophoric metal alloy “flintstone”, that sparked when struck. This 

became the first large scale application of REE, which continues to be used today.   

From these first beginnings, several new applications for mixed or simply separated REE were 

developed over the next fifty years (some of which are listed in Table 2.6), however, they resulted 

in relatively small consumption of the REE which continually became available from the use of 

thorium (Greinacher, 1981; Spencer, 1919). This was particularly the case in the 1950’s, when 

major programs for atomic energy were carried out. The stockpiling of thorium for these programs 

left behind large quantities of REE by-products. This abundant production of REE lead to intensive 

scientific examination into their separation and properties; by the early 1960’s there was a stable 

scientific foundation, and several new applications using individual REE (Table 2.6).  

From this point on, the number of applications which use REE has grown exponentially, and today 

it is difficult to find a piece of modern technology which does not use them. In 2017, more than 

130,000 t of REO were produced (compared to just 2,270 tons in 1960) (Gambogi, 2018; Kelly 

and Matos, 2015), finding uses in numerous industrial and high technology applications. The major 

sectors which consume REE can be broadly classified as magnets, catalysts, metal alloys, 

polishing, glass, ceramics and phosphors. The division of total REE consumption by each 
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application and the proportion of specific REE which are required for each of these classifications 

is shown in Table 2.7. Table 2.8 provides an estimate of total demand for each REE. The most 

important and fastest growing industrial application is in permanent magnets, used in vehicle 

electrification, wind power generation and robotics (Binnemans et al., 2018; Mancheri et al., 

2019). Making the supply of REE required in this application, specifically neodymium, 

praseodymium and dysprosium, of utmost importance. The European Commission’s Joint 

Research Centre (JRC) has classified these three elements along with europium, terbium and 

yttrium (for lighting applications) as critical due to their supply risk and economic importance to 

low-carbon energy technologies (Moss et al., 2013). More recently, the European Commission 

(2017) has suggested all REE (with the exception of erbium), should be considered critical. A 

similar study, by the United States Department of Energy, found neodymium, europium, 

dysprosium, terbium and yttrium to be critical (United States Department of Energy, 2011). 

Although various governments have defined all or many of the REE as critical materials, it does 

not reflect mining project economics. Analysis comparing the distribution of REE by weight and 

revenue for concentrates produced from legal Chinese producers, illegal Chinese producers and 

Mount Weld (the world’s three major suppliers) (Table 2.9) suggests only neodymium, 

praseodymium and dysprosium are of significant value to current REE producers (Brown and 

Eggert, 2018).  
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Table 2.6 - Selected early applications of REE. Adapted from (Greinacher, 1981; 

Krishnamurthy and Gupta, 2016; Spencer, 1919)  

In Use by Application REE Used 

1920 

Auer Incandescent Mantles Cerium 
Pyrophoric Alloys Unseparated REE 
Electric Arc Lighting Unseparated REE 
Colourants/Decolourants in Glass  Cerium, Didymium1, Unseparated REE 
UV Adsorbing Glass Unseparated REE, Didymium1 

Medical Uses Unseparated REE, Cerium, Didymium1 
Catalysts Unseparated REE, Cerium 

1950 
Glass Polishing Cerium, Unseparated REE 
Ferrous Metallurgy Cerium, Unseparated REE 
Non-Ferrous Metallurgy Unseparated REE, Didymium1,  

1970 

Phosphors Europium, Yttrium 
Fluid Catalytic Cracking Catalysts Unseparated REE 
Other Catalysts Lanthanum, Cerium, Neodymium 
Permanent Magnets Samarium 

1 Didymium is a mixture of praseodymium and neodymium 
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Table 2.8 – Estimated total demand by REE in 2017. Adapted from Table 2.7 

REE Demand Estimate (%) 

Demand Estimate (t) 
[Based off Gambogi 

(2018) estimate of total 
REO production1] 

Demand Estimate (t) 
[Based off Kingsnorth 
(2018) estimate of total 

REO production2] 

La 26.8 34,749 44,773 
Ce 30.0 39,091 50,367 
Pr 9.0 11,648 15,008 
Nd 24.9 32,370 41,708 
Sm 0.3 390 503 
Eu 0.2 195 251 
Gd 0.7 936 1,206 
Tb 0.5 585 745 
Dy 1.5 1,950 2,513 
Y 6.0 7,774 10,017 
Other 0.2 312 402 
Total 100 130,000 167,500 

1 Gambogi (2018) production estimate does not include undocumented production 
2 Kingsnorth (2018) production estimate includes undocumented production 
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Table 2.9 Distribution of REE by weight and revenue for concentrates produced from legal 

Chinese producers, illegal Chinese producers and Mount Weld. Adapted from (Brown and 

Eggert, 2018) 

REE 

By Weight (%) By Value (%) 

Legal 
Chinese 

Producers 

Illegal 
Chinese 

Producers 

Mount 
Weld 

Legal 
Chinese 

Producers 

Illegal 
Chinese 

Producers 

Mount 
Weld 

La 25.4 13.9 45.7 2.6 0.9 5.1 
Ce 40.5 18.7 25.6 6.8 2.0 4.7 
Nd 16.7 14.0 18.6 46.4 24.6 56.8 
Y 7.5 35.8 0.4 2.9 8.7 0.2 
Pr 5.5 4.0 5.4 15.8 7.4 17.1 
Sm 1.5 3.3 2.4 0.2 0.2 0.3 
Gd 1.4 5.0 1.0 2.3 5.1 1.8 
Dy 1.0 4.1 0.2 14.0 35.8 2.9 
Eu 0.3 0.4 0.6 3.8 3.5 8.6 
Tb 0.2 0.8 0.1 5.2 11.8 2.5 

 

2.4 Supply Challenges 

2.4.1 Geographic Concentration of Supply 

Since the early 1990’s, China has dominated the supply of REE. In 2017, China controlled an 

estimated 80 % of documented production (Gambogi, 2018), after accounting for more than 93 % 

of the worlds production from 2003 – 2011 (Cordier, 2011, 2012; Gambogi, 2013; Hendrick, 2005, 

2006, 2007, 2008, 2009, 2010). If undocumented production is accounted for, estimates of Chinese 

production in 2017 are as high as 85 % of the total REE supply (Kingsnorth, 2018). The World’s 

only other major producer is the Mount Weld Mine in Australia, which accounted for 

approximately 14 % of the total REE supplied to the market in 2017 (Brown and Eggert, 2018; 

Gambogi, 2018). This geographic concentration of production results in significant concerns for 
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downstream users of REE and any developing REE deposits, as China has significant control over 

the supply chain. This is best exemplified by China’s implementation of export quotas in 2010.  

2.4.2 The Balance Problem 

REE are concentrated in the same minerals, however, in different distributions. Therefore, if the 

demand of a lesser abundant element increases without an increase in demand for a more common 

one, a misbalance in demand is created. This “balance problem” has been a challenge for the rare-

earth industry since their first application. In the early days, the high demand for thorium resulted 

in large quantities of unseparated REE for which there was limited demand (Greinacher, 1981). 

As individual REE found uses in specific applications, balancing their demand with the ratio which 

they are produced became, and continues to be, a challenge. In the 1960’s, the most important 

application for REE was for red phosphors, which required europium. At the time the chief 

europium (and REE) supplier was the bastnӓsite ore of the Mountain Pass deposit. The low 

concentrations of europium in bastnӓsite led to large surpluses and stockpiling of LREE (the ratio 

of europium oxide to cerium oxide, for example, in the Mountain Pass ore is 1:450) (Binnemans 

and Jones, 2015; Binnemans et al., 2018).  

Today, the most important application of REE is in magnets (Table 2.7). This results in a high 

demand for neodymium, praseodymium and dysprosium relative to their distribution in mineral 

deposits (Table 2.9), which results in significant over production of the majority of other REE. 

The balance between demand and the abundances of the REE in ores is a major challenge for both 

producers of REE and downstream users of rare-earth magnets. Industries which require these 

magnets are forced to pay an elevated price as production costs for neodymium, praseodymium 

and dysprosium cannot be spread over all the REE (Binnemans et al., 2018). In addition, producers 

are forced to stockpile certain REE for which there is not sufficient demand (Binnemans et al., 

2018). Different options to mitigate the balance problem include recycling, substitution, and new 

high-volume applications for REE that are produced in excess (Binnemans et al., 2018). 
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2.4.3 Environmental Concerns 

The history of pollution from REE mines has resulted in growing social and environmental 

concerns pertaining to the mining and processing of these ores. In China, the impact of large-scale 

mining and processing operations on local environments and people has been well documented (Li 

et al., 2013; Pan and Li, 2016; Tong et al., 2004; Yang et al., 2013b). In the USA, a federal 

investigation of the Mountain Pass mine found that the operation had released over 2 million liters 

of radioactive toxic waste to the environment, from 60 different wastewater pipe spills (some of 

which were unreported) which occurred between 1984 and 1998 (Ali, 2014). These spills 

eventually led to the suspension of its separation plant in 1998 (Hedrick, 1999). The associated 

environmental compliance and cost challenges coupled with competition from Chinese suppliers 

eventually led to the mines closure in 2002 (Hedrick, 2003). This history of pollution coupled with 

the social and environmental issues associated with radioactive wastes are significant challenges 

for nearly all developing REE projects. This is best exemplified by the Mount Weld deposit, in 

Australia, and its processing plant [Lynas Advanced Materials Plant (LAMP)], in Malaysia, which 

have been operating under a cloud of uncertainty, due to concerns surrounding the storage and 

disposal of radioactive waste at the processing plant (Ali, 2014; Kaur, 2015; Tengku Ismail et al., 

2016).  

2.4.4 Other Supply Challenges 

Other significant challenges which exist for potential REE producers are (Goodenough et al., 2018; 

Jordens et al., 2013):  

• a lack of technical expertise outside of China 

• high capital outlay associated with new plants  

• a lack of predictable and readily available market prices (REE are sold on contract) 

• new mines must start-up in short time to ensure enough demand for its products 

While potential new REE projects are likely affected by all these challenges, the degree to which 

they must be addressed varies by deposit type. For example, the technical knowledge required to 
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recover REE from alkaline/peralkaline igneous rock deposits is significantly lacking compared to 

the other three major REE deposit types. However, even for carbonatites, which are currently 

mined, the mineralogy varies for each REE project. Apart from bastnӓsite, and to a certain extent, 

monazite, there is limited technical knowhow to beneficiate other REM found in these deposits. 

While processing routes for placers and ion-adsorption clay deposits are much simpler, placers 

typically contain high levels of radioactive thorium, leading to environmental concerns, and ion 

adsorption clays have never been commercially processed outside of China, where ground 

clearance and the use of ammonium sulfate have caused significant environmental damage 

(Goodenough et al., 2018; Yang et al., 2013b).  

2.5 Conclusions 

This chapter detailed important definitions related to REE, current and potential REE resources, 

the current status of REE supply and demand, and current challenges associated with the supply 

of REE. The findings from this chapter demonstrate the urgent need for research in all stages of 

the supply chain, particularly, to find efficient and environmentally friendly processing methods 

for REM and deposit types which have not been mined before.  
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3.1 Introduction 

In mineral processing, ores, which consist of valuable minerals and gangue, are subject to a series 

of liberation (size reduction), classification (sizing), and separation steps to produce a valuable 

mineral or metal concentrate. The processing route depends on the ore deposit being processed 

and can rely on multiple separation techniques which exploit differences in the physical and 

chemical properties of minerals. This chapter provides important background information on 

mineral processing. The theoretical aspects of various beneficiation and characterization 

techniques discussed here are only an overview to ensure readers who may be unfamiliar with 

certain facets of mineral processing can follow the proceeding sections of this thesis. For readers 

interested in a more in-depth discussion of mineral processing concepts, there is a large body of 

literature available, with Wills and Finch (2016a) being a good starting point. 

3.2 Liberation 

To separate valuable minerals (or metals) from gangue, a liberation stage is first required. 

Liberation is achieved by size reduction (comminution), which involves crushing and grinding 

rocks until valuable minerals are freed from the interlocked rock matrix (Figure 3.1). If a high-

grade product is desired from a downstream separation process, a high degree of liberation is 

essential. However, comminution is often the greatest energy consumer in a mineral processing 

plant, and separation techniques are also heavily influenced by particle size (Figure 3.2). Fine 

grinding increases energy costs and can lead to the production of very fine particles which are 

difficult to process. Therefore, a compromise between liberation and particle size is often required. 
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Figure 3.1 – Products of comminution. Adapted from Wills and Finch (2016b) 

 

Figure 3.2 – Effective range of application for selected mineral separation techniques. 

Reproduced with permission from Wills and Finch (2016b) 

Generally, the goal of the comminution process is to liberate valuable minerals at the coarsest 

possible particle size. However, a high degree of liberation is not always required, and in some 

cases, it is possible to concentrate or preconcentrate valuable minerals prior to complete liberation. 

Preconcentration is a processing step aimed at rejecting waste early in the concentration process. 

Earlier rejection of gangue can have significant benefits, including increased feed grades to 

downstream processes, and lower ore throughputs and operating costs. Ores amenable to 

preconcentration at coarser particle sizes would also benefit from lower energy requirements in 

the comminution stage. The method of separation used to reject gangue material during 

preconcentration is dependent on the physical properties of the ore and often rely on differences 

in SG, color, particle size, radioactivity, conductivity, or magnetic properties between valuable 
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mineral-bearing particles and liberated gangue. The preconcentrate can then be reground to 

produce a more liberated feed for a downstream concentration process. A simplified example of 

such a flowsheet can be seen in Figure 3.3. 

 

Figure 3.3 – Simplified flowsheet for a process utilizing a preconcentration stage 

3.3 Froth Flotation 

Although froth flotation is presently the primary method of REM beneficiation, the focus of this 

thesis is on physical separations. As such this topic will not be covered here, however, the focus 

of Appendix B is the flotation of REM, which contains a detailed description of the flotation 

principle.  

3.3 Gravity Separation 

Gravity separation exploits differences in SG to facilitate mineral separation. Although it becomes 

less effective at fine particle sizes (Figure 3.2), it offers multiple advantages over other separation 

techniques, such as flotation. Gravity separation techniques generally have low capital and 

operational costs (no reagent costs), comparatively little environmental impact and are relatively 
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simple processes. These advantages are extremely important in today’s mineral processing 

industry, especially for REM. While REM deposits are generally fine-grained, making gravity 

separation difficult, due to the relatively low price of the more common REE and general 

environmental concerns associated with new projects, only simple low-cost projects with a limited 

environmental footprint are likely to be successful. 

There are a variety of different gravity separation methods. However, they can be generalized as 

devices which cause particles to flow with different velocities and trajectories, within a fluid, in 

response to a gravitational force and the resistance to motion imparted on particles by a viscous 

fluid. Therefore, the motion of a particle is often dependant upon its size and shape, in addition to 

its SG. Differentiation in the balance of these forces acting on particles is achieved through 

different mechanisms including, differential settling, interstitial trickling, flowing films, and 

Bagnold forces. 

Settling refers to the sinking of particles in a fluid. If the volume of the fluid is large with respect 

to the total volume of particles (i.e. in well-dispersed pulps with a solids percentage of less than 

about 15 %), they can be said to be in a free settling regime, where particle-particle interactions 

are negligible. Under these conditions the forces acting on a particle are a downward acting 

gravitational force, and upward acting buoyancy and drag forces. The equilibrium of these three 

forces can be resolved, under different flow regimes, and the terminal velocity of the particles can 

be determined by Stokes’ law (Equation 3.1) at particle Reynolds numbers less than 1 (particle 

sizes below 60 m) or Newton’s law (Equation 3.2) at particle Reynolds numbers greater than 

1000 (particle sizes above 500 m).  

𝑣𝑡 =
𝑔𝐷2(𝜌𝑠−𝜌𝑓)

18𝜂𝑓
         (3.1) 

𝑣𝑡 = [
3𝑔𝐷(𝜌𝑠−𝜌𝑓)

𝜌𝑓
]
1/2

         (3.2) 

Where 𝑣𝑡 is the particle terminal velocity (m s-1), 𝑔 the gravitational acceleration (m s-2), 𝐷 the 

diameter of the particle, 𝜌𝑠 the density of the particle (g m-3), 𝜌𝑓 the density of the fluid (g m-3) 
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and 𝜂𝑓 the viscosity of the fluid (Pa s). For intermediate Reynolds numbers (and particle sizes) 

there are various empirical models which can be used to estimate terminal velocities (Heiskanen, 

1993). From the above expressions, the terminal velocity of a particle in a fluid is a function of its 

size and density, with larger, more dense particles settling at higher rates.  

As the solids concentration in the pulp increases above 15 %, particle-particle interactions can no 

longer be ignored, and the system is said to be in a hindered settling regime. The system begins to 

behave as a heavy liquid whose density is that of the pulp rather than that of the carrier. The high 

density and viscosity of the pulp results in an increased drag on the particles causing them to settle 

at a slower rate. Under these conditions a modified form of Newton’s law can be used to determine 

the approximate terminal velocity of particles, by replacing the density of the fluid with the density 

of the pulp in Equation 3.2. The reduction in effective density (𝜌𝑠 − 𝜌𝑓) will be greater for particles 

of lower SG and will, therefore, have a greater reduction in their falling velocity. This increases 

the effect density differences have on separation, reducing the impact of particle size.  

To compare settling rates of different minerals the free-settling ratio (Equation 3.3) can be used to 

indicate the ratio of particle size at which two particles of differing specific gravities will have the 

same settling velocity.  

𝐷1

𝐷2
= (

𝜌𝑠1−𝜌𝑓

𝜌𝑠2−𝜌𝑓
)
𝑛

         (3.3) 

Where 𝑛 is 0.5 for fine particles obeying Stokes’ law and 1 for large particles obeying Newton’s 

law. For intermediate particles 𝑛 lies between 0.5 and 1. Therefore, as particle size becomes finer 

the free-setting ratio decreases and SG based separations become more difficult. To counteract this 

effect a centrifugal acceleration can be applied to significantly increase the apparent gravitational 

field felt by particles. Modern gravity separators, which impart additional centrifugal acceleration 

to particles, can produce an acceleration of up to 300 times that of Earth’s gravity, which 

dramatically increases the settling velocities of small particles. This also increases the difference 

in settling velocity for near density minerals allowing for an improved separation.    
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From terminal velocities alone the rate at which particles settle is only a function of particle size 

and density, with increasing either resulting in more rapid settling. However, after some hindered 

settling has occurred to create a particle bed, separation occurs through two other distinct 

mechanisms. Heavy coarse particles with enough force can displace a path through the mobile 

particle bed and fine particles can trickle through the interstices of the coarse particles forming the 

bed. As a bed compacts, larger particles interlock and their movement is interrupted, but fine 

particles can still move in the interstices of the larger particles. As fine dense particles will have 

more rapid settling rates than those with a lower SG they will be preferentially recovered through 

interstitial trickling.  

Many gravity concentrators rely on flowing films to impart separation. When a fluid is flowing on 

a solid surface, it can be said to have different layers with velocities ranging from zero at the solid-

pulp interface to a maximum at the free surface. Particles in the fluid are thus subject to different 

magnitudes of fluid drag based on the fluid layer in which they are. Particles which settle faster 

(i.e high SG particles) will remain in the high velocity flow layers for less time and will therefore 

be less impacted by the flow of the fluid, and move more slowly down the surface, resulting in a 

lateral displacement of the material.  

In concentrated flowing pulps, Bagnold forces also play a role in the preferential recovery of fines. 

As particles in a faster flowing layer flow over those in a slower layer or the stationary solid 

surface, they are subject to a continuous shear and a dispersive pressure is exerted between the 

particles. This dispersive pressure, known as the Bagnold force, is normal to the direction of shear 

and proportional to the square of the particle’s diameter, the particle’s density, the solids 

concentration in the pulp and the shear rate (Bagnold, 1954). If this dispersive pressure is greater 

than the apparent weight of a particle there will be a net force away from the solid surface. The 

ratio of the Bagnold force to the force caused by the apparent weight of a particle can be calculated 

by Equation 3.4 (Sivamohan and Forssberg, 1985).  

𝐹𝐵

𝐹𝑤
=

𝑘𝐷(𝑑𝑢 𝑑𝑦⁄ )
2

1−
𝜌𝑓

𝜌𝑠⁄
         (3.4) 
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Where FB is the Bagnold force (N), Fw is the force from the particles apparent weight (N), du/dy is 

the rate of shear (s-1) and k is a constant. From Equation 3.4, if two particles of different diameter 

are considered the particle with the larger diameter should tend to drift away from the solid surface, 

and smaller particles towards it. Similarly, a particle of lower SG should also drift away from the 

solid surface and higher SG particles towards it. In a mobile particle bed, the action of Bagnold 

forces causes it to dilate, which further promotes the recovery of fines through interstitial trickling. 

Bagnold forces coupled with interstitial trickling leads to vertical stratification of particles with 

coarse low SG particles on top, followed by fine low SG particles, then coarse high SG particles 

and fine high SG particles on the bottom.  

3.3.1 Gravity Separation Techniques 

Many different techniques have been designed and built to separate minerals based on SG 

differences. They can be classified as either conventional or enhanced gravity separators. 

Enhanced gravity separators are those which impart additional centrifugal acceleration to particles, 

making them much more effective at processing fine or relatively low SG minerals when compared 

to conventional gravity separators. Although conventional gravity separators are limited to 

processing relatively coarse (> 53 μm) material, they offer advantages in increased throughputs, 

greater simplicity, and they are better suited for higher grade (> 1% heavy material) deposits due 

to the semi-continuous nature of most enhanced gravity separators. An overview of gravity 

separation techniques used in this work are provided here, however, a more in-depth discussion of 

them or details on other gravity separation techniques can be found in Wills and Finch (2016c) 

and Falconer (2003); with an overview of dense medium separation (DMS) being found in Wills 

and Finch (2016d) and Napier-Munn et al. (2014). 

3.3.1.1 Dense Medium Separation 

DMS is a process which utilises a liquid (lab scale) or an aqueous suspension of fine particles 

(industrial scale) with predetermined density for which particles less dense than the liquid will 

float, while those heavier will sink. A simple schematic of its principle is shown in Figure 3.5. In 

the case of suspensions, the suspended particles that make up the dense media are always 
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significantly finer than the particles to be separated. The process can be controlled with a high 

degree of precision over a wide range of separating densities and is commonly applied as a 

preconcentration step for minerals (such as cassiterite) and in the separation of coal from 

contaminants. However, the process is expensive, due to the cost of the medium and ancillary 

equipment needed to clean and recycle the medium; and is not effective for processing fine particle 

sizes at an industrial scale. Traditionally, DMS is performed using static bath separators, for which 

separation is only practical at coarse particle sizes (> 4 mm) as the slow settling rates of fine 

particles result in a poor separation efficiency. To improve the separation efficiency of finer 

particles, centrifugal separators have been employed to aid in their migration through the dense 

medium. Industrially, centrifugal DMS is considered practical for particle sizes down to 0.5 mm 

in diameter, however, several initiatives to beneficiate fine coal have shown that good separation 

can be achieved for particle sizes down to 25 μm (Aktaş et al., 1998; Klima et al., 1995), and more 

recently, work by Hirajima et al. (2005), investigating centrifugal DMS for the recycling of rare 

earth-activated phosphors from waste fluorescent lamps, demonstrated effective separation of 

particles with a size of 3–13 μm. At the lab scale, particle size is not a factor and sharp separations 

remain possible at very fine particle sizes (Browning, 1961).  

 

Figure 3.5 – Principle of DMS. Adapted from Wills and Finch (2016d) 
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3.3.1.2 Shaking Table 

Mineral particles on a shaking-table are subject to two primary forces: the flowing film and the 

force caused by an oscillating motion applied to the solid surface. The flow of water carries light 

particles which remain suspended in the fast-moving layers down the table, where heavy particles 

are carried to the concentrate zone from the motion of the table. Using a slow forward stroke and 

a rapid return, particles at the surface of the of the table move slowly in the forward direction of 

the oscillating motion.  

The Mozley Laboratory Shaking Table or “Superpanner” is a laboratory-scale shaking table. It is 

well-suited for early scoping studies on ores which appear to be amenable to gravity separation. 

The Mozley table can produce very precise SG separations and its low mass requirements make it 

a useful technique when insufficient material is available for larger scale tests such as spiral, 

shaking table or enhanced gravity separator testing. 

3.3.1.3 Spiral Concentrator 

A spiral concentrator is a conventional gravity separator composed of a slanted trough that spirals 

vertically downwards in helix configuration about a central axis. A feed pulp, between 15 %w/w 

and 45 %w/w solids, is introduced at the top of the spiral. As the pulp flows downwards, hindered 

settling, a flowing film action, interstitial trickling and Bagnold forces act to concentrate heavy 

particles near the surface of the trough, while light particles remain in the high-velocity layers 

travelling in a curved path (Sivamohan and Forssberg, 1985). Due to the spirals geometry, different 

pulp layers will not only travel with different velocities, but also centrifugal accelerations; from 

zero at the solid-pulp interface to a maximum at the free surface. This forces light particles (and 

water) to convey radially outwards accumulating in the outer portion of the trough and gives rise 

to a radial pressure gradient, as the hydrostatic pressure at the outer portion of the spiral will be 

greater than that at the inner portion. At a certain depth, the inward force resulting from the 

pressure gradient will exceed the force due to centrifugal acceleration. The lower layer of the pulp 

will flow inward as a result of this force imbalance, creating a secondary flow pattern (Holtham, 

1990). These combined effects cause particles to stratify horizontally across the trough, with the 
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heavier material concentrating in the inner part of the spiral and the lighter material flowing 

outward. A schematic demonstrating the primary and secondary flow patterns in a spiral and 

mineral stratification is shown in Figure 3.6. 

 

 

Figure 3.6 – Flow patterns present in a spiral. Adapted from Wills and Finch (2016c) 

3.3.1.4 Knelson Concentrator 

The Knelson Concentrator (Figure 3.7) is a compact enhanced gravity separator which employs a 

rotating inclined bowl, lined with fluidized grooves to collect high specific gravity particles. The 

feed is introduced at the bottom of the bowl, through a downcomer, where centrifugal acceleration 

forces particles to travel radial outward. Through hindered settling, enhanced by centrifugal 

acceleration, heavy particles are trapped in the grooves of the bowl and light particles are carried 

by water to the top of the unit and ejected. To prevent compaction of particles in the grooves, a 

pressurized water jacked forces water through perforations in the grooves, fluidizing the bed of 

heavy particles. This allows for the constant substitution of light particles (which may have 

reported to the concentrate) with heavy SG particles.  

The Knelson Concentrator was originally developed for gold processing, employing semi-

continuous units which stop to flush out the concentrate after a certain interval (when the bowl is 

filled with high SG material). While these units work well for mineral deposits which contain very 

low concentrations (< 1%) of high SG material, they run into operational difficulties when 
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processing ores with higher concentrations. However, due to its relatively low cost, small 

environmental impact when compared to other separation techniques (such as froth flotation), and 

the development of the Continuous Variable Discharge (CVD) concentrator, the Knelson has 

become an active area of research for the processing of many low-SG deposits. A summary of the 

various low-SG minerals for which the Knelson Concentrator has been applied is shown in 

Appendix A (Table A.5). The Knelson Concentrator is typically operated to produce a gravitational 

field of 60 G, however, the newest models can produce up to 200 G for semi-continous units and 

90 G for continuous units. It is important to note that most REM deposits contain relatively high 

concentrations of high SG material and would require the use of a continuous system. No such 

device exists at the lab-scale, however, work by Sakuhuni et al. (2016), has demonstrated a batch 

lab-scale Knelson Concentrator can be used for predicting CVD performance. 

 

Figure 3.7 – Knelson Concentrator cutaway and schematic detailing the action in a 

concentrating groove. Reproduced with permission from Wills and Finch (2016c) 

3.3.1.5 Multi-Gravity Separator 

The Multi-Gravity Separator (MGS) is an enhanced gravity concentrator which utilizes the 

combined effects of centrifugal acceleration and the forces acting on a traditional shaking table to 

impart separation. The device can be visualized as rolling a conventional shaking table into a drum 

with a conical profile, then rotating it so that an elevated gravitational pull can be exerted on the 
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mineral particles as they flow in the water layer across the surface. Because of the centrifugal 

acceleration and sinusoidal shaking, dense particles migrate through the water layer to form a bed 

of high SG particles against the drum wall. This high SG layer is conveyed by scrapers (which 

rotate in the same direction as the drum, but, at a slightly faster speed) towards the open end of the 

drum and low SG minerals are carried by the flow of wash water to the rear of the drum. Figure 

3.8 depicts a pilot scale MGS, its main operating and design variables and the principle forces 

acting on a particle. While a good deal of work has reported on the effects of operating conditions 

(rotational velocity of the drum has been identified as the most important factor on separation) 

(Aslan, 2007a, b, 2008a, b; Chaurasia and Nikkam, 2017b; Özgen, 2012; Traore et al., 1995; 

Turner and Hallewell, 1993), little work has gone into the influence of changes to design variables 

on MGS performance (Fitzpatrick et al., 2017). Design variables, such as the cone angle, shape or 

profile of the scraping blades and the relative velocity between the drum and the scraping blades 

would all be expected to have an influence on performance. 

To improve the capacity of the MGS, a new scraping blade design has been developed by Gravity 

Mining Ltd (UK). A schematic of the blades can be seen in Figure 3.9. The scraper blades are low-

profile in comparison to the conventional blades allowing for material to flow over the top of the 

blades. Initial test work using the new scraper design to recover tungsten from a magnetic waste 

stream, demonstrated significant improvements over the conventional scrapper system (Fitzpatrick 

et al., 2018). Specifically, greater tungsten recovery (33 % vs. 20 – 25 %) was observed at the 

required minimum product grade (43 % WO3). 
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Figure 3.8 – Schematic of a pilot scale MGS, showing the main operating and design 

(denoted with *) variables, and the principle forces acting on a particle. Adapted from 

Wills and Finch (2016c) and Fitzpatrick et al. (2018) 
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Figure 3.9 – Schematic of conventional scraping blades (left) and low-profile blades (right). 

Adapted from Fitzpatrick et al. (2018) 

3.4 Magnetic Separation 

The magnetic separation of minerals exploits differences in how a mineral particle will behave 

when exposed to a non-homogeneous applied magnetic field. The magnetic behaviour of a material 

depends, primarily, on its atoms’ orbiting electrons. Under ordinary conditions (i.e. with no applied 

magnetic field), electrons in a material preferentially arrange themselves into pairs, to cancel out 

the opposite intrinsic magnetic moment of another electron, and fill subshells with zero net orbital 

magnetic moment. When a material has an electron configuration with unpaired electrons they will 



 
Chapter 3: Mineral Processing 

37 
 

generally remain “non-magnetic”, as the electrons will contribute magnetic moments that point in 

different, random directions, thus cancelling. However, when placed in a magnetic field, paired 

electrons remain with their intrinsic magnetic moments pointing in opposite directions, while 

unpaired electrons, will tend to align themselves in the same direction as the applied field; thus, 

becoming attracted along the applied magnetic field lines. Therefore, depending on their electron 

configuration, a material can be considered diamagnetic (no unpaired electrons) or paramagnetic 

(with unpaired electrons). When a diamagnetic material is placed in a magnetic field, orbital 

magnetic moments will tend to align in such a way to oppose the applied field. A diamagnetic 

material will, therefore, be weakly repelled along the magnetic field lines. While all materials will 

undergo this orbital response to an applied magnetic field, in paramagnetic materials the effect 

caused by unpaired electrons is much more significant. Certain highly magnetic materials can be 

considered as being ferromagnetic. Ferromagnetism can be regarded as a special case of 

paramagnetism, where along with the tendency of unpaired electrons to align their intrinsic 

magnetic moments with an applied magnetic field, they also have the tendency to orient these 

magnetic moments parallel to each other even when there is no applied field. This spontaneous 

alignment of intrinsic magnetic moments allows a ferromagnetic material to be able to more 

rapidly align its magnetic moments along the applied magnetic field lines, resulting in much higher 

magnetisation at lower applied magnetic field strengths. This description is only meant to provide 

a simplified view into the magnetism of materials, a complete understanding requires a quantum-

mechanical description which can be found in Jiles (2015). 

Examples of diamagnetic, paramagnetic and ferromagnetic behaviour can be seen in Figure 3.10, 

represented as magnetization versus applied magnetic field strength. The slope of these curves 

represents the magnetic susceptibility of a material. Ferromagnetic materials will have a very high 

initial magnetic susceptibility, until all magnetic moments have aligned with the applied magnetic 

field, after which a further increase in the strength of the applied magnetic field will not be 

accompanied by an increase in magnetization. It should be noted that Figure 3.10 only shows the 

initial magnetisation curve of a ferromagnetic material and does not show its remnant 

magnetisation after an external magnetic field is removed.  
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To directly measure the magnetic properties of a mineral various techniques exist, including the 

vibrating sample magnetometer (VSM) (Foner, 1959; Svoboda, 2004). This technique suspends a 

small quantity of material from an oscillating rod, which is vibrated at small amplitude with a 

known frequency and phase. It is subjected to a series of uniform magnetic fields of varying 

strength. The field distortion produced by the sample is measured by a series of detection coils. 

The magnetic moment can be converted to magnetisation by dividing the volume of the sample 

and plotted against the applied magnetic field (as shown in Figure 3.10), to determine its magnetic 

properties.   

 

Figure 3.10 – Typical magnetization versus applied magnetic field strength trends for 

diamagnetic, paramagnetic and ferromagnetic materials 

3.4.1 Magnetic Separation Techniques 

Magnetic separators rely on the competition between magnetic force and competing forces. For 

fine particle sizes fluid drag forces are generally the dominate competing force, whereas at coarser 
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sizes it is the force due to gravity. The magnetic force in a magnetic separator is dependant on the 

applied magnetic field strength, the magnetic field gradient, the particle size and the magnetic 

susceptibility of the particle and fluid medium. When considered only in the x-direction, it can be 

expressed by Equation 3.4: 

𝐹𝑥 = 𝑉 (𝜒
𝑝
− 𝜒

𝑓
)𝐻

𝑑𝐵

𝑑𝑥
        (3.4)  

Where 𝐹𝑥 is the magnetic force on the particle (N), 𝑉 is the particle volume (m3), 𝐻 is the applied 

magnetic field strength (A m-1), 𝜒
𝑝
 is the magnetic susceptibility of the particle, 𝜒

𝑓
 is the magnetic 

susceptibility of the fluid and 𝑑𝐵
𝑑𝑥

 is the magnetic field gradient (T m-1). It must be noted, that while 

Equation 3.4 suggests an increase in magnetic field strength will result in an increased magnetic 

force, it can have a negative impact on particles which exhibit some degree of magnetic ordering, 

as it will decrease their magnetic susceptibility (Svoboda, 1994). Excess applied field strength may 

also decrease the field gradient in a given separator (Svoboda, 1994). Therefore, it is important 

that the appropriate magnetic field is applied for a given separation, as an increase in the intensity 

of the magnetic field may decrease the magnetic force acting on a particle.  

The magnetic force will only be larger than the competing forces (fluid drag or gravity) over a 

specific size range, depending on the mineral’s magnetic susceptibility. Minerals with high 

magnetic susceptibility will be able to be recovered over a wider range of particle sizes. The 

effective range of magnetic separation has been suggested as between approximately 5 m to 1000 

m (Oberteuffer, 1974), however, there are initiatives to recover magnetic material at finer sizes 

(Arol and Aydogan, 2004; Ebner et al., 1997; Menzel et al., 2012; Roy, 2012). Various magnetic 

separation devices exist and while those used in this work are briefly explained here, a more in-

depth discussion of them or details on other magnetic separation techniques can be found in Wills 

and Finch (2016e), Oberteuffer (1974), Svoboda and Fujita (2003) and Svoboda (2004). 

3.4.1.1 Wet Magnetic Test Chute 

A wet magnetic test chute (Figure 3.11) is a simple laboratory scale device for magnetic separation 

testing. Mineral slurry is fed down an include surface which is placed over a permanent magnet.  
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Mineral particles with high magnetic susceptibility will be attracted by the low-intensity magnetic 

field and be pinned to the surface. Mineral particles which are not attracted to the inclined surface 

report with the slurry water as non-magnetics at the bottom of the chute. To increase the magnetic 

force acting on particles (to recover minerals of lower magnetic susceptibility, or to overcome the 

influence fluid drag or gravity have on recovering fine and coarse particles, respectively) the 

permanent magnet can be replaced with a magnet of higher field strength (i.e replacing an iron-

based magnet with a RE magnet). 

 

Figure 3.11 – Laboratory wet magnetic test chute 

3.4.1.2 Wet High-Intensity Magnetic Separator  

To treat paramagnetic minerals of low magnetic susceptibility and/or fine size, high field strengths 

and gradients are required to induce a sufficiently high magnetic force on the particles to recover 

them. As high-intensity fields can negatively impact separation (Section 3.4.2), increases in field 

gradients are generally favoured. To achieve high magnetic field gradient, techniques such as a 

wet high intensity magnetic separator (WHIMS) (Figure 3.12), place a matrix constructed from a 



 
Chapter 3: Mineral Processing 

41 
 

ferromagnetic material, such as steel, in a high-intensity magnetic field (generated by an 

electromagnet). This produces many sites of high field gradient for which particles with low 

magnetization can be captured.  

 

Figure 3.12 – Schematic of a wet high-intensity magnetic separator. Adapted from Ge et al. 

(2017) 

3.5 Electrostatic Separation 

Electrostatic separation of minerals exploits differences in how a mineral particle, which has been 

pre-charged, will behave under the influence of an electric field (electrophoresis). Mineral particles 

are charged through three main mechanisms: ion-bombardment (corona charging), conductive 

induction and contact charging (triboelectric charging). The most common electrostatic separator, 

the high-tension roll separator (Figure 3.13), uses corona charging. Mineral particles are fed onto 

a grounded metal roll, where they are charged by a corona-producing electrode, placed above the 

roll’s surface. As mineral particles move past the field of ion bombardment, they will either remain 

pinned to the surface of the drum or thrown from it, depending on the particle’s conductivity. 
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Strongly conductive minerals will lose their charge to the earthed roll rapidly and be thrown from 

its surface. Minerals with a low conductivity do not lose their charge and remain pinned to the 

grounded roll, until they are removed by a brush. This technique has limited uses in mineral 

processing, as it has difficult to achieve processing conditions (the feed must be perfectly dry) and 

is not effective at treating fine particle sizes (Figure 3.2). It is primarily used for placer deposits 

(as they do not require grinding, rending dry processing more economical), and due to the fine-

grained nature of most REM deposits which are not placers, this is likely the only REE resource 

for which electrostatic separation can be applied. As such it will not be discussed further in this 

thesis. 

 

Figure 3.13 – Schematic of a high-tension roll separator. From Wills and Finch (2016e) 

3.6 Process Mineralogy  

Although mineral processing steps are focused on the concentration of minerals, typically, 

mineralogy is only considered and commissioned during exploration, feasibility and start-up stages 

of a mine (Butcher, 2010). Metallurgists tend to characterize mineral separations using elemental 

grade and recovery values, determined by chemical assays, obtained from techniques such as 

inductively coupled plasma (ICP), atomic absorption spectroscopy (AAS) or X-ray fluorescence 

(XRF). This is because, in most cases (except for industrial minerals), it is the valuable elements 

(and penalty elements) which define the economics of a process. In some very specific cases, such 

as for very simple ores, where metals are present in a single mineral phase (i.e. mineral balance is 
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equal to the metal balance), this analysis is sufficient. However, to truly characterize the response 

of an ore to a beneficiation process, it is necessary to couple this chemical analysis with a 

mineralogical one. The application of mineralogical information to mineral processing (and other 

downstream processes) to improve understanding, solve problems and improve efficiency is 

commonly referred to as process mineralogy.  

In the past, process mineralogy was generally only used when trying to diagnose a problem in a 

processing plant (i.e. decrease in concentrate grade or recovery occurred). However, as mining 

operations are now faced with processing much more complex resources, while dealing with 

volatile metal prices, heightened expectations from shareholders and much more stringent safety 

and environmental standards, effective use of process mineralogy in the development and 

optimization of a beneficiation process is of utmost importance (Butcher, 2010; Henley, 1983; 

Hiemstra, 1985; Petruk, 1985, 2000). This is particularly the case with REM deposits, which are 

often highly complex; containing multiple elements of interest, present in multiple different 

minerals, which are finely disseminated and have limited processing knowledge.  

Historically, obtaining accurate and quantitative mineralogical information was a challenging and 

labour-intensive task (Henley, 1983), which is another reason as to why mineral beneficiation is 

typically characterized by elemental distributions. Today, however, there exists various fully 

automated and quantitative methods for this purpose. The most popular and widely used 

techniques are all based on scanning electron microscopes (SEM) equipped with energy dispersive 

X-ray spectrometers (EDS) and software for automatic data and image processing. The first widely 

adopted technology of this nature was Quantitative Evaluation of Minerals by Scanning Electron 

Microscopy (QEMSCAN). QEMSCAN acquires EDS and backscatter-electron (BSE) signals 

from each measurement point in a sample and identifies the minerals using the chemical 

composition from X-ray information preferentially over BSE intensity (Gottlieb et al., 2000). If 

the constituent phases in a sample are chemically distinct, QEMSCAN is capable of reliably 

discriminating and quantifying minerals. Species which are chemically similar can be 

differentiated by element ratios or by BSE intensity, however, in complex samples, with multiple 

minerals and fine grain sizes, chemically similar minerals are often grouped. For example, while 
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magnetite and hematite can be differentiated by their BSE signal they are commonly grouped as 

iron oxides. Other similar automated mineralogical techniques have been developed, such as the 

Mineral Liberation Analyser (MLA), Tescan Integrated Mineral Analyser (TIMA), Ziess 

Mineralogic and the Advanced Mineral Identification and Characterization System (AMICS). All 

these techniques are operationally different but are similar in the sense that they utilize BSE and 

EDS signals (in some new technologies other signals are also used) to identify and quantify 

minerals of a polished 2D section. Many questions arise as to the accuracy of these measurements 

as they are analysing sectioned particles, which may cause overestimation of the degree of 

liberation in composite particles. As such, work has been done to provide stereological corrections 

to the data (Lin et al., 1999), but this is seldom used as it has been suggested that for multiphase 

natural ore systems stereological biases are minimal (Lätti and Adair, 2001).  

3.7 Conclusions 

This chapter detailed the fundamentals of mineral processing techniques which are pertinent to 

REM beneficiation. It covered the various separation techniques as well as the properties which 

govern them. The field of process mineralogy was also introduced, as it is important to REM 

beneficiation, due to the complex nature of many deposits and the limited fundamental 

understanding of their response to beneficiation processes.  
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4.1 Introduction 

This chapter provides a summary of the current literature on REM beneficiation using gravity and 

magnetic separation. Although flotation is the most widely applied and studied beneficiation 

method, it is not a focus of this thesis. A detailed review of REM flotation can be found in 

Appendix B.  

4.2 Gravity Separation 

The specific gravity difference of REM (typical SG > 4) and the gangue minerals which they are 

commonly associated with, such as carbonates (typical SG < 3) and silicates (typical SG < 3), 

make them amenable to gravity separation. The application of gravity separation to REM 

beneficiation has been most commonly used for placer deposits (Chi et al., 2001; Ferron et al., 

1991; Jordens et al., 2013; Krishnamurthy and Gupta, 2016). These operations typically use a 

series of gravity, magnetic, electrostatic separation and flotation, depending on the mineralogy of 

the deposit, to create multiple valuable products.  

In some cases, heavy minerals are found in very highly concentrated (> 70 %) placer deposits, 

however, most require an initial gravity separation stage to produce a bulk heavy mineral 

concentrate (Krishnamurthy and Gupta, 2016). One example strategy is to first upgrade the deposit 

(containing 2 – 5 % heavy minerals) using a cone concentrator, producing a concentrate consisting 

of 20 – 30 % heavy minerals. This concentrate is then further upgraded to > 80 % heavy minerals 

using spirals. Slight differences in specific gravity, magnetic susceptibility and surface ionization 

potential can then be exploited to separate the various heavy minerals. Along with cone 

concentrators and spirals, other commonly used gravity separation techniques employed in the 
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beneficiation of placer deposits are jigs and tables (Chi et al., 2001; Ferron et al., 1991; 

Krishnamurthy and Gupta, 2016). Placer deposits which produce a REM stream are typically 

concentrating monazite and/or xenotime (Ferron et al., 1991; Jordens et al., 2013). However, there 

are some unique deposits where other REM may be concentrated, such as in the Central Eastern 

Desert of Egypt, where a heavy mineral occurrence with significant concentrations (approximately 

1.5 %) of samarskite (Y) exists (Raslan, 2009). This deposit has been studied at the laboratory 

scale, using gravity and magnetic separation to produce a concentrate of 73.8 % samarskite (Y) 

(Raslan, 2009). 

Along with their application to placer deposits, gravity separation techniques, particularly tables, 

have been employed at some of the largest REE deposits in China (and in the World): the Bayan 

Obo deposit, the Maoniuping deposit and the Weishan deposit  (Chi et al., 2001; Jordens et al., 

2013; Krishnamurthy and Gupta, 2016; Ling and Yang, 2014). While it seems as though the 

flowsheet at Bayan Obo may now strictly use flotation in its REM beneficiation circuit (feed of 

the REM beneficiation circuit is the non-magnetic tailings of an iron oxide circuit), the flowsheet 

which was employed in the mid 70’s used a table between rougher and cleaner flotation stages 

(Chi et al., 2001; Houot et al., 1991; Krishnamurthy and Gupta, 2016; Ling and Yang, 2014; Luo 

and Chen, 1987). Gravity separation was likely abandoned due to unsatisfactory separation 

efficiency, particularly for fine particle sizes (Jordens et al., 2013; Luo and Chen, 1987). At the 

Maoniuping and Weishan deposits, various bastnӓsite beneficiation schemes have been developed 

for both ores, many of which utilize gravity separation. These include: 

• direct tabling of the Maoniuping ore;  producing three products with REO grades 

of 60 %, 50 % and 30 % with a recovery of 75 % (Chi et al., 2001; Ling and Yang, 

2014); 

• preconcentrating the Maoniuping ore using a table to produce a 35 % REO product, 

which is then reground and floated; producing a 50 % - 60 % REO product with a 

recovery of 50 % – 60 % (Chi et al., 2001; Ling and Yang, 2014); 
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• preconcentrating the Maoniuping ore using magnetic separation, followed by 

tabling; producing a 52 % REO product with a recovery over 55 % (Chi et al., 2001; 

Ling and Yang, 2014); 

• flotation of the Weishan ore followed by tabling; producing two products with 

grades of ≥ 68 % and ≥ 30 % with a recovery of 77 % – 84 % (Chi et al., 2001); 

and 

• processing of the Weishan ore using a complex gravity separation process to 

remove clays followed by flotation (Ling and Yang, 2014). 

Outside of China, gravity separation is used to recover the REM loparite from the Kola Peninsula’s 

Lovozero Alkali Massif, in Russia (Hedrick et al., 1997). A combination of gravity and magnetic 

separation is used to produce a concentrate of 95 % loparite (Hedrick et al., 1997). To the author’s 

knowledge, this is the only other industrial application of gravity separation to REM. However, 

there may be other locations where it is employed but not reported in literature. 

At the laboratory scale, many other the deposits, around the world, have examined the use of 

gravity separation. Guy et al. (2000) suggested a flowsheet for the Mount Weld deposit which 

employed gravity concentration of a + 300 m crushed feed to produce a high-grade concentrate 

(52 % REO). The gravity tails would then be reground and processed by flotation. However, it 

was eventually decided to proceed with a flowsheet which relied solely on flotation for pilot testing 

(Guy et al., 2000). The exact flowsheet employed at Mount Weld does not appear to be publicly 

available.  

For finer particle sizes, various researchers have studied the use of centrifugal gravity 

concentrators (Abaka-Wood et al., 2019a; Dehaine and Filippov, 2015; Filippov et al., 2016; 

Jordens et al., 2016b; Jordens et al., 2016c; Jordens et al., 2014; Özbayoğlu and Ümit Atalay, 

1995, 2000; Schriner, 2016). Özbayoğlu and Ümit Atalay (1995) and Özbayoğlu and Ümit Atalay 

(2000) demonstrated the effectiveness of a MGS (Section 3.3.1.3) when processing a bastnӓsite 

ore from a deposit in Eskişehir-Beylikahir, Turkey. The authors found bastnӓsite was concentrated 

in particle sizes < 5 m and produced a preconcentrate, using attrition scrubbing and 
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hydrocyclones, with a grade of 28 % REO and recovery of 72.6 %. This preconcentrate was then 

processed using an MGS, which increased the grade to 35.5 % REO with 48 % recovery. The 

authors employed factorial design as an attempt to optimize the MGS, however, they only varied 

the shake frequency, wash water flow rate and shake amplitude. They found minimal effect on 

concentrate grade or recovery. This lack of significant impact is expected, as these are not the most 

important variables when trying the optimize an MGS, and the ranges the authors chose for each 

variable were likely too small to observe any statistically significant differences. It has been 

demonstrated by several authors that rotational speed of the drum is the most important variable 

for optimization of the MGS (Aslan, 2007a, b, 2008a, b; Chaurasia and Nikkam, 2017a; Fitzpatrick 

et al., 2018; Özgen, 2012; Traore et al., 1995; Turner and Hallewell, 1993), which was not varied 

here. Therefore, proper optimization may offer improved results. 

Other authors have employed Knelson and Falcon concentrators as centrifugal gravity techniques 

(Abaka-Wood et al., 2019a; Dehaine and Filippov, 2015; Filippov et al., 2016; Jordens et al., 

2016b; Jordens et al., 2016c; Jordens et al., 2014; Schriner, 2016; Williams, 2018). The potential 

application of both techniques, to a REM deposit, was first demonstrated in literature by Jordens 

et al. (2014) in a study on the Nechalacho ore. Two different feeds were produced: one for 

concentration using a Knelson, with a P80 of 53 m; and one for concentration using a Falcon, with 

a P80 of 44 m. Products from both techniques were then subjected to magnetic separation. While 

this study was more focused on the magnetic behaviour of the ore and provided only a semi-

quantitative analysis of separation using X-ray diffraction (XRD), it did indicate that both 

techniques could produce a heavy mineral preconcentrate. The authors suggested that the 

combination of Falcon and WHIMS was more effective compared to when the Knelson was 

employed. However, this was attributed to the fact that the finer particle size fed to the Falcon 

Concentrator allowed for more effective separation due to increased liberation.  

Following this study, a much more extensive investigation was conducted on the same Nechalacho 

ore (Jordens et al., 2016b; Jordens et al., 2016c). The flowsheet which was followed is shown in 

Figure 4.1. The ore was ground to a P80 of 40 m and processed by a Knelson and Falcon in series, 

with the tails of the Knelson Concentrator feeding the Falcon. The concentrates from each 
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technique were then subjected to a series of low, medium and high-intensity magnetic separation 

steps. A thorough mineralogical analysis of the products suggested that the Knelson Concentrator 

exhibited greater selectivity for particle size and SG compared to the Falcon Concentrator. The 

Knelson Concentrator upgraded zircon [one of the most important minerals in the deposit 

(Ciuculescu et al., 2013; Grammatikopoulos et al., 2011)] 3.3 times, REM 1.8 times and iron 

oxides 3.4 times. Although recoveries remained low (zircon = 22 %, REM = 12.5 % and iron 

oxides = 23 %), this was attributed to a lack of recirculation in the tested flowsheet (Jordens et al., 

2016b). Along with recirculation of the feed, optimization of the Knelson’s operating parameters 

may also offer significant benefits.  

In addition to demonstrating the effectiveness of centrifugal gravity concentration, Jordens et al. 

(2016b) found that following grinding, coarse particle sizes (> 20 m) were enriched in zircon. 

These coarse zircon particles were generally of elevated SG, even at sizes > 300 m, where 

liberation was limited. While the mass in this size range was limited, the Knelson Concentrator 

was capable of upgrading zircon 1.75 times. The authors proposed a flowsheet which involved a 

much coarser grind (~300 m) followed by a centrifugal gravity concentration step, followed by 

further grinding of the gravity concentrate and further separation. It was mentioned that this 

flowsheet would not be suitable for processing the entire deposit but might provide significant 

savings in grinding costs while producing an initial high-grade concentrate.   

Schriner (2016) suggested using a Falcon Concentrator ahead of the flotation circuit at Mountain 

Pass. This process offered improvements in the flotation circuit, achieving the same REE grade 

(30 %) with higher recovery (82 % vs. 77 %), and a reduced calcium content in concentrate (5 % 

vs. 8 %). It is noted that in this study the overall REE recovery was low (41 %), as the recovery of 

three stages of a Falcon Concentrator is only 50 %. But the authors suggested a 6-stage Falcon 

process would increase REE recoveries above 80 %. Under this assumption the authors provided 

an economic analysis of this gravity-flotation process in comparison to a flotation only one. 

Although more capital intensive, they suggested it would yield a higher annual profit and a better 

10-year net present value.   
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Williams (2018) also tested a Falcon Concentrator for the beneficiation of the Mountain Pass ore, 

but, as a final cleaning stage following flotation. In this study flotation produced a 44 % REO 

product with 81 % recovery. This concentrate was further upgraded using a Falcon to a grade of 

47 %, maintaining a recovery of ~ 73 %. While these results demonstrate its effectiveness at 

producing a cleaner concentrate, an economic analysis suggested the addition of a gravity cleaning 

stage is not economically favourable without a significant rise in the price of the hydrochloric acid 

used downstream.  

 

Figure 4.1 – Flowsheet detailing gravity and magnetic separation experiments carried out 

by Jordens et al. (2016b). 

Abaka-Wood et al. (2019a) took a similar approach to Jordens et al. (2016b) and Schriner (2016), 

with the idea of producing a preconcentrate of REM from Australian iron oxide – silicate rich 

tailings, using gravity separation. The methods tested were a Knelson Concentrator and a Wilfley 
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shaking table. The tested sample had a particle size distribution with a d50 of 13 m and a d90 of 

158 m. In this case the authors found the shaking table outperformed the Knelson Concentrator, 

which was deemed ineffective with minimal upgrading. However, there are significant 

inconsistencies with the results which are presented. For instance, the ICP analysis found the 

shaking table and Knelson produced REO upgrade ratios of 1.2 and 0.9, respectively; whereas, 

QEMSCAN data found REM upgrade ratios of 3.3 and 1.6, respectively. The authors simply state 

that there are limitations when using ICP and that the QEMSCAN data is more reliable. However, 

typical practice is to compare QEMSCAN calculated assays to measured chemical assays, from a 

technique such as ICP (Becker et al., 2009; Coetzee et al., 2011; Grammatikopoulos et al., 2011; 

Pooler and Dold, 2017; Smythe et al., 2013). This is used as a validation and quality control 

mechanism for automated mineralogical analysis, to avoid any potential bias. One common 

concern is differential settling and density segregation of particles during the preparation of 

polished sections, which can result in overestimations of high SG minerals (Coetzee et al., 2011; 

Kwitko-Ribeiro, 2012; Speirs et al., 2008).  

A final example of gravity separation being used as a preconcentration step is with regards to a 

REE-bearing micaceous residue from a kaolin plant in England (Dehaine and Filippov, 2015; 

Dehaine et al., 2017; Filippov et al., 2016). The initial study used a Falcon Semi-Batch (SB) 

Concentrator and a shaking table in series to produce concentrates for mineralogical 

characterization (Dehaine and Filippov, 2015). The feed had a particle size distribution with a d80 

of ~80 m; with 61 % of the LREE in particle sizes < 40 m (compared to just 12.3 % of the feed 

mass). The grade of the micaceous residue was very low, with a LREE content of 0.011 %. 

Following separation grades remained low (maximum grade of ~0.6 % LREE was achieved), 

however, the gravity separation stages could recover 75 - 85 % of the LREE in 8 - 15 % of the 

mass.  

Two subsequent papers were later published, expanding on this work (Dehaine et al., 2017; 

Filippov et al., 2016). A similar micaceous feed from the same plant was obtained and split at 53 

m. The over-sized fraction was processed using a two-stage gravity separation process consisting 

of a spiral followed by a shaking table (Dehaine et al., 2017). The under-sized fraction was 
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deslimed and split, and a comparative study of flotation and concentration using a Falcon Ultra-

Fine (UF) Concentrator was performed (Filippov et al., 2016). A single pass of the spiral 

concentrator recovered 70 % of LREE and 30 % heavy minerals in ~10 % of the mass (Dehaine et 

al., 2017). Shaking table testing on the spiral concentrate resulted in concentrates of 98.5 % heavy 

minerals (Dehaine et al., 2017). In this study LREE grades reached 1.6 % (Dehaine et al., 2017); 

greater than those achieved in Dehaine and Filippov (2015), however, this is likely to be still too 

low to be directly considered a marketable REE product. For the finer (-53 m) fraction, flotation 

was determined to be more efficient than the Falcon UF or Falcon SB, producing a product with a 

LREE grade of ~0.5 % and recovery of 80 %  (Filippov et al., 2016). The Falcon UF produced 

high recoveries but little enrichment (upgrade ratio = 1.3 – 1.4), whereas the Falcon SB produced 

higher grades (upgrade ratio = 56) but low recoveries (17 – 22 %) (Dehaine and Filippov, 2015; 

Filippov et al., 2016).  

4.3 Magnetic Separation 

4.3.1 Magnetic Properties of REM 

The most extensive study to date detailing the magnetic properties of REM is that by Rosenblum 

and Brownfield (2000). Although this study did not directly measure the magnetic susceptibility 

of minerals, it used a Frantz Isodynamic Separator to rank over 350 different minerals based on 

their magnetic response at different operating currents (lower current = higher magnetic 

susceptibility). The REM which were studied, their best extraction range in the Frantz, their 

magnetic properties and the number of different samples tested are listed in Table 4.1. In some 

cases, the reported recovery range was highly variable, which the authors reported to be due to 

varying chemistries between mineral samples. Ito et al. (1991) predicted REM magnetic 

susceptibilities using calculated magnetic susceptibilities of individual REE (M3+ ions), indicating 

that the magnetic susceptibilities of elements from gadolinium to erbium were the highest of all 

the lanthanides. The authors used this to explain the higher magnetic susceptibly of xenotime 

[(HREE)PO4] (contains more gadolinium, dysprosium and erbium) compared with monazite 
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[(LREE)PO4]. As such, it is reasonable to conclude that the magnetic behaviour of an individual 

REM may vary between deposits, or even within a deposit, depending on its chemical composition.  

The magnetic properties and best Frantz recovery range for common gangue minerals found in 

REM deposits are provided in Table 4.2 (Rosenblum and Brownfield, 2000). Comparing the 

minerals of this table to the REM in Table 4.1, most REM are paramagnetic, while many of the 

commonly associated gangue minerals are diamagnetic. Deposits containing paramagnetic REM 

and diamagnetic gangue should be amenable to magnetic separation. The removal of highly 

magnetic gangue, such as magnetite, from REM should also be possible through a low-intensity 

magnetic separation (LIMS) step. 

Some authors have measured and reported actual magnetic susceptibility values for various REM 

(Al-Ali et al., 2019; Haapala et al., 1969; Jordens et al., 2014; Svoboda, 2004; Yang et al., 2013a). 

These values are provided in Tables 4.3 – 4.5.  Jordens et al. (2014) used a VSM to measure the 

magnetic susceptibilities of allanite, fergusonite, bastnӓsite and two different samples of zircon 

(all of which are important minerals in the Nechalacho deposit) (Table 4.3). Their results 

correspond well to those of Rosenblum and Brownfield (2000) (Table 4.2), finding that allanite 

and fergusonite had the highest magnetic susceptibilities, followed by bastnӓsite and then zircon. 

The zircon samples tested by Jordens et al. (2014) were slightly paramagnetic, which is in 

disagreement with the generally reported diamagnetic behaviour of zircon (Moustafa and 

Abdelfattah, 2010; Rosenblum and Brownfield, 2000). However, zircon’s magnetic properties are 

dependent on its chemical composition and in some cases has been shown to exhibit paramagnetic 

behaviour (Jordens et al., 2014; Raslan, 2009).  

The magnetic susceptibilities of the polysomatic series of fluorocarbonate minerals consisting of 

bastnӓsite, parasite, rӧntgenite and synchysite were measured by Al-Ali et al. (2019). The authors 

employed VSM (Table 4.3) and a superconducting quantum interference device (SQUID) (Table 

4.4) for their measurments. Bastnӓsite, parasite and rӧntgenite were measured using both 

techniques, whereas synchysite was only measured using SQUID due to sample limitation. The 

grain size of synchysite in ore deposits is typically very low, therefore obtaining enough pure 

crystals for fundamental studies is difficult, which was the case here. The minerals showed a 
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successive decrease in magnetic susceptibility as the calcium content increased and the REE 

content decreased between the four minerals. Bastnӓsite, which is calcium depleted, was the most 

paramagnetic, followed by parasite (11 % calcium). Rӧntgenite (13 % calcium) was slightly 

paramagnetic to diamagnetic (two different rӧntgenite samples originating from the same source 

were tested, exhibiting different magnetitic properties). And sychysite (16 % calcium) was 

diamagnetic. 

Along with the REM studied by Jordens et al. (2014) and Al-Ali et al. (2019), the magnetic 

susceptibility of monazite (Table 4.5) has been reported (Haapala et al., 1969; Svoboda, 2004; 

Yang et al., 2013a). The magnetic susceptibility measurements suggest that monazite is 

paramagnetic, which corresponds well to its behaviour in literature (Rosenblum and Brownfield, 

2000).  
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Table 4.1 – REM minerals in order of magnetic susceptibility. Adapted from Rosenblum and 

Brownfield (2000)   

Mineral Best Recovery Range (A) Magnetic Properties Samples 
Tested 

Gadolinite 0.2 – 0.4 Paramagnetic 4 

Samarskite 0.3 – 0.6 Paramagnetic 5 

Allanite 0.4 – 0.5 Paramagnetic 7 

Britholite (Y) 0.4 Paramagnetic 1 

Chevkinite 0.4 – 0.5 Paramagnetic 1 

Columbite (Fe,Mn) 0.4 – 0.5 Paramagnetic 13 

Fergusonite 0.4 – 0.6 Paramagnetic 4 

Xenotime 0.4 – 0.5 Paramagnetic 3 

Euxernite 0.5 – 0.6 Paramagnetic 4 

Monazite 0.5 – 0.8 Paramagnetic 8 

Uraninite 0.5 - >1.7 dc1 Para/Diamagnetic 4 

Cerite 0.6 – 0.7 Paramagnetic 5 

Fluocerite (La) 0.6 – 0.7 Paramagnetic 1 

Bastnäsite 0.7 – 0.9 Paramagnetic 4 

Parisite 0.7 Paramagnetic 1 

Thorite 0.7 – 1.0 Paramagnetic 2 

Brannerite 0.8 – 1.0 Paramagnetic 1 

Sphene (titanite) 0.8 - >1.7 dc1 Para/Diamagnetic 4 

Pyrochlore 0.9 – >1.7 dc1 Para/Diamagnetic 2 

Anatase >1.7 Diamagnetic 1 

Fluorite >1.7 Diamagnetic 3 

Gorceixite / Goyazite >1.7 Diamagnetic 1 

Perovskite >1.7 Diamagnetic 3 

Zircon >1.7 Diamagnetic 5 
1dc = depends on mineral chemistry 
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Table 4.2 – Common gangue minerals found in REM deposits in order of magnetic 

susceptibility. Adapted from Rosenblum and Brownfield (2000)  

Mineral Best Recovery Range (A) Magnetic Properties Samples 
tested 

Magnetite 0.01 Ferrimagnetic 6 

Hematite 0.1 – 0.3   Para/Ferromagnetic 11 

Ilmenite 0.2 – 0.3 Paramagnetic 8 

Albite >1.7 Diamagnetic 1 

Apatite >1.7 Diamagnetic 8 

Barite >1.7 Diamagnetic 6 

Calcite >1.7 Diamagnetic 8 

Dolomite >1.7 Diamagnetic 4 

Microcline >1.7 Diamagnetic 4 

Orthoclase >1.7 Diamagnetic 2 

Quartz >1.7 Diamagnetic 10 

Rutile >1.7 Diamagnetic 10 

Table 4.3 – Reported magnetic susceptibilities of REM measured using a VSM 

Mineral Magnetic 
Susceptibility 

Magnetic 
Properties Reference 

Fergusonite 6.01 × 10−4 Paramagnetic (Jordens et al., 2014) 

Allanite 4.63 × 10−4 Paramagnetic (Jordens et al., 2014) 

Bastnӓsite 3.0 × 10−4 Paramagnetic (Al-Ali et al., 2019) 

Bastnӓsite 2.1 × 10−4 Paramagnetic (Jordens et al., 2014) 

Parisite 6.0 × 10−5 Paramagnetic (Al-Ali et al., 2019) 

Zircon 2.50 × 10–6 Paramagnetic (Jordens et al., 2014) 

Zircon 2.77 × 10−6 Paramagnetic (Jordens et al., 2014) 

Rӧntgenite 2.0 × 10−6 Paramagnetic (Al-Ali et al., 2019) 

Rӧntgenite – 1.0 × 10−5 Diamagnetic (Al-Ali et al., 2019) 
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Table 4.4 – Reported magnetic susceptibilities of REM measured using a SQUID 

Mineral Magnetic 
Susceptibility 

Magnetic 
Properties Reference 

Bastnӓsite 8.0 × 10−4 Paramagnetic (Al-Ali et al., 2019) 

Parisite 5.0 × 10−4 Paramagnetic (Al-Ali et al., 2019) 

Rӧntgenite 3.0 × 10−4 Paramagnetic (Al-Ali et al., 2019) 

Synchysite – 4.0 × 10−4 Diamagnetic (Al-Ali et al., 2019) 

Table 4.5 – Reported magnetic susceptibility of monazite 

`Mineral Measurement 
Technique 

Magnetic 
Susceptibility1 

Magnetic 
Properties Reference 

Monazite 

Not Reported 9.8 × 10−4 Paramagnetic (Svoboda, 2004) 

Magnetic susceptibility 
bridge 2.0 × 10−4 Paramagnetic (Haapala et al., 1969) 

Not Reported 6.6 × 10−5 Paramagnetic (Yang et al., 2013a) 
1Magnetic susceptibilities were converted from mass magnetic susceptibilities using a monazite SG of 5.15 

4.3.1 Application to REM 

In addition to gravity separation (Section 4.2), magnetic separation is an important process for the 

beneficiation of REM bearing placer deposits (Jordens et al., 2013). It is most commonly employed 

to remove highly magnetic gangue (such as magnetite or ilmenite) or to separate paramagnetic 

monazite and/or xenotime from diamagnetic heavy minerals (such as zircon and rutile) (Jordens 

et al., 2013; Krishnamurthy and Gupta, 2016). As xenotime is more paramagnetic than monazite 

(Table 4.1), it may be isolated using magnetic separation (Jordens et al., 2013). However, fine 

grained xenotime (< 100 m) is generally recovered by flotation (Jordens et al., 2013; Zhang and 

Edwards, 2012). For the unique samarskite (Y) occurrence discussed in Section 4.2, two stages of 

magnetic separation were used to produce a non-magnetic samarskite concentrate (Raslan, 2009). 

Although samarskite (Y) was determined to be moderately paramagnetic, with the exception of 

zircon, its magnetic susceptibility was significantly lower than the associated minerals (ilmenite, 

garnet, hematite, goethite, mica and columbite) (Raslan, 2009).  
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As was briefly described in Section 4.2, magnetic separation has been successfully applied to many 

REM deposits in China, including the Bayan Obo and Maoniuping deposits, the country’s two 

largest. At Bayan Obo, the feed to its REM beneficiation circuit is the non-magnetic tailings of its 

iron oxide circuit (Chi et al., 2001; Houot et al., 1991; Krishnamurthy and Gupta, 2016; Ling and 

Yang, 2014; Luo and Chen, 1987). Yang et al. (2013a) demonstrated the ability to recover more 

iron from the flotation tailings of the REM circuit, using a magnetizing (reductive) roast on the 

tails prior to a LIMS step to produce an iron concentrate with a grade of 45 % and a recovery of 

68 % (Yang et al., 2013a). For the Maoniuping ore, magnetic separation has been successfully 

applied to reject non-magnetic gangue prior to production of a bastnӓsite concentrate using gravity 

separation (REO grade = 52 %, recovery = 55%) (Chi et al., 2001; Ling and Yang, 2014). The 

magnetic separation step resulted in a REO recovery of 74 %, increasing the grade from 3.2 % to 

5.6 % (Chi et al., 2001; Ling and Yang, 2014).  

Outside of China, magnetic separation has been industrially applied in Russia for the beneficiation 

of loparite (Hedrick et al., 1997). It has also been tested for other deposits at the laboratory scale 

(Abaka-Wood et al., 2019b; Chan, 1992; Jordens et al., 2016b; Jordens et al., 2016c; Jordens et 

al., 2014; Katzmarzyk et al., 2018; Stark et al., 2017). Chan (1992) explored the application of an 

Eriez high gradient magnetic separator (HGMS) to the Mount Weld deposit; evaluating the effect 

of particle size, magnetic field strength and roasting. The results obtained indicated that upgrading 

REM or the removal of iron bearing minerals was not possible (Chan, 1992). 

Stark et al. (2017) demonstrated the use of a WHIMS as a preconcentration step prior to flotation 

to beneficiate the Norra Kӓrr (Sweden) eudialyte ore. A coarse (<250 m) and fine (<100 m) 

feed were tested. Preconcentration of the coarse feed resulted in a REE recovery of 81 % with a 

mass yield of 52 %. Lower REE recoveries were achieved with the fine particle feed (64 %), but 

the mass yield was also lower (35 %). 

The use of magnetic separation steps for the beneficiation of the Nechalacho deposit has been 

detailed by Jordens et al. (2014), Jordens et al. (2016b) and Jordens et al. (2016c). In the initial 

study, Jordens et al. (2014) employed a WHIMS at varying magnetic field strengths following 

gravity preconcentration steps designed to remove low SG gangue (Section 3.2). The authors found 
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that low SG non-magnetic gangue minerals such as feldspars, which were not rejected by the 

gravity separation step, reported to the non-magnetic fraction of the WHIMS. The results for the 

lowest magnetic field strength tested (0.1 T), indicated iron oxides (magnetite and hematite) were 

preferentially recovered. It was also found that zircon was being concentrated in this fraction. This 

suggests that some zircon in the Nechalacho deposit may possess a high degree of 

para/ferromagnetism, or it remains locked with another highly magnetic phase such as magnetite.  

This led to the more extensive study (Jordens et al., 2016b; Jordens et al., 2016c), detailed in 

Figure 4.1, which employed a series of low-, medium- and high-intensity magnetic separation steps 

following gravity preconcentration. Using different chemical and mineralogical analyses, the 

authors found that the low intensity magnetic separator was able to selectively remove strongly 

ferromagnetic iron-bearing gangue. However, even after medium-intensity drum magnetic 

separation, iron oxide minerals at levels as high as the initial feed grade remained in the non-

magnetic fraction. The products of WHIMS tests, following the wet drum magnetic separation 

steps, were only analysed semi-quantitatively using XRD, and found similar results to those of 

Jordens et al. (2014). Use of a WHIMS may allow the concentration of paramagnetic REM at more 

elevated magnetic intensities; whilst rejecting iron oxide gangue, not rejected by the wet magnetic 

drum separator, at lower magnetic intensities and silicate gangue into the non-magnetic fraction.   

Following a similar approach, Abaka-Wood et al. (2019b) tested a WHIMS for the beneficiation 

of REM (primarily bastnӓsite) from iron oxide/silicate rich tailings from Australia. The authors 

found iron oxide gangue could be rejected at low intensities (0.11 T), with minimal REM losses. 

However, found minimal upgrading of REM at higher magnetic strengths. 

An interesting study was recently undertaken by Katzmarzyk et al. (2018) investigating dry 

magnetic separation as a preconcentration step for the Khalzan-Buregtei deposit in Mongolia. The 

deposit has similar mineralogy to the Nechalacho ore, with primary REM being zircon, bastnӓsite, 

parisite, synchysite and pyrochlore. The primary gangue minerals are quartz, feldspars and iron 

oxides. Similar to Jordens et al. (2016b), selective comminution was identified. Following 

grinding (to a particle size < 250 m), zircon, iron oxides, quartz and K-feldspar were concentrated 

in coarse sizes (> 63 m), and pyrochlore and albite were concentrated in fine sizes (<63 m). The 
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authors also identified that although REM grain sizes were low (ranging from a P80 of 30 m to 

50 m, depending on the mineral), at coarse grind sizes (< 250 m) REM were primarily associated 

in magnetic mineral clusters, which would favor magnetic separation. Using dry magnetic 

separation, 45 % of the mass was rejected, while recovering > 97 % of the lanthanum and cerium, 

and > 88 % of the yttrium, niobium (primarily associated with pyrochlore) and zirconium 

(primarily associated with zircon).  

4.4 Conclusions 

This chapter detailed the available literature on the application of gravity and magnetic separation 

to REM deposits. These techniques are instrumental to the beneficiation of placer deposits. They 

are also commonly used as preconcentration steps prior to flotation of “hard-rock” deposits, and 

in some cases flowsheets utilising only gravity-magnetic separation have been successfully 

applied. While this thesis is focused on the use of gravity and magnetic separation, the importance 

of flotation to REM beneficiation is acknowledged. A detailed literature review of REM flotation 

along with relevant flotation studies which were undertaken during this research program are 

provided in Appendix B.  

The Nechalacho deposit is unlike most of the currently operating REM deposits, which are 

primarily focused on the recovery of one or two minerals (bastnӓsite, monazite or bastnӓsite and 

monazite). In this case, there are a host of valuable minerals of different mineral types, namely 

bastnӓsite (carbonate), synchysite (carbonate), monazite (phosphate), fergusonite (niobate), 

columbite (Fe) (niobate), allanite (silicate) and zircon (silicate). As such, it was hypothesised that 

a flowsheet based on physical separations would be more advantageous to a complex flotation 

process. Due to its complex mineralogy, the direct flotation of this ore is likely going to involve a 

highly complex reagent scheme with at least two different streams; one to recover valuable silicate 

minerals and another to recover the other REM (allanite and zircon to not respond to the same 

flotation collectors as the other REM) (Jordens et al., 2016a). The complexity of this process and 

the typically high reagent consumption (>1 kg/ton collector) coupled with the relatively low cost 

of REE, may render the process uneconomical. Environmental and social concerns further 
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challenge the application of flotation to the Nechalacho deposit (or any other new deposit looking 

to actively supply REE) (Section 2.4.3). Although nearly all REM mines are likely to suffer to 

some extent from social scrutiny due to their production of radioactive waste, limiting a mine’s 

environmental footprint through the use of reagent free techniques such as gravity and magnetic 

separation may allow for a more seamless transition to gain the right to operate. For example, one 

concern with flotation could be the use of lead ions as an activating agent when using hydroxamic 

acid-based collectors (the primary collector for REM flotation), which is becoming a common area 

of research (Feng et al., 2017; Jordens et al., 2016a; Meng et al., 2018; Ren et al., 2017; Tian et 

al., 2018; Xia et al., 2015; Xu et al., 2017). Although it has been shown to be an effective activating 

ion for the flotation of the Nechalacho deposit (specifically for the recovery of zircon and allanite) 

the potential environmental and social implications of using lead might result in various 

complications (Jordens et al., 2016a; Xia et al., 2015). 
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5.1 Introduction 

This chapter details the experimental methodologies used throughout the experimental program 

on which this thesis is based. The theoretical basis of each technique used is detailed in Chapter 3. 

5.2 Materials 

The ore used in this work originated from the Nechalacho deposit (Avalon Advanced Materials 

Inc., Canada) located in the Northwest Territories, Canada. The deposit has an inferred resource 

of 160 million tonnes at a grade of 1.38 % TREO (Avalon Rare Metals Inc., 2013). It has complex 

mineralogy with very fine-grained RE mineralization (approximately 10 – 20 m). The REE are 

hosted in various minerals including zircon, bastnӓsite, synchysite, allanite, monazite, fergusonite 

and columbite (Fe). 

5.3 Ore Preparation 

The as received ore sample, with an initial top size of 3.36 m, was representatively split into four 

batches for different separation test work. The first (Feed 1), a 50 kg sample, was riffled to produce 

1 kg representative samples for grinding. These samples were ground wet at 50 %w/w solids using 

a laboratory ball mill for 40 min to produce a d80 and d50 particle size distribution of 66 μm and 

31 μm, respectively. The ball mill used in this thesis had an inner diameter of 145 mm and length 

of 145 mm and was operated at 71 % of the critical mill speed. The ball charge weighed 4515 g, 

with balls varying in diameter from 16 – 25 mm. The mill products were subsequently combined 

and sieved wet at 38 and 53 μm to completely remove the - 38 μm material and the majority of - 

53 μm particles (sieving at this size was performed inefficiently and there remained some - 53 + 

38 m material in the coarse particle feed), and at 800 μm to remove very coarse material from the 

feed. This resulted in a relatively coarse feed with a narrow size distribution (d80 = 97 μm, 
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d50 = 72 μm) and a fine (- 53 m) feed. The coarse feed was then representatively split, by riffling, 

into two streams for comparative test work using a spiral and Knelson Concentrator. The fine 

particle feed was used for preliminary MGS test work. A simplified flowsheet detailing the 

operations carried out on this feed is provided in Figure 5.1. A representative 45 g sample was also 

taken from the coarse particle stream for DMS. 

The second batch of feed (Feed 2), weighing 15 kg, was riffled to produce 1 kg representative 

samples for grinding. These samples were ground wet at 50 %w/w solids for 50 min using a 

laboratory rod mill. The rod mill used in this thesis had an inner diameter of 180 mm and length 

of 230 mm and was operated at 61 % of the critical mill speed. The rod charge consisted of 22 

steel rods with a length of 190 mm, weighing 10 724 g and varying in diameter from 16 – 34 mm. 

The mill products were then combined to produce a feed with a d80 and d50 size distribution of 55 

m and 20 m, respectively. This was then processed using a Knelson Concentrator. A simplified 

flowsheet detailing the operations carried out on this feed is provided in Figure 5.2.  

The third batch of feed (Feed 3), weighing 15 kg, was processed in the same manner as Feed 2, 

however, a MGS was used in place of the Knelson Concentrator. The MGS concentrates were then 

subjected to a series of magnetic separation steps. A simplified flowsheet demonstrating the 

operations carried out can be seen in Figure 5.3.  

The fourth batch of feed (Feed 4), weighing 15 kg, was riffled to produce 1 kg representative 

samples. Samples were then stage ground wet at 50 %w/w solids using a laboratory rod mill for 5 

min intervals, to avoid over production of fines, removing all the -150 m material through sieving 

between each interval and refilling the mill to ensure a 1 kg charge. Following this initial grinding 

stage which produced a product with a d80 and d50 size distribution of 120 m and 66 m, 

respectively, the material was sieved at 53 m to split it into a fine particle and course particle 

stream. The coarse particle stream was processed using a spiral concentrator. The spiral 

concentrate was then reground following a similar stage grinding procedure as the initial feed, 

however, in this case it was ground to - 53 m. The ground concentrate was then combined with 

to the initial fine particle stream and processed using a shaking table followed by magnetic 
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separation. The simplified flowsheet detailing the operations carried out on Feed 4 is provided in 

Figure 5.4. 

 

Figure 5.1 – Flowsheet detailing gravity separation experiments carried out on Feed 1. 

Mineral grades were determined by QEMSCAN analysis 

 

Figure 5.2 – Flowsheet detailing Knelson and magnetic separation experiments carried out 

on Feed 2. Mineral grades were determined by QEMSCAN analysis 
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Figure 5.3 – Flowsheet detailing MGS and magnetic separation experiments carried out on 

Feed 3. Mineral grades were determined by QEMSCAN analysis 

 

Figure 5.4 – Flowsheet detailing gravity and magnetic separation experiments carried out 

on Feed 4. Mineral grades were determined by QEMSCAN analysis 
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5.4 Characterisation Techniques 

5.4.1 X-ray Diffraction 

All XRD in this work was carried out with a Bruker (USA) D8 Discovery Diffractometer equipped 

with a cobalt X-ray source (wavelength = 1.789 Å). Diffraction patters were analyzed using Xpert 

High Score software (PANanalytical, Netherlands) to identify the main mineral phases which are 

present. 

5.4.2 Inductively Coupled Plasma Mass Spectrometry 

Inductively coupled plasma mass spectrometry (ICP-MS) was used to determine the REE content 

of the coarse fraction of Feed 1 and products of gravity separation experiments performed on this 

fraction. To digest samples, a homogenous melt was formed by mixing 0.1 g of sample with 

sodium peroxide which was then heated. The melt was then digested in hydrochloric acid. All 

digestions and ICP-MS in this work were conducted by SGS Canada (Lakefield, Canada). Assays 

are primarily used as validation of QEMSCAN. 

5.4.2 X-ray Fluorescence 

XRF was used in this work to determine ZrO2, Fe2O3 and Ce2O3 content of Feed 1, Feed 2, Feed 3 

and Feed 4; as well as any separation products produced on these samples. Prior to analysis mineral 

samples were pulverized and a homogenous glass disk was prepared by the fusion of the sample 

and a lithium tetraborate/lithium metaborate mixture. The prepared disks were analyzed by 

wavelength dispersion XRF (WD-XRF). The loss on ignition (LOI) was determined separately 

and gravimetrically at 1000 °C and included in the matrix corrections, which are performed by the 

XRF software. All XRF was conducted by SGS Canada (Lakefield, Canada). Assays are primarily 

used as validation of QEMSCAN. 
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5.4.4 Quantitative Evaluation of Minerals by Scanning Electron Microscopy 

All samples in this study were analyzed using QEMSCAN to determine mineralogical information 

related to each sample. Prior to analysis samples were sieved into different size classes and 

representative samples were taken and prepared as polished sections; these were analyzed using 

QEMSCAN at the Advanced Mineralogy Facility at SGS Canada (Lakefield, Canada). 

QEMSCAN is an EVO 430 automated scanning electron microscope equipped with four light-

element energy-dispersive X-ray spectrometers (EDS) detectors and iDiscover software capable 

of processing the data and images. QEMSCAN operates with a 25 kV accelerating voltage and a 

5 nA beam current. The QEMSCAN measures, and the iDiscover software processes, data from 

every pixel across a sample with a pixel size defined based on the scope of the analysis. The 

software assigns each pixel a mineral name based on 1000 counts of energy dispersive X-ray 

spectral data and backscatter electron intensities. 

If the minerals or constituent phases comprising the sample are chemically distinct, QEMSCAN 

is capable of reliably discriminating and quantifying minerals. Magnetite and hematite are grouped 

and referred to as Fe-oxides. Distinction between the two minerals when needed was conducted 

by optical mineralogy and X-ray diffraction (XRD) analysis. The mineral definitions were 

validated and refined to fit the particular samples. A reference mineral list was developed using 

XRD (primarily to define the major minerals), a scanning electron microscope (SEM) equipped 

with an energy dispersive spectrometer, and electron probe micro analysis (EPMA). REMs were 

identified based on their major REE composition. 

The samples were analyzed with the Particle Mineral Analysis (PMA) method. PMA is a two-

dimensional mapping analysis aimed at resolving liberation and locking characteristics of a set of 

particles. A pre-defined number of particles were mapped at a pixel size of 3.4–7 μm. The typical 

diameter of a polished section was 30 mm. 
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5.4.5 Scanning Electron microscopy 

Representative samples from DMS experiments performed on the coarse particle fraction of Feed 

1 were prepared as polished sections and analyzed with a Hitachi SU8000 cold field emission SEM 

(Hitachi High-Technologies, Canada) equipped with an 80 mm2 X-MaxN Silicon Drift energy 

dispersive spectrometer (EDS) detector (Oxford Instruments, UK). X-ray maps were acquired at 

an accelerating voltage of 15 kV and beam current of 5 μA for one hour. The count rate and dead 

time were approximately 12 kcps and 20 % respectively. The qualitative phase maps were obtained 

using AZtec software (Oxford Instruments, UK). 

The polished sections of products from magnetic separation experiments, created for QEMSCAN 

analysis, were analyzed with a Hitachi SU3500 tungsten filament SEM (Hitachi High-

Technologies, Canada). The SEM is equipped with the same EDS detector and a similar procedure 

and analysis was followed as is detailed for the SU8000. 

5.5 Gravity Separation 

5.5.1 Dense Medium Separation 

For DMS (Chapter 3, Section 3.3.1.1) experiments, which were performed on the coarse particle 

stream of Feed 1, the 45 g sample was split into three representative 15 g samples. These were 

added to 50 mL centrifuge tubes along with 30 mL of heavy liquid solution [lithium metatungstate 

(LMT), purchased from LMT Liquid, LLC (USA)] with an SG of 2.95. The suspensions were then 

mixed by hand shaking and centrifuged for 30 min at 4400 rpm using a IEC Centra CL2 centrifuge 

(Thermo Electron Corporation, USA). After centrifuging, the float fraction on the liquid surface 

was poured off along with the heavy liquid solution leaving the sink fraction behind. The float and 

sink fractions were then filtered, thoroughly washed, dried and weighed. The float fraction was 

then subsequently reprocessed following the same steps, but, using a heavy liquid solution with 

SG 2.75. Float and sink fractions were then analyzed by ICP-MS and SEM. 



 
Chapter 5: Experimental Methods 

69 
 

5.5.2 Knelson Concentrator 

The Knelson Concentrator (Chapter 3, Section 3.3.1.4) used in this work was a lab scale KC MD3 

model manufactured by FLSmidth Knelson (Canada). 

5.5.2.1 Feed 1 

The coarse particle stream of Feed 1 was processed operating the Knelson Concentrator with a 

bowl speed of 1250 rpm and fluidizing water rate of 2 L/min. The material was fed with a flow 

rate of 250 g/min, stopping every 4 min to remove the accumulated concentrate from the bowl. 

The particle size distribution, SG (calculated from pyncnometer measurements), mass recovery 

and major mineral phases (determined by XRD) were compared to ensure there were no major 

differences between concentrates. These results are provided in Figure 5.5, Table 5.1 and Figure 

5.6, respectively. The five concentrates were then combined and, along with the tailings fraction, 

analyzed by ICP-MS, XRD and QEMSCAN.  

 

Figure 5.5 – Average particle size distribution of the five Knelson concentrates produced 

after processing the coarse particle fraction of Feed 1. The dashed line represents the 95 % 

confidence interval 
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Table 5.1 – Average mass recovery and SG of the five Knelson concentrates produced after 

processing the coarse particle fraction of Feed 1 

Sample 
Mass 

Recovery (%) 

95 % 

Confidence 

Interval 

SG 

95 % 

Confidence 

Interval 

Feed 100 - 2.6 - 

Knelson Concentrate 2.4 0.4 3.1 0.1 

 

 

Figure 5.6 – XRD results of the five Knelson concentrates produced after processing the 

coarse particle fraction of Feed 1 
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5.5.2.2 Feed 2 

The operating conditions used to process Feed 2 were based off results from the work detailed in 

Appendix A (Section A.3), which examined the impact of feed grade on the beneficiation of a -53 

m synthetic magnetite/quartz ore. SG differences between heavy and light minerals in the 

Nechalacho deposit are similar to those of magnetite and quartz, respectively. Therefore, the 

optimum operating parameters determined for the synthetic ore were applied here. The initial 

conditions used were those which were determined to be optimum when processing the 15 % 

magnetite ore. The tails from the first pass were then processed using optimum conditions for the 

10 % magnetite ore, followed by two more passes performed at the best conditions obtained for 

the 5 % case. A flowsheet which details the bowl speed (rpm), fluidizing water rate (L/min) and 

solids feed rate (g/min) used for each pass of the Knelson is shown in Figure 5.7. For each pass 

the bowl was stopped after 1 kg of material was fed to the equipment to remove accumulated 

concentrate from the bowl. It is important to note that the conditions used for each pass were 

assigned prior to any characterization work to determine heavy mineral content prior to each pass. 

As such the conditions used are outside the optimum ranges determined for the synthetic 

magnetite/quartz mixture. All products produced from this test work were analyzed by XRD, XRF 

and QEMSCAN. 
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Figure 5.7 – Flowsheet detailing the conditions used for Knelson Concentrator experiments 

performed on Feed 2 

5.5.3 Spiral Concentrator 

The spiral separator (Chapter 3, Section 3.3.1.3) used in this work was a Walkabout assembly from 

Mineral Technologies (Australia). The unit is composed of a four turn Wallaby trough, with a 

208 mm pitch and trough diameter of 360 mm. In all cases, the sample was fed as a slurry (20 %w/w 

solids) to the top of a spiral, which was fitted with a funnel (for pulse damping), using a diaphragm 

pump. 

5.5.3.1 Feed 1 

The coarse particle stream of Feed 1 was processed by the spiral. Concentrate and tailings were 

collected separately and analyzed by XRD, ICP-MS and QEMSCAN.    

Conc 3

Conc 4

Final Tails

Tails 3
Knelson 3

1275 rpm
4.8 L/min
200 g/min

Knelson 4
1275 rpm
4.8 L/min
200 g/min

Feed

Conc 1

Conc 2

Tails 2

Tails 1Knelson 1
1900 rpm
1.1 L/min
275 g/min

Knelson 2
1700 rpm
2.6 L/min
200 g/min
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5.5.3.2 Feed 4 

The coarse particle fraction of Feed 4 was processed with three stages of spiral concentration. The 

three spiral concentrates were combined and reground to be processed using a Mozley Laboratory 

Separator Table. A flowsheet detailing this process is provided in Figure 5.8. The spiral 

concentrates were sampled and analyzed using XRF and QEMSCAN.  

 

Figure 5.8 – Flowsheet detailing the three stages of spiral concentration to process the 

coarse particle fraction of Feed 4 

5.5.4 Multi-Gravity Separator 

The MGS (Chapter 3, Section 3.3.1.3) used in this work was a pilot scale C-900 unit (Richard 

Mozley Ltd., UK). For all tests the tilt angle, shake amplitude and shake frequency were kept 

constant at 7.5°, 15 mm and 350 min-1, respectively.  

Spiral 
Conc 1 Spiral 

Conc 2 
Spiral 

Conc 3 
Spiral 
Tails  Combined 

Spiral Conc

Feed 4 - Coarse 
Particle Stream

To Re-grind



 
Chapter 5: Experimental Methods 

74 
 

5.5.4.1 Feed 1 

The fine particle fraction of Feed 1 was processed using the MGS. Both the conventional and low-

profile scrapper systems were employed (Chapter 3, Figure 3.9). Using the conventional scrapper 

system, tests were performed at drum speeds of 162 rpm (minimum speed required to pull mass to 

the concentrate) and 168 rpm with wash water rates ranging from 1 – 4 L/min. Tests using the low-

profile scraper system were performed at 170 rpm with wash water rates ranging from 2 – 6 L/min. 

When using the low-profile scrappers, higher drum speeds were required to pull mass to the 

concentrate, with no mass recovered at drum speeds lower than 170 rpm. The solids feed rate 

ranged from 860 – 915 g/min. In all cases, after changing operating conditions, the system was 

allowed to reach a steady state prior to sampling the concentrate and tailings streams. Samples 

taken at each condition were analyzed by XRF and QEMSCAN. 

5.5.4.2 Feed 3 

Feed 3 was processed using the MGS equipped with the low-profile scrappers. It was operated as 

three batch tests, with the tails from each proceeding test acting as the feed for the next. The drum 

speed (rpm), wash water rate (L/min) and solids flow rate (g/min) used for each pass are detailed 

in Figure 5.9. At the end of the last pass, the material which remained on the walls of the MGS 

(while it was still rotating), was collected separately and called “Middlings”. All products were 

analyzed by XRD, XRF and QEMSCAN. 
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Figure 5.9 – Flowsheet detailing the three stages of MGS concentration to process Feed 3 

5.5.5 Mozley Laboratory Shaking Table 

Following re-grinding of the spiral concentrate (Section 5.5.3.2) it was recombined with the fine 

particle fraction of Feed 4 and processed using a Mozley Laboratory Separator Table (Chapter 3, 

Section 3.3.1.2) equipped with a flat deck for fine particle separation (see flowsheet provided in 

Figure 5.4). The deck slope was set at 1.5° and it was operated with a stroke length of 5.08 cm and 

stroke rate of 90 rpm. The material was fed to the table as 100 g representative samples, processing 

each 100 g sample individually until all the mass had been processed by the shaking table. The 

concentrate and tailings were then analyzed by XRF and QEMSCAN. 

5.6 Magnetic Separations 

5.6.1 Wet Magnetic Test Chute 

A Wet Magnetic Test Chute (Chapter 3, Section 3.4.1.1) with a ferrite magnet (0.04 T) (Master 

Magnets, UK) was employed in this work as a LIMS. The gravity concentrates produced after 

processing Feed 3 with a MGS (Section 5.5.4.2) and Feed 4 with a shaking table (Section 5.5.5) 

were individually processed. Material was poured wet by hand to the Wet Magnetic Test Chute 

with non-magnetic material washed down the inclined surface using water. The magnetic fraction 

Feed

Final Tails

  

MGS 1
185 rpm
5 L/min

1420 g/min

  

MGS 2
187 G

5 L/min
980 g/min

  

MGS 3
186 rpm
5 L/min

950 g/min

Conc 1

Conc 2

Conc 3

Tails 1

Tails 2

Middlings
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produced was analyzed by XRF and QEMSCAN and the non magnetic fraction was processed 

further using a Wet High Intensity Magnetic Separator (WHIMS). 

 5.6.2 Wet High Intensity Magnetic Separator 

A jaw type WHIMS concentrator (Chapter 3, Section 3.4.1.2) equipped with a coarse expanded 

metal matrix (Master Magnets, UK) was used to process the non-magnetic fractions of the Wet 

Magnetic Test Chute. The material was passed through the magnetic matrix as a slurry. The 

magnetic material trapped in the matrix of the separator was removed as magnetic concentrate. 

The gravity concentrate of Feed 3 (MGS) was processed at 1.8 T and that of Feed 4 (Mozley Table) 

was processed at 1.4 T. A flowsheet detailing magnetic separation experiments is provided in 

Figure 5.10. Magnetic and non magnetic fractions were analyzed by XRF and QEMSCAN. 

 

Figure 5.10 – Flowsheet detailing magnetic separation experiments. Note the low-intensity 

Wet Magnetic Test Chute is represented here by a low-intensity magnetic drum separator. 

Feed 4 – Table 
Concentrate

0.04 T Mag

Non Mag

1.4 T Mag

Feed 3 – MGS 
Concentrate

0.04 T Mag

Non Mag

1.8 T Mag



 
Chapter 5: Experimental Methods 

77 
 

5.7 Conclusions 

The experimental conditions employed throughout this thesis have been detailed in this chapter. 

Four different feed samples were used with flowsheets detailing the separations performed on each 

provided. Readers interested the theory of a particular technique are directed to Chapter 3.
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6.1 Introduction 

This chapter details the mineralogical characteristics of feed samples 1 – 4 (detailed information 

of how each feed was prepared can be found in Chapter 5, Section 5.3). Mineral content, grain size 

distributions, liberation and association characteristics and particle SG distributions (determined 

from QEMSCAN) were used to characterize each feed sample prior to separation experiments. 

Both Feed 1 and Feed 4 were split into coarse and fine particle fractions for downstream separation 

work (Figures 5.1 and 5.4, respectively); however, in Feed 1 there was a significant amount of - 

53 + 38 m material in both coarse and fine fractions, compared to Feed 4 where nearly all the - 

53 m material was sent to the fine particle fraction (4.9 % of the coarse particle fraction was < 

53 m). Therefore, throughout this section Feed 1 will be generally presented as a coarse, fine and 

reconstructed feed; whereas characteristics of Feed 4 will generally be provided only as the 

reconstructed feed. For Feed 4 material in the + 53 m fractions represent the characteristics of 

the coarse fraction and those in the - 53 m fractions represent the portion of the feed which 

bypassed the spiral concentrator and was processed as a fine particle fraction along with the spiral 

concentrate.  

6.2 Mineralogy 

The mineralogy and elemental content of the coarse fraction of Feed 1, the fine fraction of Feed 1, 

reconstructed Feed 1, Feed 2, Feed 3 and Feed 4 are given in Tables 6.1 – 6.11. REM are generally 

grouped into LREM, comprised of predominantly LREE-bearing minerals (bastnäsite, synchysite, 

allanite and monazite), and HREM, comprised of HREE-bearing minerals [fergusonite and 

columbite (Fe)] throughout this thesis. Examining the size by size mineralogy of each feed sample 

(Tables 6.5, 6.6, 6.8 and 6.10), zircon is significantly concentrated in coarser size fractions. While 

the same size fractions were not analyzed for each sample, comparing each feed indicates that 
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zircon is specifically enriched in particles > 20 m. This trend is also demonstrated in the elemental 

distribution of each size fraction (Tables 6.2, 6.4, 6.6, 6.8 and 6.10), where the concentration of Zr 

is elevated in the coarse particles. These results correspond well with those of Jordens et al. 

(2016b), who also found zircon was enriched in the + 20 m after grinding the ore to 80 % passing 

40 m; this suggests that an optimized grinding and classification circuit may provide an 

opportunity to pre-concentrate zircon in the ore through selective comminution. It should be noted 

that although there is limited mass in the + 150 m size fraction of Feed 1 (Table 6.5), it is 

significantly enriched in both zircon and LREM. This suggests that coarse complex particles 

containing zircon and LREM in the deposit are more difficult to grind than minerals such as 

feldspars (K-feldspar and plagioclase), which may provide opportunities for concentration at even 

coarser particle sizes. 
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Table 6.3 – Mineralogy (in wt %) of the fine particle fraction of Feed 1 (determined by 

QEMSCAN) 

 Mineral 
Wt % 

Combined + 20 m - 20 m 

Mass Distribution  100 42 58 

LREM 

Bastnäsite 1.0 1.2 0.9 

Synchysite 0.6 0.4 0.6 

Allanite 0.8 0.7 1.0 

Monazite 0.4 0.2 0.5 

HREM 

Fergusonite 0.1 0.1 0.1 

Columbite (Fe) 0.6 0.5 0.6 

Zircon 4.7 6.1 3.7 

Silicate Gangue 

Quartz 13.7 14.5 13.1 

K-Feldspar 21.2 23.6 19.4 

Plagioclase 21.0 25.9 17.6 

Biotite 16.7 9.3 21.9 

Other Gangue 
Fe – Oxides 11.6 11.1 12.0 

Other 7.6 6.2 8.6 

 

Table 6.4 – Concentration (in wt %) of Ce2O3 and ZrO2 in the fine particle fraction of Feed 

1 (determined by XRF)  

Equivalent 

Metal Oxide 

Wt % 

Combined + 20 m - 20 m 

Mass 

Distribution 
100 42 58 

ZrO2 2.2 2.5 2.1 

Ce2O3 0.6 0.5 0.6 
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Table 6.6 – Mineralogy (in wt %) of Feed 2 (determined by QEMSCAN) 

 Mineral 
Wt % 

Combined + 75 m - 75 + 38 m - 38 m 

Mass Distribution  100 6.4 22.8 70.7 

LREM 

Bastnäsite 1.0 1.3 1.2 0.9 

Synchysite 0.6 0.4 0.5 0.7 

Allanite 1.7 1.6 1.2 1.9 

Monazite 0.3 0.1 0.2 0.4 

HREM 

Fergusonite 0.1 0.1 0.1 0.2 

Columbite (Fe) 0.6 0.5 0.5 0.6 

Zircon 6.0 7.4 10.9 4.4 

Silicate Gangue 

Quartz 15.6 17.1 16.7 15.1 

K-Feldspar 22.2 22.8 20.6 22.6 

Plagioclase 23.6 26.7 25.8 22.6 

Biotite 10.9 6.1 5.2 13.2 

Other Gangue 
Fe – Oxides 11.5 11.3 12.9 11.1 

Other 5.9 4.6 4.2 6.5 

 

Table 6.7 – Concentration (in wt %) of Ce2O3 and ZrO2 in Feed 2 (determined by XRF) 

Equivalent 

Metal Oxide 

Wt % 

Combined + 75 m - 75 + 38 m - 38 m 

Mass 

Distribution 
100 6.4 22.8 70.7 

ZrO2 2.8 3.0 4.3 2.4 

Ce2O3 0.6 0.6 0.6 0.6 
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Table 6.8 – Mineralogy (in wt %) of Feed 3 (determined by QEMSCAN) 

 Mineral 
Wt % 

Combined + 75 m - 75 + 20 m - 20 m 

Mass Distribution  100 6.6 39.1 54.3 

LREM 

Bastnäsite 0.9 1.2 1.0 0.8 

Synchysite 0.4 0.5 0.4 0.4 

Allanite 1.6 1.2 1.0 2.0 

Monazite 0.3 0.1 0.2 0.3 

HREM 

Fergusonite 0.1 0.1 0.1 0.1 

Columbite (Fe) 0.5 0.4 0.5 0.6 

Zircon 4.9 7.1 8.1 2.4 

Silicate Gangue 

Quartz 14.7 19.4 16.6 12.8 

K-Feldspar 24.3 19.4 22.8 25.9 

Plagioclase 24.7 26.2 27.6 22.4 

Biotite 11.3 5.4 6.5 15.5 

Other Gangue 
Fe – Oxides 9.6 10.0 10.6 8.9 

Other 6.6 8.9 4.5 7.8 

 

Table 6.9 – Concentration (in wt %) of Ce2O3 and ZrO2 in Feed 3 (determined by XRF) 

Equivalent 

Metal Oxide 

Wt % 

Combined + 75 m - 75 + 20 m - 20 m 

Mass 

Distribution 
100 6.6 39.1 54.3 

ZrO2 2.7 3.2 3.6 1.9 

Ce2O3 0.6 0.5 0.5 0.6 
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Table 6.10 – Mineralogy (in wt %) of Feed 4 (determined by QEMSCAN) 

 Mineral 
Wt % 

Combined - 150 + 106 m - 106 + 53 m - 53 +20 m -20 m 

Mass Distribution  100 28.9 28.1 25.5 17.5 

LREM 

Bastnäsite 1.2 1.1 1.4 1.4 1.0 

Synchysite 0.6 0.4 0.6 0.7 0.5 

Allanite 1.2 0.9 0.9 1.0 2.7 

Monazite 0.2 0.2 0.2 0.3 0.3 

HREM 

Fergusonite 0.1 0.1 0.1 0.1 0.1 

Columbite (Fe) 0.6 0.4 0.6 0.7 0.8 

Zircon 7.1 5.1 9.3 9.6 3.4 

Silicate Gangue 

Quartz 15.4 17.0 15.8 14.6 13.0 

K-Feldspar 22.1 27.2 22.0 18.8 18.9 

Plagioclase 25.0 29.7 25.4 23.4 19.0 

Biotite 9.2 6.4 6.9 8.1 19.2 

Other Gangue 
Fe – Oxides 10.6 6.3 10.6 14.7 11.5 

Other 6.6 5.1 6.2 6.5 9.7 

 

Table 6.11 – Concentration (in wt %) of Ce2O3 and ZrO2 in Feed 4 (determined by XRF) 

Equivalent 

Metal Oxide 

Wt %  

Combined - 150 + 106 m - 106 + 53 m - 53 +20 m -20 m 

Mass 

Distribution 
100 28.9 28.1 25.5 17.5 

ZrO2 3.0 2.2 3.9 3.9 1.7 

Ce2O3 0.6 0.4 0.7 0.7 0.7 
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6.3 Grain Size Distributions 

The QEMSCAN estimated grain size distributions of zircon, LREM and HREM in each feed 

sample are shown in Figure 6.1, with the d50 and d80 of each mineral class provided in the legend 

of each plot. Examining the grain size of zircon in each feed sample may provide some 

understanding into the concentration of zircon in the + 20 m fractions following grinding. The 

distribution of zircon with a grain size > 20 m in Feed 1 through 4 are 79 %, 79 %, 76 % and 85 

%, respectively. As the majority of zircon remains in coarse grains even when the particle size is 

significantly reduced (d80 of 120 m in Feed 4 vs. 66 m in Feed 1 and 55 m in Feed 2 and 3) it 

is suggested that zircon grains are resistant to grinding and fractures in zircon-bearing particles 

occur predominantly along the zircon grain boundaries. This would significantly improve the 

liberation characteristics of zircon allowing for coarser grinds to achieve liberation. Figure 6.1 also 

demonstrates the very fine-grained RE mineralization, which suggests poor REM liberation at 

particle sizes > 20 m.   
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Figure 6.1 – Grain size distribution of zircon, HREM and LREM estimated by QEMSCAN 

for (a) the coarse fraction of Feed 1, (b) the fine fraction of Feed 1, (c) reconstructed Feed 

1, (d) Feed 2, (e) Feed 3 and (f) Feed 4 
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6.4 Liberation and Association Characteristics 

Liberation and association characteristics of zircon, HREM and LREM in each feed are shown in 

Figures 6.2 – 6.3, respectively. Mineral particles were grouped into free, liberated, binary and 

complex. Minerals having > 95 % of the particle surface area are referred to as “free”, and those < 

95 % and > 80 % of the particle surface area are considered “liberated”.  

Figure 6.2 shows that in all feed samples zircon is relatively well liberated. It also provides a visual 

representation demonstrating that following grinding zircon is concentrated in > 20 m particles. 

Across all particle sizes, liberation (free + liberated) of zircon is 59 % in the coarse particle fraction 

of Feed 1, 79 % in the fine particle fraction of Feed 1, 70 % in Feed 1, 56 % in Feed 2, 68 % in 

Feed 3 and 55 % in Feed 4 (49 % in the + 53 m fraction and 74 % in the -53 m fraction). In the 

coarse particle stream of Feed 1, approximately 50 % of zircon grains are > 38 m (the minimum 

particle size of this feed). Comparing this to the concentration of liberated zircon particles in this 

feed suggests that most of these coarse zircon grains are liberated. Similar findings were observed 

for the + 53 m fraction of Feed 4 for which 55 % of zircon grains are > 53 m, with 49 % of all 

zircon being liberated. Although a more detailed study is required to investigate the comminution 

properties of the ore, the present results further reinforce the notion that fractures in particles 

containing zircon occur preferentially at grain boundaries, rather than through zircon grains.  

Figure 6.3 demonstrates that in Feed 2, 3 and 4 HREM liberation is poor (ranging from 10 – 25 

%). In Feed 1, liberation is improved (43 %), with much of the liberated HREM reporting to the - 

20 m fraction. In is interesting to note the differences in liberation, specifically in the finest 

particle size ranges (- 38 m and - 20 m) of each feed. In the - 20 m fraction of Feed 1, 65 % of 

HREM particles are liberated, whereas in the finest size range investigated of the other feed 

samples liberation remains low (< 30 %). The main difference between the preparation of Feed 1 

and the other feed samples is that a ball mill was used as opposed to a rod mill for the other feed 

samples. It is likely that the ball mill produces more ultra-fine (< 10 m) particles, improving 

liberation, or improved liberation may be as a result of different breakage mechanisms in the ball 

mill. More work is required for a fundamental understanding of the mechanisms involved. 
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Figure 6.4 suggests that LREM are more readily liberated than HREM following grinding, with 

liberation ranging from 40 – 50 % across all feed samples. This is interesting when also comparing 

grain sizes (Figure 6.1) between HREM and LREM, as their grain sizes do not differ drastically. 

More work is required to determine the differences in fracturing of HREM and LREM bearing 

particles, however, these findings suggest that those containing HREM may be more resistant to 

fracture, particularly when using a rod mill.  
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Figure 6.2 – Zircon associations by particle size in (a) the coarse fraction of Feed 1, (b) the 

fine fraction of Feed 1, (c) reconstructed Feed 1, (d) Feed 2, (e) Feed 3 and (f) Feed 4 
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Figure 6.3 – HREM associations by particle size in (a) the coarse fraction of Feed 1, (b) the 

fine fraction of Feed 1, (c) reconstructed Feed 1, (d) Feed 2, (e) Feed 3 and (f) Feed 4 
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Figure 6.4 – LREM associations by particle size in (a) the coarse fraction of Feed 1, (b) the 

fine fraction of Feed 1, (c) reconstructed Feed 1, (d) Feed 2, (e) Feed 3 and (f) Feed 4 
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6.5 QEMSCAN Gravity Modelling 

Mineral particles in the feed can be grouped into different SG classes using the QEMSCAN data. 

This is done by estimating volumetric composition of a particle from the two-dimensional phase 

map and stereological corrections in the QEMSCAN software (Pascoe et al., 2007). Each mineral 

is assigned a SG value, and the SG of each particle is calculated based upon its constituents. To 

avoid repetitive discussion, the SG distributions of value minerals and particles are presented in 

Chapter 7 and theoretical upgrade ratio and recovery plots are presented here (Figure 6.5). These 

are produced by artificially splitting the sample at a defined SG. Figure 6.5 shows the data for 

zircon, LREM and HREM in each feed (except for the fine particle fraction of Feed 1, where SG 

distributions of HREM were not examined). The results for the reconstructed Feed 1 are not shown 

here as the coarse and fine particle samples were processed separately. Similarly, Feed 4 is also 

split into its coarse and fine particle streams. For the coarse particle fraction of Feed 1, the samples 

were theoretically split at an SG of 2.75, 2.95 [to mimic the SG used for DMS experiments 

(Chapter 7)] and 3.5. For the fine particle fraction of Feed 1, Feed 2, 3 and 4 the samples were 

theoretically split at an SG of 3.5. Feed 2, 3 and 4 were also analysed on a size by size basis. 

Figure 6.5 indicates zircon is concentrated in high SG particles, with predicted recoveries > 75 % 

and upgrade ratios > 4.4 for all the feed samples. The high proportion of zircon-bearing particles 

with SG > 3.5 corresponds well to its liberation characteristics (Figure 6.4). However, it is 

interesting to note that even at coarse particle sizes (> 75 m) where zircon liberation is relatively 

low it remains in high SG particles.  

For HREM, predicted recoveries range from 41 % to 71 % and predicted upgrading ranges from 

2.4 to 4.5 times, when artificially splitting the feed samples at a SG of 3.5. Examining the impact 

of particle size on HREM-bearing particles in Feed 2, 3 and 4, it is evident that as particle size is 

reduced (using a rod mill), HREM become concentrated in lower SG particles (< 3.5) which results 

in poor estimated recoveries. In all these feeds, < 40 % of HREM-bearing particles in the finest 

size class (- 38 m or - 20 m) are present in particles with an SG > 3.5, whereas, in the coarser 

size fractions > 60 % of the HREM-bearing particles have an SG > 3.5. This suggests that at coarser 
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particle sizes although HREM are not liberated they remain associated with other high SG 

minerals. However, as the particle size decreases below 38 m, the associated high SG material is 

removed from these particles and HREM remain locked with low SG gangue. These findings 

indicate that recovery of fine (< 38 m) HREM-bearing particles produced using a rod mill is 

likely to be challenging using gravity separation. Nevertheless, at coarser particle sizes mineral 

associations may provide opportunities to recover these minerals.  

LREM are also concentrated in high SG particles in each feed, with predicted recoveries ranging 

from 66 % - 77 % and upgrade ratios ranging from 3.4 to 4.7 when splitting the ore at a SG of 3.5. 

LREM follow a similar trend to HREM where they remain in high SG particles at coarse particle 

sizes where liberation is low. However, as liberation is significantly improved at finer sizes 

compared with HREM they are also present in more high SG particles at sizes < 38 m.  
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Figure 6.5 – QEMSCAN predicted upgrade ratio and recovery of zircon, HREM and 

LREM for (a) the coarse particle fraction of Feed 1 split at a SG of 2.75, 2.95 and 3.5, (b) 

the fine particle fraction of Feed 1 split at a SG of 3.5, (c) Feed 2 split at a SG of 3.5, (d) 

Feed 3 split at a SG of 3.5, (e) the coarse particle fraction of Feed 4 split at a SG of 3.5 and 

(f) the fine particle fraction of Feed 4 split at a SG of 3.5 
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6.6 Conclusions 

This chapter has detailed the mineralogical characteristics of the different feed samples which were 

studied during this thesis. Examining the mineralogy, grain size distributions, liberation and 

association characteristics and mineral SG distributions the following conclusions can be made: 

1. Following grinding, zircon is enriched in coarse particles (> 20 m), which may provide 

opportunities for pre-concentration through selective comminution 

2. Zircon is relatively well liberated (> 55 %) across each feed and is concentrated in high SG 

particles even at coarse (+75 m) particle sizes 

3. HREM liberation is low (< 25 %) in Feeds ground using a rod mill, however, when a ball 

mill is used liberation is improved 

4. HREM are concentrated in high SG particles at coarse (> approximately 38 m) particle 

sizes, however, at finer sizes most HREM-bearing particles are of low SG 

5. LREM are more readily liberated than HREM when using a rod mill and are concentrated 

in high SG particles 
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7.1 Introduction 

This chapter details gravity separation experiments applied to the Nechalacho ore to asses its 

application as both a preconcentration and primary separation stage. While some information is 

provided in this Chapter, readers are referred to Chapter 5 for more details on the operating 

conditions employed for each technique and the feed samples tested. The behaviour of the various 

value and gangue minerals when using different gravity separation techniques is understood using 

multiple characterisation tools, including QEMSCAN, SEM, XRD, ICP-MS and XRF. However, 

much of the discussion is focussed on information obtained from QEMSCAN with the various 

other characterisation tools being used to validate the QEMSCAN results.  

7.2 Preconcentration 

The Nechalacho deposit is composed primarily of finely grained valuable minerals, which require 

fine grinding for effective liberation. However, previous test work (Jordens et al., 2016b) coupled 

with the mineralogical analysis performed on the various feed samples studied in this thesis 

(Chapter 6) suggest that value minerals remain in relatively high SG particles at coarse sizes, 

providing opportunities to preconcentrate the ore prior to complete liberation, using a gravity 

separation step. This was assed on coarse particle fractions of Feed 1 and Feed 4 (Chapter 5), 

which had size distributions (d80) of 97 m and 133 m, respectively. The goal of this 

preconcentration stage is aimed at early gangue rejection which could have significant benefits, 

including lower energy requirements in the comminution stage, increased feed grades and lower 

throughputs to downstream processes, and lower operational costs.  
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7.2.1 Dense Medium Separation 

7.2.1.1 Feed 1 

Figure 7.1 shows the recovery and upgrade ratio of Zr, LREE and HREE in the DMS sink fractions 

when using a heavy liquid with a SG of 2.95 and 2.75 to process a representative fraction of the 

coarse particle fraction of Feed 1. The results indicate that 81 % of Zr and 76 % of REE can be 

recovered, with upgrade ratios of 4.2 and 3.9 respectively, when processing the material using a 

heavy liquid with a SG of 2.95. Zr and REE recoveries were increased to 95 % and 92 %, 

respectively, at a SG of 2.75. However, upgrading was impacted (Zr: 2.9; REE: 2.8), due to the 

recovery of less liberated material. These results are in good agreement with the mineralogical 

upgrading and recovery determined by QEMSCAN analysis on the feed sample (Chapter 6, Figure 

6.5a). This demonstrates gravity modeling using QEMSCAN can be used, confidently, to predict 

grade and recovery values by SG for DMS.  

SEM-EDS was used to identify Zr, Fe, Ce and Y in the sink and float fractions at a SG of 2.75 

(Figure 6.2). While only qualitative, the SEM images provide an empirical check for the 

conclusions drawn from QEMSCAN (Chapter 6, Section 6.5), which assigns mineral chemistry 

based on a definition database. This analysis clearly shows valuable minerals (and iron oxides) are 

concentrated in the DMS sink fraction. Zircon is recovered as both coarse liberated particles and 

fine-grained material which remains locked with other minerals in the feed. The SEM images show 

Y alongside Zr, demonstrating the importance of recovering zircon for the recovery of HREE. 

Minerals bearing LREE, such as Ce, are generally finely grained and poorly liberated. However, 

they are found in particles containing other REM, zircon and/or Fe oxide grains, confirming that 

mineral association characteristics provide opportunities for the recovery of less liberated material. 

Although DMS represents near ideal gravity separation and the upgrade ratios obtained here are 

likely not possible using conventional or enhanced gravity concentrators, the results indicate that 

gravity separation may be effective at selectively recovering both zircon and REM, while rejecting 

low SG gangue. 
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Figure 7.1 – Upgrade ratio and recovery of valuable elements from DMS sink fractions 

with a heavy liquid of SG 2.95 and 2.75 (Error bars represent 95 % confidence intervals) 
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Figure 7.2 – BSE image (left) and elemental (Zr, Ce, Fe, Y) phase identification (right) of 

the DMS sink and float fraction produced using a heavy liquid with a SG of 2.75 

7.2.2 Knelson Concentrator 

7.2.2.1 Feed 1 

The upgrade ratio vs. recovery of the major mineral classes in the concentrate produced after 

processing a representative sample of the coarse particle fraction of Feed 1 using a Knelson 

Concentrator is shown in Figure 7.3. The results indicate that all relatively high SG minerals 

(zircon, Fe oxides and REM) in the deposit are concentrated, while the gangue minerals (quartz 

and feldspars) are rejected. The Knelson Concentrator was most effective at upgrading iron oxides, 

with an upgrade ratio of 2.6, followed by zircon (2.3), LREM (2.1) and then HREM (1.8). These 



 
Chapter 7: Gravity Separation 

102 
 

findings were verified qualitatively through XRD (Figure 7.4) and quantitatively using ICP-MS 

(Figure 7.5) which gave elemental upgrade ratios for Zr, LREE and HREE of 1.8, 2.1 and 2.1 

respectively. The minor discrepancies between chemical assays and QEMSCAN results (most 

notably between Zr and zircon) are likely caused by differential settling and density segregation 

of particles during preparation of the polished sections. This is a common concern when creating 

polished sections for QEMSCAN (Coetzee et al., 2011; Kwitko-Ribeiro, 2012; Speirs et al., 2008); 

and in this case (and in other instances throughout this thesis), results in small (negligible) 

overestimations of zircon. Although the recoveries of relatively high SG minerals in the deposit 

are low, examining the mineral liberation and association characteristics of the Knelson 

concentrate and tailings (Figure 7.6), suggests that zircon and iron oxide recoveries are likely low 

due to the lack of recirculation, rather than insufficient liberation. The findings from Section 6.5 

and Section 7.2.1, which indicate REM are present in relatively high SG particles, suggest that 

multiple stages of concentration using the Knelson may also improve the recovery of REM. 

Improvements in grade and recovery would additionally be expected through the optimization of 

Knelson operating parameters.  

Figure 7.7 shows the recovery of the major mineral classes relative to each size class investigated. 

It is suggested that in general when using the Knelson Concentrator there is limited preferential 

recovery by particle size. The relative recovery of material > 150 m is greater than the other size 

classes, however, there is minimal mass in this size fraction and therefore tangible conclusions can 

not be drawn. At particle sizes > 106 m the Knelson Concentrator is not effectively rejecting 

quartz. Although feldspars (which account for the largest proportion of gangue) are rejected, and 

high SG minerals are recovered preferentially. Thus, the use of a centrifugal gravity separator, 

such as a Knelson Concentrator, may provide opportunities for processing this deposit at coarser 

size fractions than those tested here.  

Figure 7.8 shows the distribution of zircon and LREM by SG class at each particle size. It can be 

noted that the Knelson concentrator is favouring the recovery of particles with more elevated SG 

across all size ranges for both zircon and LREM. It also indicates significant amount of high SG 

material remains in the tailings fraction, reiterating the fact that multiple processing stages through 
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the Knelson is likely to provide increased recovery of high SG material without a major impact on 

concentrate grade. Although the mass in the + 106 m size fraction is low, the Knelson 

Concentrator does continue to preferentially recover valuable minerals in high SG particles which 

reiterates that the Knelson may be effective at preconcentrating a coarser feed, under the 

assumption that at coarser sizes valuable minerals remain enriched in high SG particles.  

 

Figure 7.3 – Upgrade ratio and recovery of the major mineral classes in the Knelson 

concentrate produced from the coarse particle fraction of Feed 1 
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Figure 7.4 – XRD pattern of the Knelson concentrate and the coarse particle fraction of 

Feed 1 
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Figure 7.5 – Upgrade ratio and recovery of valuable elements in the Knelson concentrate 

produced from the coarse particle fraction of Feed 1 
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Figure 7.6 – Mineral associations of the Knelson products produced from the coarse 

particle fraction of Feed 1 for (a) zircon, (b) HREM, (c) LREM, (d) Fe oxides, (e) quartz 

and (f) feldspars 
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Figure 7.7 – Upgrade ratio and recovery of the major mineral classes in the Knelson 

concentrate produced from the coarse particle fraction of Feed 1 sorted by size 
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7.2.3 Spiral Concentrator  

7.2.3.1 Feed 1 

An analysis, similar to that performed on the Knelson products in Section 7.2.2.1, was conducted 

on the spiral concentrate and tailings produced after processing a representative sample of the same 

feed. Figure 7.9 shows the upgrade ratio vs. recovery for the major mineral classes in the deposit; 

Figure 7.10 the XRD pattern of the spiral concentrate and feed; Figure 7.11 the upgrade ratio vs. 

recovery of valuable elements (determined by ICP-MS); Figure 7.12 the mineral liberation and 

association data; Figure 7.13 the size by size upgrading and recovery of each mineral class; and 

Figure 7.14 the recovery of zircon and LREM by SG class. Comparing the two techniques the 

Knelson concentrator provides better selectivity over the spiral concentrator, with improved quartz 

and feldspar rejection; however, recoveries are significantly greater after a single pass of the spiral. 

The liberation and association data for the Knelson products (Figure 7.5), compared to those 

obtained for the spiral products (Figure 7.12), suggest that the Knelson concentrator yields 

improved upgrading through both better rejection of liberated gangue and selectivity for liberated 

high SG zircon- and LREM-bearing particles (Figure 7.12). The ability to better reject liberated 

gangue may be partially attributed to the fact that particle size is less of a factor in separation 

(Figure 7.13 vs. Figure 7.7). Figure 7.13 indicates that, in general, the spiral concentrator is 

preferentially recovering coarse particles in the feed; although this may be an artifact of the low 

mass in the > 106 m size fractions. Minimal upgrading is obtainable at particle sizes > 150 m, 

but, the spiral concentrator is effective at upgrading the high SG minerals in the finer size fractions. 

Zircon and REM, in the - 150 + 106 m fraction, are effectively upgraded and recovered, even 

though they are poorly liberated (Chapter 6, Section 6.4). This implies grain size differences and 

mineral associations allow for the separation of coarse unliberated valuable material using a spiral, 

but it may only be effective at particle size ranges less than 150 m. However, it is again noted 

that the mass fraction with a size > 106 m is low and further work with a coarser feed size should 

be investigated. 
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From Figure 7.14, the spiral concentrator is favouring the recovery of particles with more elevated 

SG across all size ranges for both zircon and LREM, except for the + 150 m size fraction. Figure 

7.14, along with Figure 7.12 suggest similar findings to the those obtained using a Knelson, where 

greater recoveries are likely possible through multiple stages of separation. It is important to note 

that the spiral and operating conditions (pulp density, flow rate, etc.) used for this study have not 

been optimized. Thus, the use of a spiral concentrator better suited for fine particle separation (< 

100 m) (Richards et al., 2000) and through further optimization, significant improvements could 

be achieved.  

Although the Knelson Concentrator offers greater potential for higher grades following a 

preconcentration stage, the goal of this stage is primarily for early gangue rejection. The spiral 

offers greater simplicity over the Knelson, and these results suggest it can effectively recover 

valuable minerals while rejecting significant quantities of low SG gangue (particularly feldspars). 

Therefore, it is likely better suited for this process in an industrial setting. 
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Figure 7.9 – Upgrade ratio and recovery of the major mineral classes in the spiral 

concentrate produced from the coarse particle fraction of Feed 1 
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Figure 7.10 – XRD pattern of the spiral concentrate and the coarse particle fraction of Feed 

1 
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Figure 7.11 – Upgrade ratio and recovery of valuable elements in the spiral concentrate 

produced from the coarse particle fraction of Feed 1 
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Figure 7.12 – Mineral associations of the spiral products produced from the coarse particle 

fraction of Feed 1 for (a) zircon, (b) HREM, (c) LREM, (d) Fe oxides, (e) quartz and (f) 

feldspars 
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Figure 7.13 – Upgrade ratio and recovery of the major mineral classes in the spiral 

concentrate produced from the coarse particle fraction of Feed 1 sorted by size 
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7.2.3.2 Feed 4 

To asses some of the observations from processing the coarse particle fraction of Feed 1 with a 

spiral concentrator (Section 7.2.3.1), a coarser feed with a size distribution of d80 = 133 m (- 150 

+ 53 m) was produced through stage grinding and sieving (Chapter 5, Section 5.3). The feed was 

processed with three stages of spiral concentration, producing three concentrates and a tailings 

fraction. 

The cumulative upgrade ratio and recovery plots of the major mineral classes (determined from 

QEMSCAN) and equivalent metal oxides (ZrO2 and Ce2O3) (determined from XRF) following 

each pass of the spiral are shown in Figure 7.15 and Figure 7.16, respectively. After a single pass 

the concentrate recovered 57 % of the iron oxides, 56 % of the zircon, 50 % of the LREM and 47 

% of the HREM. Upgrading the feed 2.3 times, 2.3 times, 2.0 times and 1.9 times, respectively. 

These results are improved over those observed when processing the coarse particle fraction of 

Feed 1 (Figure 7.9). This is unexpected if one were to compare only the liberation characteristics 

of these two feed samples (Chapter 6, Section 6.4). However, these improvements are likely 

realized from the coarser feed being better suited for separation in the spiral, coupled with the fact 

that the SG of valuable mineral-bearing particles is not significantly impacted at this coarser size 

(Chapter 6, Section 6.5). Similar to the initial study, the spiral is significantly better at rejecting 

feldspar than it is quartz. 

After reprocessing the tails, zircon, HREM and LREM recoveries respectively increased to 81 %, 

73 % and 74 % after a second pass; and 91 %, 86 % and 86 %, after a third. However, upgrading 

was impacted after each subsequent pass and the grade of valuable material in the third concentrate 

was lower than that of the initial feed. Further optimization of this process is required; however, 

these findings do demonstrate that it is possible to recover a high percentage of value minerals 

while effectively rejecting gangue (particularly feldspar) using a spiral concentrator.  

To better investigate the effectiveness of each stage of separation, upgrade ratio vs. recovery plots 

relative to the feed for each separation step (i.e. tails of pass 1 are the feed for pass 2 and tails of 

pass 2 the feed for pass 3) were created (Figure 7.17). These results indicate that although the 
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process becomes less selective with each subsequent pass, and in the case of the third concentrate 

valuable mineral grades are lower than the initial feed sample, relative to the feed prior to each 

pass enrichment is still occurring. As such future work should investigate spiral circuits which 

include rougher, cleaner and scavenger stages with recycling to improve the performance of this 

pre-concentration step and ideally produce a high-grade pre-concentrate with minimal losses of 

valuable material for downstream processing. 

Figure 7.18 shows the recovery by liberation of the major mineral classes in the ore. After the first 

pass of the spiral the recovery of liberated valuable minerals exceeded 62 %, with a second pass 

recovering more than 82 %. The recovery of value minerals which are associated in binary particles 

with other high SG minerals exceeds 66 % after one pass and 85 % after the second. It is also 

interesting to note that that the process is effective at recovering zircon, LREM and HREM present 

in complex particles, with recoveries > 43 % after the first stage and > 72 % after the second. This 

finding reaffirms that grain size differences and mineral associations allow for the effective 

separation of coarse unliberated valuable material using a spiral. Figure 7.18 indicates that most 

of the quartz and feldspar recovered is liberated, which suggests that with optimization of the 

process parameters and circuit design further improvements in grade could be realized.  

Figure 7.19 shows the recovery of mineral particles by SG class. Figure 7.19a shows the recovery 

of all particles in the feed. After one pass the recovery of particles with an SG > 4.0, from 3.5 to 

4.0, from 3.0 to 3.5 and < 3.5 were 65 %, 49 %, 30 % and 15 % respectively. After a second pass 

the respective cumulative recoveries were 86 %, 77 %, 59 % and 35 %. Similar trends were 

observed for particles bearing zircon (Figure 7.19b), LREM (Figure 7.19c) and HREM (Figure 

7.19d). The spirals effectiveness at recovering and concentrating particles with and SG > 4.0 is 

particularly useful for the preconcentration of zircon, of which 69 % of is present in particles with 

an SG > 4.0. Although the liberation of zircon is much greater than that of HREM and LREM, 

both these mineral classes a primarily found in high SG particles. The concentration of HREM 

present in particles of SG > 4.0 is 51 % and of SG > 3.5 is 66 %. The concentration of LREM in 

high SG particles is lower (40 % with SG > 4.0; 69 % with SG > 3.5). As the grain sizes are similar 

(Chapter 6, Figure 6.1e), this may suggest that HREM are more preferentially associated with other 
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high SG minerals than LREM. It may also be a result of a significant quantity (32 %) of the LREM 

content being allanite, which as a low SG (3.5 – 4.2) relative to the other major REM in the deposit 

(SG > ~ 5.0). However, it is noted that the recovery of allanite in this stage does not differ 

significantly from other REM.  

Comparing Figure 7.19b to Figure 7.14a, indicates that although the particle size is coarser the SG 

distributions for zircon are more advantageous for gravity separation (more valuable material in 

SG > 4.0 particles). Feed 4 was prepared through stage grinding with a rod mill, whereas, Feed 1 

was ground in one stage using a ball mill. This demonstrates that the comminution process is going 

to play a critical role in the effectiveness of this preconcentration step, and this stage should be 

optimized to ensure the properties of feed are ideal for separation using a spiral at coarse particle 

sizes. One area of focus for future work is to examine the SG distributions of valuable minerals at 

coarser sizes than those investigated here, using various methods of comminution (rod mill, ball 

mill, high pressure grinding rolls, etc). If valuable minerals remain in high SG particles, the spiral 

may be effective at preconcentrating a coarser feed, which could have significant benefits, 

particularly in energy savings in comminution.  
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Figure 7.15 – Cumulative upgrade ratio and recovery of the major mineral classes in the 

spiral concentrates produced from Feed 4 
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Figure 7.16 – Cumulative upgrade ratio and recovery of ZrO2 and Ce2O3 in the spiral 

concentrates produced from Feed 4 
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Figure 7.17 – Upgrade ratio and recovery of the major mineral classes in the spiral 

concentrates produced from the coarse particle fraction of Feed 4, relative to the feed of 

each pass 
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Figure 7.18 - Mineral associations of the spiral products produced from the coarse particle 

fraction of Feed 4 for (a) zircon, (b) HREM, (c) LREM, (d) Fe oxides, (e) quartz/feldspars 
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Figure 7.19 – SG distribution of (a) all particles, (b) zircon, (c) LREM and (d) HREM in 

the spiral products produced from the coarse particle fraction of Feed 4, shown 

cumulatively as such that the total of all bars equates to 100 % 
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7.3 Primary Separation  

The goal of the work detailed in this section was to asses the application of various gravity 

separation techniques to concentrate valuable high SG minerals (and iron oxides) at particle sizes 

much closer to their liberation size than was studied in Section 7.2. As the grain size of REM is 

very low, the feed size must be reduced below the effective size range of conventional gravity 

separators, such as the spiral. Therefore, centrifugal gravity separators, specifically a Knelson 

Concentrator and a Multi-Gravity Separator, are studied here. One of the primary drawbacks of 

the industrial application of these devices is that they have relatively low capacities, when 

compared to other processing technologies. However, the Nechalacho deposit plans to process 

only 2,000 – 4,000 t/day (Ciuculescu et al., 2013). To put this into perspective, some copper plants 

(employing flotation), such as Escondida in Chile (the largest copper mine in the world), are 

designed to process over 300,000 t/day (Rode, 2015). At Mount Wright in Canada (an iron ore 

mine), 8,500 spirals are used to process more than 180,000 t/day (ArcelorMittal, 2019). The 

capacity of a single CVD Knelson Concentrator is up to 7,200 t/day (FLSmidth Knelson, 2013) 

and a single industrial scale MGS up to 84 t/day (Gravity Mining Ltd., 2019). The new “Pure 

Select” MGS, which employs a low-profile scrapper system, is also said to dramatically increase 

capacity, however, to what extent is not presently reported (Gravity Mining Ltd., 2019). As high 

capacity systems are not required for the Nechalacho ore, both the Knelson Concentrator and MGS 

are directly applicable processing techniques. If a preconcentration step, such as that detailed in 

Section 7.2, is used the throughputs to the Knelson Concentrator or MGS would be even more 

manageable.  

The application of a Knelson Concentrator and MGS was assessed using the fine particle fraction 

of Feed 1 (d100 = 53 m), Feed 2 (d80 = 55 m) and Feed 3 (d80 = 55 m). Readers are referred to 

Chapter 5 for more details on the operational parameters used and the feed preparation process. 

More information on the mineralogical characteristics of each feed can be found in Chapter 6.    
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7.3.1 Knelson Concentrator 

7.3.1.1 Feed 2 

The cumulative upgrade ratio and recovery of the major mineral classes after each pass of the 

Knelson Concentrator is shown in Figure 7.20. The first two passes of the Knelson are effective at 

upgrading and recovering high SG material, particularly zircon, while rejecting quartz and 

feldspars. The third and fourth pass are not effective, offering little in terms of additional recovery. 

This is likely a result of the operational parameters which were used. Similar conclusions can be 

drawn from the XRD patterns for each concentrate (Figure 7.21) and the upgrade ratio vs. recovery 

of equivalent metal oxides (ZrO2 and Ce2O3) (Figure 7.22). 

To better asses the effectiveness of each stage upgrade ratio vs. recovery plots of each stage relative 

to their respective feed are shown in Figure 7.23. This process followed the work detailed in 

Appendix A (Section A.3), which was focused on determining optimum operating parameters of 

a synthetic feed of similar properties to the Nechalacho ore. The first stage of separation followed 

the condition which were determined optimal for a feed consisting of 15 % high SG material 

(employing a high bowl speed and low fluidizing water rate). The results of the real ore case were 

not as successful as those for the synthetic ore; producing a product of which 50 % of the minerals 

which were recovered were high SG minerals (zircon, REM, iron oxides) compared to the 

synthetic ore case where a product grade above 90 % was achieved. Recoveries were also 

significantly lower, at < 35 % for the real ore case compared to > 80 % for the synthetic ore. The 

differences are likely a result of the fact that in the real ore minerals are not all liberated, which 

lowers the concentrate grade, and the initial feed grade of high SG minerals is significantly higher 

(22 % vs. 15 %) which likely causes the bowl to fill up faster lowering mineral recoveries. The 

higher feed grades may result in different optimal operating parameters. However, the results from 

Appendix A (Section A.3) suggest that as the feed grade increases the Knelson should be operated 

with higher rotational speeds and lower fluidizing water rates, which are already set at close to the 

maximum and minimum, respectively.  
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The second stage followed the operating conditions outlined by processing the synthetic ore with 

a feed grade of 10 %. This resulted in a concentrate of which 45 % of the minerals were of high 

SG and recoveries ranging from 10 % to 30 %, depending on the mineral. The grade of this product 

is comparable to that of the synthetic ore (52 %), however, recoveries are again much lower (~ 40 

% for the synthetic ore). Operating conditions for the Nechalacho ore were determined without 

knowledge of the results from subsequent passes. In this case the grade of high SG minerals in the 

feed (tails of stage 1) was 17 %. Therefore, using the conditions outlined by the synthetic ore with 

a grade of 15 % which would suggest increasing the bowl speed and lowering the fluidizing water 

rate may result in improved results. However, it is noted that as not all the high SG minerals are 

liberated (particularly REM), the grade of particles with a comparable SG to that of magnetite 

likely falls somewhere between 10 % and 15 %.  

As the operating conditions were chosen without knowledge of the results of subsequent passes, 

those chosen for pass 3 and 4 were not effective. The grade of high SG minerals in the feeds for 

pass 3 and 4 were still above 15 %. The operating conditions used here were those determined to 

be best for a feed grade of 5 %, which are to employ relatively low bowl speeds and high fluidizing 

water rates. When using these conditions with higher feed grades (10 % or 15 %) relatively high 

grades were achievable (which was observed with the Nechalacho ore only for zircon) but 

recoveries where severely impacted (as was seen here). Future work following a flowsheet with 

more optimized conditions may prove the Knelson Concentrator as a highly effective method for 

concentrating the deposit. However, it is noted that the recovery and upgrading of REM is much 

lower than that of zircon and iron oxides. As such substantial improvements would be required to 

avoid significant losses of these minerals.  

Figure 7.24 shows the recovery by liberation class for the major minerals in the deposit. The first 

two stages of separation are effective at recovering the majority of liberated (free + liberated) 

zircon (72 %), HREM (88%) and iron oxides (75 %). However, only 29 % of the liberated LREM 

were recovered. This is likely a result of liberated LREM being of fine particle size which the 

Knelson is not effectively recovering. This is better visualized in Figure 7.25, which shows the 

recovery of all particles, zircon, HREM and LREM by SG class and particle size. It is evident that 
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the Knelson is highly effective at recovering and concentrating material > 38 m, whereas it is not 

effective for the finer size class. Further work is required to determine if improvements at fine 

particle sizes are possible. If not, the Knelson Concentrator may not be suitable to process this 

entire deposit, as fine grinding is required to liberate REM. It is also noted that a significant portion 

of REM remain in low SG particles (particularly HREM) at the fine particle size. It was proposed 

in Chapter 6 that this was a result of using a rod mill for size reduction and with a ball mill it may 

not be of issue. But this does demonstrate the need to further explore the effects of comminution 

on this ore and optimize the size reduction process for all stages of separation.    

 

Figure 7.20 – Cumulative upgrade ratio and recovery of the major mineral classes in the 

Knelson concentrates produced from Feed 2 
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Figure 7.21 – XRD pattern of the Knelson concentrates and Feed 2. 
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Figure 7.22 – Cumulative upgrade ratio and recovery of ZrO2 and Ce2O3 in the Knelson 

concentrates produced from Feed 2 
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Figure 7.23 – Upgrade ratio and recovery of the major mineral classes in the Knelson 

concentrates produced from Feed 2, relative to the feed of each pass 
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Figure 7.24 - Mineral associations of the Knelson products produced from Feed 2 for (a) 

zircon, (b) HREM, (c) LREM, (d) Fe oxides, (e) quartz/feldspars 
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Figure 7.25 – SG distribution of (a) all particles, (b) zircon, (c) LREM and (d) HREM in 

the Knelson products produced from Feed 2, shown cumulatively as such that the total of 

all bars equates to 100 % 
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7.3.2 Multi-Gravity Separator  

7.3.2.1 Feed 1 

Figure 7.26 shows the upgrade ratio and recovery of the major mineral classes in the ore after 

processing the fine particle fraction of Feed 1 with an MGS under different operating conditions 

(drum speed, wash water rate and scrapper system). The QEMSCAN results correspond well to 

those obtained by XRF (Figure 2.27). The results from this initial test work demonstrate that the 

MGS was highly effective at upgrading the high SG minerals in the deposit. Under these conditions 

there is very limited recovery of low SG material. Therefore, wash water has limited impact on 

grade and simply reduces the recovery of high SG minerals. Comparing the results of the low-

profile scrapper system (Figure 7.26c) to those of the traditional scrapper blades (Figure 7.26a and 

Figure 7.26b), suggests limited differences in the concentrates which can be produced, although 

more elevated drum speeds were required to achieve comparable recoveries (170 rpm vs. 162 rpm). 

Examining the recovery by liberation of zircon, HREM, LREM and iron oxides using the 

traditional scrapper blades at a drum speed of 168 rpm and wash water rate of 2 L/min (best 

condition studied) (Figure 7.28) demonstrates the MGS is primarily recovering liberated material. 

While not depicted in Figure 7.28, increasing the wash water rate, decreasing the drum speed or 

changing the scrapper blade system does not change the recovery by liberation profile, but results 

in lower recoveries of liberated material. This is depicted in Figure 7.29 and Figure 7.30, which 

shows the recovery by SG of zircon and LREM, respectively, under various operating conditions. 

It is evident that in both the + 20 m and - 20 m size fractions, these changes cause a lower 

recovery of high SG material. The major conclusion from this work is that higher drum speeds 

should be investigated, to determine if greater recoveries can be obtained. 
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Figure 7.26 – Cumulative upgrade ratio and recovery of the major mineral classes in the 

MGS concentrates produced from the fine particle fraction Feed 1 with traditional 

scrapper blades at a drum speed of (a) 162 rpm and (b) 168 rpm, and (c) with the low-

profile scrapper system at 170 rpm 
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Figure 7.27 – Cumulative upgrade ratio and recovery of ZrO2 and Ce2O3 in the MGS 

concentrates produced from the fine particle fraction Feed 1 with traditional scrapper 

blades at a drum speed of (a) 162 rpm and (b) 168 rpm, and (c) with the low-profile 

scrapper system at 170 rpm 
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Figure 7.28 – Mineral associations of the MGS products produced from the fine particle 

fraction of Feed 1, operating with a drum speed of 162 rpm and wash water rate of 2 L/min 

for (a) zircon, (b) HREM, (c) LREM, (d) Fe oxides 
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Figure 7.29 – SG distribution of zircon in the MGS concentrates produced from the fine 

particle fraction of Feed 1, operating with traditional scrapper blades and drum speeds and 

wash water rates of (a) 168 rpm and 2 L/min, (b) 168 rpm and 4 L/min, (c) 168 rpm and 4 

L/min and (d) with the low-profile scrapper system at a drum speed of 170 rpm and wash 

water rate of 2 L/min, shown cumulatively as such that the total of all bars equates to 100 

% 
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Figure 7.30 – SG distribution of LREM in the MGS concentrates produced from the fine 

particle fraction of Feed 1, operating with traditional scrapper blades and drum speeds and 

wash water rates of (a) 168 rpm and 2 L/min, (b) 168 rpm and 4 L/min, (c) 168 rpm and 4 

L/min and (d) with the low-profile scrapper system at a drum speed of 170 rpm and wash 

water rate of 2 L/min, shown cumulatively as such that the total of all bars equates to 100 

% 
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7.3.2.2 Feed 3 

To asses the use of higher drum speeds, Feed 3 was processed with an MGS equipped with the 

low-profile scrapper system at a drum speed of 185 rpm. The tailings from this stage were also 

reprocessed twice with drum speeds of 187 rpm and 186 rpm, respectively, with the goal of these 

two subsequent steps to act as a scavenger stage and recover as much of the high SG material as 

possible. The cumulative upgrade ratio and recovery of the major mineral classes after each pass 

is shown in Figure 7.31. The QEMSCAN results were validated qualitatively by XRD (Figure 

7.32) and quantitatively from XRF results (Figure 7.33). The results demonstrate that the use of 

higher drum speeds resulted in a greater recovery of high SG minerals (zircon: 63 %, HREM: 38 

%, LREM 28 % and iron oxides: 51 %); with limited recovery of quartz (6 %) and feldspar (2 %). 

With the very low gangue recovery, the upgrade ratios are comparable to those predicted by 

QEMSCAN; theoretically slitting the ore at an SG of 3.5 (Chapter 6, Figure 6.5d). After three 

passes, zircon, HREM, LREM and iron oxide recovery increased to 85 %, 62 %, 50 % and 75 %, 

respectively. However, higher recovery was offset by a lower grade. The recovery of LREM is 

partly hindered by a poor allanite recovery (17 % after one pass; 34 % after 3), likely as a result of 

its lower SG. If allanite is excluded 67 % of LREM are recovered after three passes.  

Examining the recovery relative to the feed of each pass through the MGS (Figure 7.34), only the 

first two passes are selective. From Figure 7.35, the first pass recovers primarily only liberated 

high SG minerals. The second recovers more binary and complex particles, along with some 

liberated material including liberated quartz and feldspar. The third pass is primarily recovering 

liberated quartz and feldspar.  

Figure 7.36 shows the recovery of all particles, as well as those containing zircon, HREM and 

LREM by SG class and particle size. This demonstrates that the MGS is highly effective at 

recovering high SG material with a particle size > 20 m. After a single pass, 78 % of the particles 

which have an SG > 4.0 and 75 % of those with an SG > 3.5, in the + 20 m size class, are 

recovered. In the - 20 m size fraction the recovery of material with an SG > 4.0 was only 30 %. 

The second pass recovered most of the remaining high SG material in the + 20 m class and some 
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additional (14 %) SG > 4.0 material in the - 20 m size class. However, this pass also recovered a 

significant quantity of low SG (< 3.0) particles of size > 20 m. These particles accounted for 53 

% of the concentrate mass. The third pass recovered more low SG coarse particles which accounted 

for 70 % of the third concentrate.  

These initial findings suggest that the MGS can be a highly effective method of separation for the 

Nechalacho deposit. However, for this to be the case the recovery of fine high SG material and the 

SG of REM-bearing particles, particularly < 20 m, must be significantly improved. The recovery 

of fine material could be improved simply through the optimization of MGS operating conditions. 

However, processing the coarse and fine material separately may be more successful. As was 

already suggested in Chapter 6, one method of improving the SG distributions (liberation) of REM 

is by using a ball mill rather than a rod mill. However, even with improved liberation it is noted 

that allanite losses may be significant.  

 

Figure 7.31 – Cumulative upgrade ratio and recovery of the major mineral classes in the 

MGS concentrates produced from Feed 3 
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Figure 7.32 – XRD pattern of the MGS concentrates and Feed 3 
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Figure 7.33 – Cumulative upgrade ratio and recovery of ZrO2 and Ce2O3 in the MGS 

concentrates produced from Feed 3 
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Figure 7.34 – Upgrade ratio and recovery of the major mineral classes in the MGS 

concentrates produced from Feed 3, relative to the feed of each pass 
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Figure 7.35 - Mineral associations of the MGS products produced from Feed 3 for (a) 

zircon, (b) HREM, (c) LREM, (d) Fe oxides, (e) quartz/feldspars 
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Figure 7.36 – SG distribution of (a) all particles, (b) zircon, (c) HREM and (d) LREM in 

the MGS products produced from Feed 3, shown cumulatively as such that the total of all 

bars equates to 100 % 
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7.3.3 Mozley Laboratory Shaking Table 

7.3.3.1 Feed 4 

To asses a multi-stage process involving preconcentration at coarse particle size, re-grinding and 

then a primary gravity separation stage, the spiral concentrate produced from the coarse particle 

fraction of Feed 4 was re-ground to - 53 m, combined with the fine particle fraction which was 

removed prior to spiral concentration and processed using a Mozley Laboratory Separator Table 

(Chapter 5, Figure 5.4). Although the Mozley Laboratory Separator Table is a laboratory device 

(does not directly represent an industrial shaking table) and is likely to be much less efficient when 

compared to a MGS, especially at particle sizes < 20 m (Traore et al., 1995), it was used as there 

was insufficient mass available (< 10 kg) to process the material using a MGS. While a MGS is 

likely to offer superior results and is likely better suited in this flowsheet; it is noted that, 

industrially, shaking tables are much more commonly employed and have been used in various 

flowsheets developed for three of the largest REE mines in China: the Bayan Obo deposit, the 

Maoniuping deposit and the Weishan deposit (Chi et al., 2001; Gupta and Krishnamurthy, 2005; 

Houot et al., 1991; Jordens et al., 2013; Ling and Yang, 2014; Luo and Chen, 1987). 

The upgrade ratio and recovery of the major mineral classes relative to the feed to the shaking 

table (after spiral concentration) and relative to the initial feed (before spiral concentration) are 

shown in Figure 7.36. The corresponding ZrO2 and Ce2O3 upgrade ratio and recovery is shown in 

Figure 7.37. The results indicate that the table is effective at recovering and upgrading high SG 

minerals. From Figure 7.38, it is suggested that the relatively low recovery of LREM and HREM 

is again hindered by their association with low SG minerals in fine particles. As has been 

previously discussed this could be improved by using a ball mill in lieu of a rod mill. Overall 

compared with the MGS recoveries are improved, however grades are much lower. This is a result 

of the reduced selectivity at coarse (> 20 m) particle size, as well as a greater proportion of 

valuable minerals being present in (high SG) particles of size > 20 m from stage grinding. 
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Figure 7.37 – Upgrade ratio and recovery of the major minerals classes in the table 

concentrate produced from Feed 4, relative to the table feed and the initial feed  
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Figure 7.38 – Upgrade ratio and recovery of ZrO2 and Ce2O3 in the table concentrate 

produced from Feed 4, relative to the table feed and the initial feed  
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Figure 7.39 – SG distribution of (a) all particles, (b) zircon, (c) HREM and (d) LREM in 

the table products produced from Feed 4, shown cumulatively as such that the total of all 

bars equates to 100 % 
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7.4 Conclusions 

This chapter assessed various gravity separation techniques as a preconcentration and primary 

separation stage for the beneficiation of the Nechalacho ore. The general conclusions of this 

chapter are: 

1. Gravity modeling using QEMSCAN can be used to confidently predict grade and recovery 

values by SG for DMS. 

2. The liberation and association behaviour of the ore following grinding allows for a gravity 

preconcentration step at relatively coarse particle sizes to be effective. With proper 

optimization, such a step could result in significant gangue rejection early in the process. 

3. Both the Knelson Concentrator and spiral are effective preconcentration steps, but, the 

simplicity and effectiveness of the spiral makes it a more applicable process in an industrial 

setting. 

4. The Knelson Concentrator, MGS and Mozley Laboratory Separator Table were all capable 

of producing a high-grade concentrate. They were particularly effective at particle sizes > 

20 m. 

5. As the MGS could produce near ideal separation it offers the greatest potential moving 

forward, however, its ability to recover fine (< 20 m) high SG material should be 

addressed 

6. When equipped with the low-profile scrapper system the MGS required high drum speeds 

to produce a similar concentrate to that obtained with the traditional scrapper blades.  

7. Optimization of the comminution process for a preconcentration step using spirals and a 

primary separation stage with an MGS is imperative to achieving acceptable zircon and 

REM recoveries. 
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8.1 Introduction 

This chapter details magnetic separation experiments applied to the first MGS concentrate and the 

shaking table concentrate produced from Feed 3 and Feed 4, respectively. Readers are referred to 

Chapter 5 for information regarding the operating conditions of magnetic separation devices and 

the preparation of the feed; and Chapter 7 for the characteristics of the gravity concentrates. The 

goal of the work detailed in this Chapter is to asses the behaviour of the major minerals in low- 

and high-intensity magnetic fields. A laboratory wet magnetic test chute was employed as a LIMS 

(0.04 T) and a WHIMS was used to test the impact of a higher magnetic intensities [1.8 T (Feed 

3) and 1.4 T (Feed 4)]. The products of each separation stage were analyzed by QEMSCAN and 

XRF.  

8.2 Laboratory Wet Magnetic Test Chute 

The upgrade ratio and recovery of the major mineral classes in the products of the laboratory wet 

magnetic test chute performed on the MGS concentrate (Feed 3) are shown in Figure 8.1; with 

elemental (ZrO2, Ce2O3 and Fe2O3) upgrade ratio and recovery values determined by XRF shown 

in Figure 8.2. Similar plots detailing the results of test work on the table concentrate (Feed 4) are 

provided in Figure 8.3 and Figure 8.4. The results are presented relative to the feed to the LIMS 

(the gravity concentrate) as well as relative to the overall feed sample prior to gravity separation. 

Both concentrates respond similarly to the LIMS step, which effectively removed iron oxides (80 

% recovery); leaving approximately 80 % of REM and zircon in the non-magnetic fraction. 

Mineral recovery and upgrading relative to the initial feeds are a direct result of the effectiveness 

of the preceding gravity separation stage. The non-magnetic fraction of the MGS achieved 

significantly higher grades than that of the table, with slightly lower recoveries.  
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Figure 8.1 – Upgrade ratio and recovery of the major mineral classes in the (a) magnetic 

fraction and (b) non-magnetic fraction following LIMS of the first MGS concentrate (Feed 

3). Results are presented relative to the MGS concentrate and the initial feed sample 

 

Figure 8.2 – Upgrade ratio and recovery of ZrO2, Ce2O3 and Fe2O3 in the (a) magnetic 

fraction and (b) non-magnetic fraction following LIMS of the first MGS concentrate (Feed 

3). Results are presented relative to the MGS concentrate and the initial feed sample 
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Figure 8.3 – Upgrade ratio and recovery of the major mineral classes in the (a) magnetic 

fraction and (b) non-magnetic fraction following LIMS of the table concentrate (Feed 4). 

Results are presented relative to the table concentrate and the initial feed sample 

 

Figure 8.4 – Upgrade ratio and recovery of ZrO2, Ce2O3 and Fe2O3 in the (a) magnetic 

fraction and (b) non-magnetic fraction following LIMS of the table concentrate (Feed 3). 

Results are presented relative to the MGS concentrate and the initial feed sample 

Although the LIMS step is effective at removing iron oxides from the gravity concentrate, losses 

of zircon and REM to this stream are significant (20 %). These minerals are paramagnetic or 

diamagnetic (Chapter 4, Section 4.3.1), therefore, they are not expected to report to the magnetic 

fraction following LIMS. As such it is likely they are recovered as a result of being entrapped by 

magnetic material (iron oxides) or due to their mineral association with highly magnetic material. 
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The liberation and association distribution of minerals in the magnetic and non-magnetic fractions 

are given in Figure 8.5 and Figure 8.6. The results indicate that most the valuable mineral-bearing 

particles (particularly zircon) in the magnetic fraction are free. As such, one would suspect this 

material is recovered by entrapment. However, the QEMSCAN definition of a free particle is that 

> 95 % of the particle surface area is a single mineral. Using SEM-EDS, to take a closer look at 

these particles it was determined that many of the valuable mineral-bearing particles, which would 

be classified as free or liberated by QEMSCAN, are associated with minor amounts of iron (Figure 

8.7). This minor association with highly magnetic (ferromagnetic) material likely results in the 

particles having sufficient attraction to the magnetic field, causing them to be recovered. 

Therefore, without any further breakage, to free this material from iron oxides, these losses may 

be unavoidable.  

As an alternative to the upgrade ratio and recovery plots given in Figure 8.1 and Figure 8.3, the 

grade and recovery (relative to the initial feeds) of the non-magnetic fractions is given in Figure 

8.8. It is evident that a flowsheet employing gravity and magnetic separation can produce a high-

grade concentrate (grade of valuable material in the non-magnetic fraction of the MGS concentrate 

is 50 %). However, in this case recoveries (particularly of REM) are quite low. The low recoveries 

are a direct result of the lack of optimization carried out in this research program. The results of 

Chapter 6 indicate that with proper optimization of the comminution circuit and gravity separation 

stages (both preconcentration using a spiral and primary separation using a MGS), a high grade 

product with adequate recoveries is achievable. Future work should be focussed on directly 

assessing this conclusion. 
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Figure 8.5 – Mineral associations of the magnetic and non-magnetic fractions produced 

from the LIMS step on the MGS concentrate (Feed 3) for (a) zircon, (b) HREM, (c) LREM 

and (d) iron oxides 
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Figure 8.6 – Mineral associations of the magnetic and non-magnetic fractions produced 

from the LIMS step on the table concentrate (Feed 4) for (a) zircon, (b) HREM, (c) LREM 

and (d) iron oxides 
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Figure 8.7 – BSE image (left) and elemental phase [Ce, Zr (centre) and Fe (right)]  

identification of zircon and REM particles in the LIMS magnetic fraction of the MGS 

concentrate (Feed 3); showing minor iron association with particles which would be defined 

as “free” or “liberated” by QEMSCAN  
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Figure 8.8 – Grade and recovery of the major mineral classes in the non-magnetic fraction 

of (a) the MGS concentrate (Feed 3) and (b) the table concentrate (Feed 4) after LIMS, 

relative to the initial feed. 

8.3 Wet High-Intensity Magnetic Separation 

The results of Section 8.2 along with those of Chapter 7 suggest that a high-grade bulk zircon/REM 

concentrate can be produced, and with proper optimization this could occur with adequate valuable 

mineral recoveries. It may be of interest to then separate REM from zircon as their response in 

downstream elemental extraction and separation processes is very different (leaching and digestion 

of zircon is orders of magnitude more difficult than a mineral such as bastnӓsite). As most of the 

REM in the deposit (apart from synchysite) are paramagnetic and zircon is diamagnetic, a WHIMS 

was tested with the goal of separating REM from zircon.  

The upgrade ratio and recovery of the major mineral phases in the WHIMS (operated at 1.8 T) 

products of the LIMS non-magnetic fraction of the MGS concentrate are shown in Figure 8.9. The 

elemental (ZrO2, Ce2O3 and Fe2O3) upgrading and recovery can be seen in Figure 8.10. The results 

indicate that HREM and LREM are concentrated in the WHIMS magnetic fraction, with most of 

the zircon reporting to the non-magnetic fraction. Although this demonstrates that REM can be 

concentrated, the recovery (relative to the WHIMS feed) of HREM and LREM is only 60 % and 

50 %, respectively. Apart from synchysite, which has been reported as a diamagnetic mineral (Al-
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Ali et al., 2019), all other REM are paramagnetic. Therefore, those which report to the non-magnetic 

fraction may be insufficiently liberated or too fine (relative to their magnetic susceptibility) to be 

recovered with the WHIMS conditions (matrix type, field strength and/or field gradient) which 

were employed. The results of the WHIMS (operated at 1.4 T) step performed on the LIMS non-

magnetic fraction of the table concentrate, provided on a mineral basis in Figure 8.11 and elemental 

one in Figure 8.12, demonstrate similar findings. However, lower REM recoveries were observed, 

due to the lower field strength; and lower grades were observed, due to the increased quantity of 

quartz and feldspar present in the table concentrate. 

 

Figure 8.9 – Upgrade ratio and recovery of the major mineral classes in the (a) magnetic 

fraction and (b) non-magnetic fraction following WHIMS of the LIMS non-magnetic 

fraction of the MGS concentrate (Feed 3). Results are presented relative to the MGS 

concentrate and the initial feed sample 
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Figure 8.10 – Upgrade ratio and recovery of ZrO2, Ce2O3 and Fe2O3 in the (a) magnetic 

fraction and (b) non-magnetic fraction following WHIMS of the LIMS non-magnetic 

fraction of the MGS concentrate (Feed 3). Results are presented relative to the MGS 

concentrate and the initial feed sample 

 

Figure 8.11 – Upgrade ratio and recovery of the major mineral classes in the (a) magnetic 

fraction and (b) non-magnetic fraction following WHIMS of the LIMS non-magnetic 

fraction of the table concentrate (Feed 4). Results are presented relative to the MGS 

concentrate and the initial feed sample 
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Figure 8.12 – Upgrade ratio and recovery of ZrO2, Ce2O3 and Fe2O3 in the (a) magnetic 

fraction and (b) non-magnetic fraction following WHIMS of the LIMS non-magnetic 

fraction of the table concentrate (Feed 4). Results are presented relative to the MGS 

concentrate and the initial feed sample 

To asses the magnetic response of individual REM, their upgrade ratio and recovery values were 

plotted in Figure 8.13. These results demonstrate that the relative magnetic response of REM is 

allanite > fergusonite > columbite (Fe) > monazite > bastnӓsite > synchysite. These results 

correspond to the magnetic susceptibilities reported by Rosenblum and Brownfield (2000), Jordens 

et al. (2014) and Al-Ali et al. (2019) (Chapter 4, Section 4.3.1). Comparing the WHIMS magnetic 

product of the MGS concentrate (operated at 1.8 T) to that of the table concentrate (operated at 1.4 

T), increasing the field strength increased REM recovery. The recovery increased 7 - 10 % for all 

REM apart from allanite, which saw a 19 % increase in recovery. Further increases in magnetic 

field strength may be beneficial, however, as discussed in Chapter 3 (Section 3.4.1), increases in 

the magnetic field strength can result in a lower magnetic force acting on particles, and it may be 

more effective to increase the magnetic field gradient employing a different matrix design, or using 

a different technique all together, such as a high-gradient magnetic separator (HGMS) (i.e. SLon). 

The liberation and association characteristics of zircon, HREM, LREM and iron oxides in the 

WHIMS magnetic and non-magnetic fraction of the MGS concentrate can be seen in Figure 8.14. 

The recovery of liberated HREM and LREM, to the magnetic fraction, was 74 % and 54 %, 

respectively. Most of the liberated LREM reporting to the non-magnetic fraction are bastnӓsite, 
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monazite and synchysite. The relatively low recovery of liberated paramagnetic material reiterates 

a higher magnetic force is required to recover these minerals at this particle size and methods with 

an increased magnetic field gradient should be investigated. The significant association of HREM 

with zircon should also be acknowledged. While < 1 % of the zircon mass is associated with 

HREM, it does account for 15 % of the HREM mass which may impact downstream processing 

(leaching).  

The grade and recovery values (relative to the initial feed) of the WHIMS magnetic and non-

magnetic fractions for the MGS and table concentrates are shown in Figure 8.15 and Figure 8.16, 

respectively. The WHIMS magnetic product of the MGS concentrate recovered 28 % of REM at 

a grade of 24 %, and the non-magnetic product recovered 46 % of zircon at a grade of 44 %. As 

previously stated, with proper optimization of the comminution and gravity separation steps 

significant improvements in recovery are expected. However, the test work detailed in Chapter 7 

(Section 7.3.2) suggested that the MGS is less effective at recovering allanite, compared to the 

other value minerals in the deposit. Therefore, an additional step to recover allanite may be 

required. As the WHIMS results indicate that it is highly effective at recovering allanite, it could 

be employed on the MGS tails. If such a step is successful it would have a significant impact on 

the overall REE recovery.  
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Figure 8.13 – Upgrade ratio and recovery of REM in the WHIMS magnetic fraction of the 

LIMS non-magnetic fraction of the (a) MGS concentrate and (b) table concentrate, relative 

to the WHIMS feed 
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Figure 8.14 – Mineral associations of the magnetic and non-magnetic fractions produced 

from WHIMS of the LIMS non-magnetic fraction of the MGS concentrate (Feed 3) for (a) 

zircon, (b) HREM, (c) LREM and (d) iron oxides 
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Figure 8.15 – Grade and recovery of the major mineral classes in the WHIMS (a) magnetic 

and (b) non-magnetic fraction of the LIMS non-magnetic fraction of the MGS concentrate, 

relative to the initial feed (Feed 3) 

 

 

Figure 8.16 – Grade and recovery of the major mineral classes in the WHIMS (a) magnetic 

and (b) non-magnetic fraction of the the LIMS non-magnetic fraction of the table 

concentrate, relative to the initial feed (Feed 4) 
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8.4 Proposed Flowsheet 

Following the results of gravity (Chapter 7) and magnetic separation (Chapter 8) experiments 

undertaken in this thesis, a potential flowsheet, employing gravity and magnetic separation, is 

proposed to beneficiate the Nechalacho deposit. A simplified version of this flowsheet can be seen 

in Figure 8.17. The feed would initially be pre-concentrated using a spiral to reject a significant 

portion of silicate gangue (quartz and feldspars) at a relatively coarse particle size. The gravity 

concentrate would then be re-ground and processed using a MGS. The MGS concentrate would 

undergo subsequent stages of magnetic separation; removing iron oxide gangue with a LIMS and 

then separating zircon and REM using a WHIMS. The MGS tails would be processed using a 

WHIMS to recover additional allanite. The application of this flowsheet is highly dependant upon 

an in-depth study into the comminution behaviour of the ore to optimize the feed for each 

separation stage. Optimization of the operating parameters in each separation stage is also 

imperative.  
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Figure 8.17 – Simplified flowsheet proposed to beneficiate the Nechalacho deposit 

8.5 Conclusions 

Chapter 8 has detailed the magnetic response of minerals in the MGS and table concentrates to 

LIMS and WHIMS. The conclusions are as follows: 

1. The LIMS step is effective are removing iron oxides from REM and zircon in the gravity 

concentrates. 

2. Some zircon and REM losses are expected to the magnetic fraction of the LIMS step, due 

to their association with iron oxides. 
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3. WHIMS was effective at producing a high REM concentrate, leaving zircon in the non-

magnetic fraction. However, as the recovery of REM (particularly bastnӓsite and 

monazite) was low, the use of higher magnetic field gradients is recommended. 

4. The relative magnetic response of REM in the Nechalcho ore followed allanite > 

fergusonite > columbite (Fe) > monazite > bastnӓsite > synchysite. 

5. The magnetic response of allanite to the WHIMS suggests its use on the MGS tails to limit 

allanite losses. 

6. A flowsheet employing gravity and magnetic separation was suggested 
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9.1 Conclusions 

This chapter summarizes the main conclusions from this thesis, details the claims to original work 

and highlights the areas identified as requiring future work. 

This research program has focussed on the constructing a process for the beneficiation of the 

Nechalacho REM deposit that is based on sound mineral processing fundamentals; while adding 

to the body of knowledge surrounding the beneficiation of REM, which is quite limited. The 

conclusions of this work are as follows: 

1. The liberation and association behaviour of zircon and REM was identified as a significant 

opportunity to concentrate the Nechalacho ore using gravity separation 

2. The method of comminution has a significant impact on the liberation and association 

behaviour of the ore, particularly for REM  

3. Gravity modeling using automated mineralogy has been shown to be capable of accurately 

predicting grade and recovery values by SG for DMS 

4. A spiral concentrator can be used to preconcentrate zircon and REM in the Nechalcho ore 

at particle sizes above their liberation size 

5. A MGS can produce near ideal separation of REM and zircon from silicate gangue at 

particle sizes close to their liberation size; resulting in a bulk heavy mineral (zircon, REM 

and iron oxides) concentrate 
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6. A LIMS step was successful at removing iron oxides from the gravity concentrate, resulting 

in a bulk zircon and REM concentrate. However, due to the association of iron oxides with 

value minerals, some losses are expected 

7. A WHIMS can separate REM from zircon, however, for this stage to be effective high 

magnetic field gradients are recommended. The relative response of REM to this step 

followed allanite > fergusonite > columbite (Fe) > bastnäsite > monazite > synchysite 

which corresponds well to reported magnetic susceptibilities in literature 

8. A flowsheet was proposed to beneficiate the Nechalcho ore using only physical separations 

9.2 Contributions to Original Knowledge 

This thesis involved the application of automated mineralogy to understand the behaviour of a 

novel class of minerals in established separation techniques. In the literature, there is generally a 

poor understanding of how to process complex REM deposits, such as the Nechalacho deposit. As 

such, the contributions of this work can be generally stated as the development of a framework of 

REM beneficiation knowledge which future researchers can build on. The major contributions are 

summarized as follows: 

1. A physical separation (gravity and magnetic) process capable of processing the Nechalcho 

deposit was proposed 

2. Automated mineralogy was used extensively to characterize each process which was 

studied; developing an improved fundamental understanding of each technique which was 

employed and their application to REM beneficiation  

3. For the first time, a MGS was applied to an ore containing multiple REM and their response 

was understood on a mineralogical basis 

4. The separation of iron oxides, REM and zircon using magnetic separation was studied and 

the relative response of the various REM present in the Nechalacho deposit was reported 
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5. Automated mineralogy was demonstrated as an important and highly effective tool when 

developing a beneficiation process for complex ore deposits 

9.3 Future Work 

Although REM beneficiation has received an extensive amount of research over the last decade 

there continues to be significant gaps in knowledge. Certain areas in need of investigation for the 

field of REM beneficiation include: 

1. Fundamental physicochemical characterisation of valuable REM to determine bulk 

properties (specific gravities, magnetic properties, etc.) and surface properties (for 

flotation) which control separation behaviour 

2. Applying automated mineralogy to understand the behaviour of REM in other established 

separation techniques (i.e. flotation, HGMS, etc.) 

In the context of the Nechalacho deposit the following areas should be investigated: 

1. A fundamental investigation into the comminution behavior of the ore, to optimize the feed 

for downstream separation processes 

2. Spiral circuits which include rougher, cleaner and scavenger stages with recycling to 

determine an optimal process for preconcentration 

3. Optimization work of the MGS to ensure grade and recovery targets are met 

4. The use of different WHIMS matrix designs to optimize the magnetic force acting on REM 

5. The use of a HGMS (i.e SLon) in place of a WHIMS 
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A.1 Overview of Appendix A 

Appendix A contains two published manuscripts containing preliminary experimental work which 

was completed during this research program. Both studies provided insightful information to direct 

the studies found in the thesis, however, are generally outside of its main scope. The first, titled 

“The potential for dense medium separation of mineral fines using a laboratory Falcon 

Concentrator”, is published in Minerals Engineering and details a novel use of a Falcon 

Concentrator to process Nechalcho gravity tails by dense medium separation. This paper details 

some early work demonstrating the potential of using gravity separation to process this ore, even 

at ultra fine particle sizes (d80 = 11 m). The second, also published in Minerals Engineering, is 

titled “A design of experiments investigation into the processing of fine low specific gravity 

minerals using a laboratory Knelson Concentrator”. This manuscript focuses on determining 

optimal operating conditions of a Knelson Concentrator when processing a synthetic ore of 

magnetite and quartz sized at – 53 m. Although this work is not performed on REM, magnetite 

is used instead as it is easy to obtain in large quantities and has a similar specific gravity to many 

of the REM in the Nechalacho deposit. The operating conditions determined in this paper to 

provide the best grade and recovery of magnetite were those used for the Knelson Concentrator 

testwork in this thesis.  
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A.2 The Potential for Dense Medium Separation of Mineral Fines 

Using a Laboratory Falcon Concentrator 

Dense medium separation (DMS) is a technique used to separate particles based on specific 

gravity. While industrially limited by particle size, this technique is an effective method to asses 

the applicability of gravity separation to an ore at the laboratory scale. At the laboratory scale, 

separation using a static bath or centrifuge can be used. This study examined the use of a traditional 

laboratory centrifuge as well as a Falcon Concentrator, modified to act as a DMS centrifuge. While 

the primary focus of this work was the development and testing of the modified Falcon 

Concentrator, it does demonstrate that gravity separation may be an effective method of 

concentrating the ore. This manuscript has been published in the peer-reviewed journal Minerals 

Engineering (Marion, C., Williams, H., Langlois, R., Kökkılıç, O., Coelho, F., Awais, M., 

Rowson, N.A., Waters, K.E., 2017. The Potential for Dense Medium Separation of Mineral Fines 

Using a Laboratory Falcon Concentrator. Minerals Engineering 105, 7-9) and is reproduced below.  
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Abstract 

Dense medium separation (DMS) is a technique used to separate particles based on specific 

gravity. Conventional DMS is, however, limited to coarse particle sizes and is not practical when 

processing fines. To improve the separation efficiency when processing fine particles, centrifugal 

separators have been employed. This work investigated DMS in a lab centrifuge and a modified 

Falcon Concentrator, in order to process the slimes of a rare earth ore. It has been shown that 

centrifugal concentration using a dense medium is possible when recovering values from a slimes 

fraction. Both the lab centrifuge and modified Falcon Concentrator resulted in a similar 

performance. 
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A.2.1 Introduction 

Dense medium separation (DMS) is a process by which particles are separated based on differences 

in specific gravity (SG). The process can be controlled with a high degree of precision over a wide 

range of separating densities and is commonly applied as a pre-concentration step for minerals 

(such as cassiterite) and in the separation of coal from contaminants (Wills and Finch, 2016). An 

aqueous suspension of fine particles (significantly finer than the particles that are being separated) 

or a heavy liquid with a predetermined density is utilised as the medium and particles with a SG 

less than the liquid will float and those with a SG greater than the liquid will sink. Traditionally, 

DMS is performed using static bath separators, for which separation is only practical at coarse 

particle sizes (> 4 mm) as the slow settling rates of fine particles result in a poor separation 

efficiency (Wills and Finch, 2016). To improve the separation efficiency of finer particles, 

centrifugal separators have been employed to aid in their migration through the dense medium. 

Industrially, centrifugal DMS is considered practical for particle sizes down to 0.5 mm in diameter 

(Wills and Finch, 2016), however, several initiatives to beneficiate fine coal have shown that good 

separation can be achieved for particle sizes down to 25 m (Aktaş et al., 1998; Klima et al., 1995), 

and more recently, work by Hirajima et al. (2005), investigating centrifugal DMS for the recycling 

of rare earth-activated phosphors from waste fluorescent lamps, demonstrated effective separation 

of particles with a size of 3 – 13 m.   

The use of a centrifuge to separate material on the basis of density is not only limited to DMS. A 

similar process to centrifugal DMS, known as density gradient centrifugation, is widely used in 

molecular biology for separating particles such as viruses, ribosomes or molecules (such as DNA) 

(Brakke, 1951; Hinton and Dobrota, 1978). Centrifuges are also employed to separate suspended 

solids from liquids in other industries, such as food and agriculture, pharmaceutical and 

biotechnology, environmental industries, and chemical industries (Beveridge, 2000).  

This work investigates using a modified laboratory scale Falcon Concentrator as a DMS centrifuge 

to process fines from the Nechalacho deposit in Canada, which is being investigated for its rare 

earth potential (Jordens et al., 2013; Jordens et al., 2014; Xia et al., 2015). While there are multiple 

rare earth minerals in this deposit, zircon is the mineral of greatest importance due to its high 

content of the significantly more valuable rare earth elements (Ciuculescu et al., 2013; 

Grammatikopoulos et al., 2011). 
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A.2.2 Materials and Experimental Methodology 

A.2.2.1 Materials 

The raw material used in this work was obtained from the Nechalacho Deposit (Avalon Advanced 

Materials Inc., Canada) located in the Northwest Territories of Canada. Prior to DMS experiments, 

the ore was subject to a series of gravity and magnetic separation experiments detailed in Jordens 

et al. (2016a). The gravity tailings were then passed through a lab-scale model WD(20) wet drum 

permanent magnet to remove magnetite. The non-magnetic fraction was then passed through a 2” 

de-sliming hydrocyclone (Salter Cyclones Ltd, UK) with a cut size of approximately 4 m and 

operating pressure of 30 psi. The slimes fraction (overflow) of the hydrocyclone was then used as 

the feed (d50 = 3.9 m, d80 = 11.2 m) for the DMS experiments. Lithium metatungstate (LMT) 

[LMT Liquid, LLC (USA)] with a density of 2.95 was used for all DMS experiments. 

A.2.2.2 Dense Medium Separation in Lab Centrifuge 

Centrifugal DMS was performed using an IEC Centra CL2 centrifuge (Thermo Electron 

Corporation, USA). Samples were added to 35 mL of heavy liquid solution to give a solid content 

of 12.5 %w/w in 50 mL centrifuge tubes. The suspensions were then mixed by hand shaking the 

sample and centrifuged for 15 min at 4400 rpm. Six repeat tests were performed and the heavy and 

light fractions from each were mass balanced and analyzed separately using x-ray fluorescence 

(XRF) analysis. All XRF analysis in this work was performed using a Niton XL3t GOLDD+ XRF 

analyzer (Thermo Fisher Scientific, USA).  

A.2.2.3 Dense Medium Separation in a Modified Falcon Concentrator  

The Falcon Concentrator (model SB-6A manufactured by Sepro Mineral Systems, Canada) used 

in this work was equipped with an ultrafine (U/F) bowl. The unit was modified with a lid to seal 

the bowl, allowing for the sample and heavy liquid to be contained throughout the experiment. The 

bottom of the bowl was filled with a mouldable plastic to create a flat base for ease of emptying. 

A schematic of the modified Falcon U/F bowl can be seen in Figure A.1. Prior to beginning the 

test, the sample was added to 200 mL of heavy liquid solution to ensure a solid content of 12.5 

%w/w. The Falcon Concentrator was operated at 1550 rpm for 60 min. Particles which remained 

attached to the bowl walls after operation were considered the “heavy” fraction and the remaining 

particles made up the “light” fraction. Four repeat tests were performed and light and heavy 

fractions from each test were then individually analyzed using XRF analysis.  
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Figure A.1 (a) front view, (b) cross-sectional view and (c) exploded view of the modified 

Falcon U/F bowl 

A.2.3 Results and Discussion 

A.2.3.1 Dense Medium Separation in Lab Centrifuge 

The elemental grades and recovery of the heavy and light fractions produced from DMS performed 

in a lab centrifuge are shown in Table A.1 and A.2 respectively. The elemental distribution 

indicates that Zr, and therefore zircon (SG 4.65) (as it is the only Zr bearing mineral in the deposit), 

is more abundant in the heavy fraction, with an upgrade ratio of 2.9. The recovery of zircon to the 

heavy fraction is 71 %. The increased Fe content in the heavy fraction also suggests that iron oxide 

minerals [magnetite (SG 5.17) and hematite (SG 5.26)] are being concentrated. However, the 

relatively low recovery of Fe (46.9 %) in the heavy fraction may suggest that these minerals remain 

locked to silicate gangue, causing them to report to the light fraction. The elevated Si content in 

the light fraction, suggests that silicate gangue minerals [quartz (SG 2.65) and feldspars (SG 2.55-

2.76)] are reporting to the light fraction.  
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Table A.1 Elemental grade of heavy and light fractions produced from DMS in a lab 

centrifuge 

Sample 
Si 

(%) 

95 % 

confidence 

Fe 

(%) 

95 % 

confidence 

Zr 

(%) 

95 % 

confidence 

W  

(%) 

95 % 

confidence 

Feed 12.0 0.7 8.3 0.5 1.2 1.0 x 10-2 1.4 x 10-2 4.2 x 10-3 

Heavy 7.1 1.0 16.6 0.9 3.5 0.2 1.6 0.5 

Light 14.8 1.6 5.5 1.0 0.4 0.1 0.5 0.1 

 

Table A.2 Elemental recovery of heavy and light fractions produced from DMS in a lab 

centrifuge 

Sample Si (%) 
95 % 

confidence 
Fe (%) 

95 % 

confidence 
Zr (%) 

95 % 

confidence 

Heavy 12.2 2.2 46.9 4.9 70.8 5.7 

Light 87.8 2.2 53.1 4.9 29.2 5.7 

 

While Table A.1 suggests that heavy (SG > 2.95) minerals, most notably zircon, are being 

concentrated in the heavy fraction it is important to note that there are some discrepancies in the 

reported values when compared to the feed sample (average of 5 samples analyzed by XRF 

analysis). This is due to the LMT remaining in the samples after DMS (indicated by the elevated 

concentration in W in both the heavy and light fractions). This indicates that more work is required 

to ensure all entrained heavy liquid is removed from the samples, however, W content remains 

relatively low and is likely to have minimal effect on the values reported in this work.  

A.2.3.2 Dense Medium Separation in a Modified Falcon Concentrator 

The elemental grades and recoveries of the heavy and light fractions produced from DMS 

performed in a modified Falcon Concentrator are shown in Table A.3 and A.4 respectively. Similar 

to the results obtained for the lab centrifuge, the results suggest that heavy minerals (SG > 2.95) 

are being concentrated in the heavy fraction while minerals with relatively low densities (such as 

silicate gangue) are reporting to the light fraction. Using the modified Falcon Concentrator results 
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in similar grades to those obtained when using the lab centrifuge, however, significant decreases 

in recovery are observed. The decreases in Zr and Fe recovery are likely due to the fact that the 

centrifugal acceleration in the modified Falcon Concentrator (130 times Earth’s gravitational 

acceleration) is much lower than that in the lab centrifuge (2100 times Earth’s gravitational 

acceleration). The significant reduction in centrifugal acceleration likely prevents ultrafine 

particles from migrating to the wall of the U/F bowl to be collected. This may be a limitation for 

DMS in a modified Falcon Concentrator, however, more work is required to optimize the process 

to determine if further improvements in recovery can be made. 

Table A.3 Elemental grade of heavy and light fractions produced from DMS in a modified 

Falcon concentrator 

Sample 
Si 

(%) 

95 % 

confidence 
Fe 

(%) 

95 % 

confidence 
Zr 

(%) 

95 % 

confidence 

W 

(%) 

95 % 

confidence 

Feed 12.0 0.7 8.3 0.5 1.2 1.0 x 10-2 1.4 x 10-2 4.2 x 10-3 

Heavy 9.5 0.8 16.0 1.0 4.0 0.3 0.4 0.1 0.07 

Light 14.8 2.2 5.8 0.5 0.7 0.1 0.5 0.2 

 

Table A.4 Elemental recovery of heavy and light fractions produced from DMS in a modified 

Falcon concentrator 

Sample Si (%) 
95 % 

confidence 
Fe (%) 

95 % 

confidence 
Zr (%) 

95 % 

confidence 

Heavy 9.6 2.3 31.4 2.6 48.4 4.3 

Light 90.5 2.3 68.6 2.6 51.6 4.3 

 

A.2.4 Conclusions 

It has been shown that centrifugal concentration using a dense medium is possible when recovering 

values from a slimes fraction. The use of a modified Falcon Concentrator U/F bowl resulted in a 

similar performance to that of the standard centrifuge used. Further work is required to optimise 

this process, and to remove all entrained heavy liquid. 
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This technique has potential for processing high value slimes, where any loss of value may have a 

significant impact on the profitability of a mineral processing plant. 
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A.3 A Design of Experiments Investigation into the Processing of Fine 

Low Specific Gravity Minerals Using a Laboratory Knelson 

Concentrator 

This study was performed to determine operating conditions which could provide more ideal 

separation when using the Knelson Concentrator to beneficiate the Nechalacho ore after it is 

ground to a particle size range below 53 m. The work employed a synthetic ore comprised of 

magnetite (which has a similar SG to the heavy minerals found in the Nechalacho deposit) and 

quartz (similar SG to the deposits gangue). The conditions determined from this study were those 

which were used for the Knelson Concentrator test work in this thesis. This manuscript has been 

published in the peer-reviewed journal Minerals Engineering (Marion, C., Langlois, R., Kökkılıç, 

O., Zhou, M., Williams, H., Awais, M., Rowson, N.A., Waters, K.E., 2019. A Design of 

Experiments Investigation into the Processing of Fine Low Specific Gravity Minerals Using a 

Laboratory Knelson Concentrator. Minerals Engineering 135, 139-155) and is reproduced below. 
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Abstract 

Fine grinding, required to liberate valuable minerals in finely disseminated deposits, creates 

significant challenges for beneficiation. For these deposits, traditional gravity separation 

techniques are often ineffective, and centrifugal separators, such as the Knelson Concentrator, are 

required. The Knelson Concentrator is well established for treating gold ores, and due to its 

relatively low cost and small environmental impact when compared to other separation techniques, 

it has become an active area of research for the processing of lower specific gravity (SG) minerals. 

This work investigates the optimum operating conditions when processing fine (-53 m) low SG 

material using a laboratory Knelson Concentrator. A synthetic feed comprised of magnetite (SG 

5.2) and quartz (SG 2.65), with grades of 5 %, 10 % and 15 % magnetite, was used to mimic a 

low-density ore. Central composite design was used to design the experiments and response 

surface method was used for optimization, with the experimental variables being bowl speed (G), 

fluidizing water rate (L/min) and solids feed rate (g/min). The results indicate, for 5 % and 10 % 

magnetite feeds, that bowl speed impacts concentrate grade negatively and heavy mineral recovery 

positively, while the fluidizing water rate has an opposite effect on separation. A trade off between 

grade and recovery must therefore be made when processing this material. When processing the 

15 % feed, maximum concentrate grade and magnetite recovery were achieved at high bowl speeds 

and low fluidizing water rates.  
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A.3.1 Introduction 

As mineral deposits are becoming increasingly more finely disseminated, the recovery of valuable 

minerals is exceedingly more difficult. Fine grinding, required for liberation, creates many 

challenges when trying to treat these ores, and many separation techniques become ineffective. 

Gravity separation techniques, used to separate minerals based on differences in specific gravity 

(SG), traditionally require relatively coarse material to efficiently concentrate valuable minerals. 

However, the development of centrifugal gravity separators, such as the Knelson Concentrator, 

has allowed for the processing of much finer material. The Knelson Concentrator is a compact 

centrifugal separator with an active fluidized bed to concentrate high SG minerals (Knelson, 1992; 

Knelson and Jones, 1994). It was initially developed for gold processing, which commonly 

employed semi-batch units, as the yield to the concentrate was typically below 1 %. However, due 

to its relatively low cost, small environmental impact when compared to other separation 

techniques (such as froth flotation), and the development of the Continuous Variable Discharge 

(CVD) concentrator, the Knelson has become an active area of research for the processing of many 

low-SG deposits. A summary of the various low-SG minerals for which the Knelson Concentrator 

has been applied is shown in Table A.5. Although these studies demonstrate that the Knelson 

Concentrator can be an effective step in the processing of these ores, they are predominately 

focused on relatively coarse material with little work on optimizing operating variables for 

separation. Those which do investigate the impact of operating variables, generally do so studying 

one factor at a time (OFAT). While OFAT analysis can give some basic understanding of how 

operating variables impact separation, it would require a significant amount of test work to 

determine optimum conditions and gives no information regarding the interaction of the factors 

investigated. The type of analysis (single condition, OFAT, experimental design) and the best 

conditions found by each study are shown in Table A.5.  

In this study central composite design (CCD) is used to design the experiments and response 

surface method (RSM) is used for optimization. The experimental variables are bowl speed (G), 

fluidizing water rate (L/min) and solids feed rate (g/min). A synthetic feed comprised of magnetite 

and quartz was used to mimic a low-density ore. Three different feed samples with varying 

magnetite grades (5 %, 10 % and 15 %) were investigated to determine how feed grade impacts 

the optimum operating conditions. The rational behind this study is to determine ideal operating 
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conditions for processing fine (-53 m) low-density material using a laboratory Knelson 

Concentrator; and to serve as a reference for the optimization of plant operations. 
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A.3.2 Materials and Methods  

A.3.2.1 Materials  

Magnetite used for this work was obtained from Gem and Mineral Miners Inc. (USA) and the 

quartz used in this study was purchased from U.S. Silica (USA). Magnetite was pulverized using 

a LM2 laboratory pulverizing mill (Labtechnics, Australia) and screened to -53 m and 

subsequently purified using a lab-scale WD(20) wet drum permanent magnetic separator (Carpco 

Inc., USA), equipped with an iron-based permanent magnet (low intensity; 0.03 T at drum surface). 

The quartz was screened wet at 53 m to remove any oversize quartz particles. The particle size 

distribution [determined using a LA-920 particle size analyser (Horiba, Japan)] of magnetite and 

quartz are shown in Figure A.2. Magnetite and quartz were then sampled to produce 1 kg samples 

with a feed grades of 5 %, 10 % and 15 %. Hydrochloric acid used in this work was purchased 

from Fisher Scientific (USA). 

 

 Figure A.2 – Particle size distribution of magnetite and quartz samples  
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A.3.2.2 Methods 

A lab scale KC-MD3 Knelson Concentrator (FLSmidth, Canada) was used for this study. For each 

test, 1 kg of synthetic sample was used. Independent variables [bowl speed (G), fluidizing water 

rate (L/min) and solids feed rate (g/min)] were set to their desired conditions. The range used for 

bowl speed and fluidizing water rater were based on the limitations of the equipment (maximum 

and minimum possible speeds of the unit; maximum fluidizing water rate to prevent washing of 

all the material from the bowl and minimum to maintain for sufficient fluidization for separation). 

The range of feed rate was based on the work of Prof. Laplante who suggested feed rates of 300 

g/min for 75 m material when performing gravity recovery gold test work (Clarke, 2005; Xiao et 

al., 2009). This feed rate was set as the maximum value studied here. The feed was fed dry to the 

feed cone where it was slurried with water at a rate of approximately 1.5 L/min. Slurrying water 

rate was not considered as an independent variable, as the effect of solids concentration over the 

range of feed blends investigated is expected to be minimal. Following each test, the bowl was 

emptied, filtered and dried. Three representative samples from each concentrate were analysed by 

digesting magnetite with hydrochloric acid. The residual mass was then dried, weighed and 

compared to the original mass of the digested sample to calculate magnetite grade and recovery. 

RSM was used to investigate the relationship between independent variables and the response; and 

possible interactions between the independent variables and their effects on the separation 

performance of a Knelson Concentrator. CCD, a well-suited RSM for fitting a second-order 

response surface, was used to design the experiments  (Box and Hunter, 1957; Box and Wilson, 

1992; Chen and Parlar, 2013; Montgomery, 2009; Yi et al., 2010). Each variable has five levels 

(±β, ±1, 0 where β = 23/4 = 1.682), with grade and recovery of magnetite chosen as the responses.  

The number of tests required for the CCD can be calculated using equation A.1, which contains 

the standard 2k factorial with its origin at the centre, 2k points at a distance, β, from the centre to 

generate the quadratic terms, and replicate tests at the centre (Box and Hunter, 1957; Kökkılıç et 

al., 2015; Montgomery, 2009; Zhou et al., 2016). 

𝑁 = 2𝑘 + 2𝑘 + 𝑛0                        (A.1) 

With three variables (k) and six replicates at the centre point (n0), the number of tests required for 

each feed grade investigated is 20 (Kökkılıç et al., 2015; Montgomery, 2009; Obeng et al., 2005; 
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Zhou et al., 2016). The independent variables are designated as x1, x2 and x3 and the predicted 

responses, grade and recovery, are designated as y1 and y2 respectively. The coded values were 

calculated as shown in Table A.6. These were used to determine the levels of the independent 

variables for each of the 20 experiments.  

Table A.6 – Independent variables and their levels 

Independent Variables Symbol 

Coded Variable Level 

Lowest 

-βa 

Low 

-1 

Centre 

0 

High 

+1 

Highest 

+βa 

Bowl Speed (G) x1 10 30 60 90 110 

Fluidizing water rate (L/min) x2 1 1.8 3 4.2 5 

Solids feed rate (g/min) x3 100 140 200 260 300 
a : 1.682 

For each Knelson test, the bowl speed, fluidizing water rate and solids feed rate were changed 

successively during the tests with respect to the central composite design. The mathematical 

relationship between the three independent variables and responses can be approximated by a 

second order model, such as equation A.2:  

𝑦 =  𝛽0 + 𝛽1𝑥1 + 𝛽2𝑥2 + 𝛽3𝑥3 + 𝛽11𝑥1
2 + 𝛽22𝑥2

2 + 𝛽33𝑥3
2 + 𝛽12𝑥1𝑥2 + 𝛽13𝑥1𝑥3 + 𝛽23𝑥2𝑥3 + 𝜀     (A.2)  

where y is the predicted response; β0 is the model constant; x1, x2 and x3 are the variables; β1, β2 

and β3 are linear coefficients; β12, β13 and β23 are cross-product coefficients; and β11, β22 and β33 

are the quadratic coefficients (Kökkılıç et al., 2015; Kwak, 2005; Montgomery, 2009; Zhou et al., 

2016). Minitab Statistical Software 17® (Minitab, USA) was used to estimate these coefficients 

[the main effect (βi), the quadratic effect (βii) and two-factor interactions (βij)] from the 

experimental results. 

Using experimental data (grade and recovery) from each experiment, a second order regression 

model which describes the concentration process was produced. Analysis of Variance (ANOVA) 

was used to determine the regression coefficients and detect the agreement of the model. Statistical 

importance of each variable on the response was found at a 95 % confidence level by using Fischer 

(F) test and p-values. RSM was used to analyse the proposed model and optimization was realized 
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using response surface and contour plots for different interactions of any two independent variables 

(holding the value of the third variable constant at the centre level). All statistical analyses were 

conducted using Minitab Statistical Software 17® (Minitab, USA).  

A.3.3 Results and Discussion  

The responses (grade and recovery) for each test run for the 5 %, 10 % and 15 % feed grades are 

shown in Tables A.7 – A.9. Due to the difficulty of ensuring the solids feed rate and fluidizing 

water rate were the same as the coded variables (Table A.6), the actual measured values (shown 

in Tables A.7 – A.8) were used for statistical analysis. The second order response functions 

representing grade (y1) and recovery (y2) of magnetite in the Knelson concentrate, were expressed 

as a function of bowl speed (x1), fluidizing water rate (x2) and solids feed rate (x3). The coded 

model equations are presented in equations A.3 – A.8: 

𝑦1 5 %
=  35.13 − 3.015𝑥1 + 6.724𝑥2 − 0.386𝑥3 + 0.555𝑥1

2 + 0.469𝑥2
2 − 0.601𝑥3

2 − 5.363𝑥1𝑥2 +

0.130𝑥1𝑥3 + 0.657𝑥2𝑥3                    (A.3)  

𝑦2 5 %
=  49.12 + 6.48𝑥1 + 0.37𝑥2 − 1.56𝑥3 − 6.44𝑥1

2 − 0.36𝑥2
2 − 0.605𝑥3

2 − 2.44𝑥1𝑥2 − 0.03𝑥1𝑥3 +

1.02𝑥2𝑥3                         (A.4)  

𝑦1 10 %
=  56.9 − 2.054𝑥1 + 6.052𝑥2 + 0.615𝑥3 − 1.929𝑥1

2 − 0.686𝑥2
2 − 0.098𝑥3

2 + 0.75𝑥1𝑥2 +

0.368𝑥1𝑥3 − 0.83𝑥2𝑥3                     (A.5)  

𝑦2 10 %
=  40.31 + 8.601𝑥1 − 4.763𝑥2 + 0.429𝑥3 − 4.398𝑥1

2 − 0.835𝑥2
2 − 0.187𝑥3

2 + 2.40𝑥1𝑥2 −

0.89𝑥1𝑥3 + 0.83𝑥2𝑥3                   (A.6)  

𝑦1 15 %
=  65.44 + 3.40𝑥1 + 3.25𝑥2 + 4.50𝑥3 + 1.14𝑥1

2 + 0.22𝑥2
2 + 1.56𝑥3

2 − 1.85𝑥1𝑥2 + 3.89𝑥1𝑥3 −

2.77𝑥2𝑥3                      (A.7)  

𝑦2 15 %
=  36.34 + 12.27𝑥1 − 6.53𝑥2 + 3.511𝑥3 − 2.41𝑥1

2 + 0.329𝑥2
2 + 1.696𝑥3

2 − 1.96𝑥1𝑥2 +

3.92𝑥1𝑥3 − 2.47𝑥2𝑥3                   (A.8)  
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Table A.7 – Results of magnetite grade and recovery for the 5% feed  

Run 

Coded Level of 
Variables Actual Measured Level of Variables Response 

x1 x2 x3 
Bowl 
Speed 

(G) 

Fluidizing 
Water Rate 

(L/min) 

Solids Feed 
Rate 

(g/min) 

Grade 
(%) 

Recovery 
(%) 

1 1 1 -1 90 4.2 152.1 31.1 41.4 
2 0 0 -1.68 60 3.1 94.2 35.5 53.6 
3 0 1.68 0 60 5.0 204.1 46.7 49.0 
4 -1.68 0 0 10 3.0 197.4 41.8 18.9 
5 -1 -1 -1 30 1.9 130.2 26.5 31.2 
6 0 0 0 60 3.0 205.5 37.8 50.8 
7 -1 1 1 30 4.1 270.3 48.5 36.0 
8 1 -1 -1 90 1.9 133.3 32.5 51.1 
9 1 1 1 90 4.2 257.5 35.0 46.9 
10 0 0 0 60 3.0 210.5 35.5 46.7 
11 0 -1.68 0 60 1.0 187.5 28.1 51.7 
12 0 0 0 60 3.0 202.7 37.6 53.6 
13 0 0 0 60 3.0 199.3 35.8 51.4 
14 -1 -1 1 30 1.9 254.2 27.2 32.6 
15 1.68 0 0 110 2.9 209.8 33.3 46.8 
16 0 0 0 60 3.0 202.0 30.8 45.4 
17 0 0 0 60 3.0 192.0 32.7 45.9 
18 1 -1 1 90 1.8 263.2 28.0 42.3 
19 -1 1 -1 30 4.2 135.1 51.9 40.4 
20 0 0 1.68 60 3.0 317.5 32.5 43.8 
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Table A.8 – Results of magnetite grade and recovery for the 10% feed 

Run 

Coded Level of 
Variables Actual Measured Level of Variables Response 

x1 x2 x3 
Bowl 
Speed 

(G) 

Fluidizing 
Water Rate 

(L/min) 

Solids Feed 
Rate 

(g/min) 

Grade 
(%) 

Recovery 
(%) 

1 1 1 -1 90 4.2 129 58.0 39.7 
2 0 0 -1.68 60 3.0 83 54.1 39.1 
3 0 1.68 0 60 5.0 190 66.6 29.8 
4 -1.68 0 0 10 3.1 210 50.6 7.7 
5 -1 -1 -1 30 1.8 103 51.6 34.1 
6 0 0 0 60 3.0 237 55.0 38.9 
7 -1 1 1 30 4.3 268 63.4 24.8 
8 1 -1 -1 90 1.8 135 43.2 45.1 
9 1 1 1 90 4.2 243 55.8 38.1 
10 0 0 0 60 3.0 196 57.6 40.8 
11 0 -1.68 0 60 1.1 180 41.1 45.1 
12 0 0 0 60 3.0 178 56.0 41.3 
13 0 0 0 60 3.0 206 58.1 40.3 
14 -1 -1 1 30 1.8 248 55.1 37.5 
15 1.68 0 0 110 3.1 213 51.4 46.7 
16 0 0 0 60 3.0 199 57.9 39.7 
17 0 0 0 60 3.0 191 57.2 40.5 
18 1 -1 1 90 1.8 253 47.5 43.8 
19 -1 1 -1 30 4.2 157 61.9 19.1 
20 0 0 1.68 60 3.1 390 57.6 39.1 
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Table A.9 – Results of magnetite grade and recovery for the 15% feed 

Run 

Coded Level of 
Variables Actual Measured Level of Variables Response 

x1 x2 x3 
Bowl 
Speed 

(G) 

Fluidizing 
Water Rate 

(L/min) 

Solids Feed 
Rate 

(g/min) 

Grade 
(%) 

Recovery 
(%) 

1 1 1 -1 90 4.1 131 69.3 38.7 
2 0 0 -1.68 60 2.9 103 62.5 35.7 
3 0 1.68 0 60 5.1 122 74.8 28.3 
4 -1.68 0 0 10 3.0 160 63.9 8.7 
5 -1 -1 -1 30 1.7 103 58.2 31.8 
6 0 0 0 60 3.0 148 57.0 32.1 
7 -1 1 1 30 4.2 226 71.6 21.7 
8 1 -1 -1 90 1.7 114 51.6 41.3 
9 1 1 1 90 4.1 247 73.6 40.6 
10 0 0 0 60 3.0 148 67.3 36.5 
11 0 -1.68 0 60 1.0 162 57.0 42.9 
12 0 0 0 60 2.9 156 65.0 36.4 
13 0 0 0 60 3.1 172 59.7 30.8 
14 -1 -1 1 30 1.8 251 60.0 28.7 
15 1.68 0 0 110 3.0 167 70.3 45.1 
16 0 0 0 60 3.1 195 66.2 35.1 
17 0 0 0 60 3.1 175 64.4 36.8 
18 1 -1 1 90 1.9 236 78.0 64.9 
19 -1 1 -1 30 4.3 139 70.5 20.6 
20 0 0 1.68 60 3.1 305 78.9 46.3 

To estimate the significance and accuracy of the developed models, ANOVA was applied (Table 

A.10). F-values for all cases are greater than the F-value found in the F-statistics Table with 

P=0.05 (F0.05(9,10)=3.14); p-values of the regression models are smaller than 0.05 and standard 

deviations are relatively low. Normal probability plots of the residuals and a plot of the residuals 

versus the fitted response are presented in the Appendix (Figures A.S1 – A.S6). Residuals 

generally lie on a straight line, indicating errors are distributed normally; and the residuals scatter 

randomly, suggesting model predictions are adequate. The quality of fit of the polynomials, 

expressed by R2 values (Table A.10), is acceptable (R2 ≥ 0.80) (Azizi et al., 2012; Joglekar et al., 

1987; Saguy and Graf, 1990). Thus, it can be concluded that regression models are significant and 

accurate.   
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Once the model was verified, the Student’s t-test was performed to estimate the quantitative effects 

of the variables and their interactions. Tables A.11 – A.13 show the summarized Student’s t-test, 

for each feed grade, which includes the p-value and T-value of each variable. The p-values indicate 

the significance of variables and their interactions, with 95 % confidence; and T-values are the 

result of the Student’s t-test and indicate whether each significant variable has a positive or 

negative effect on the response, as well as how significant they are. All variables and interactions 

with a p-value ≤ 0.05 are considered as significant, with the magnitude of the T-values indicating 

the level of significance (greater the magnitude greater the significance). Response surface plots 

further demonstrating the impact of an input variable on grade and recovery when processing 5 %, 

10 % and 15 % magnetite feeds can be found in the Appendix (Figures A.S7 – A.S12).  

Table A.10 – Summary of ANOVA for regression models 

Feed Grade Response F-value p-value R2 R2
adj Standard deviation 

5 % 
Grade 14.66 0.000 0.93 0.87 2.58 

Recovery 7.03 0.003 0.86 0.74 4.46 

10 % Grade 8.30 0.001 0.88 0.78 2.94 
Recovery 17.13 0.000 0.94 0.88 3.26 

15 % Grade 6.75 0.003 0.86 0.73 3.86 
Recovery 18.06 0.000 0.94 0.89 3.79 

Table 7 indicates that when processing the 5 % magnetite feed, the two responses are affected by 

the independent variables differently. Bowl speed (x1) has significant and opposite effects on grade 

(negative) and recovery (positive); fluidizing water rate (x2) has a strong positive influence on 

grade, however, did not affect recovery significantly; and solids feed rate does not have any 

significant effect on the response. There is a negative interaction effect on grade, between bowl 

speed and fluidizing water rate (x1x2). Bowl speed also has a negative quadratic effect on recovery. 

The significant and opposite influence of bowl speed on grade and recovery suggests that different 

operating conditions will be required to obtain a maximum grade or a maximum recovery. 

Similar results were observed when processing the 10 % magnetite feed (Table 8), where high 

grade and high recovery will occur at different conditions. In this case both bowl speed and 

fluidizing water rates have significant and opposite effects on grade and recovery. Bowl speed also 

has a negative quadradic effect on both grade and recovery.  
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Table 9 shows the influence of independent variables on responses for the 15 % magnetite feed. 

Bowl speed, fluidizing water rate and solids feed rate are all significant variables for both 

responses. Grade is affected by all three independent variables positively with their significance 

decreasing according to solids feed rate > bowl speed > fluidizing water rate. The order of 

significance of the independent variables on recovery is bowl speed positively > fluidizing water 

rate negatively > solids feed rate positively. An interaction effect, between bowl speed and solids 

feed rate, is observed for both responses; and bowl speed has a positive quadratic effect on 

recovery.  

Table A.11 – Summarized Student’s t-test for 5 % feed grade 

Term 
Grade Recovery 

p-value T-value p-value T-value 

x1 0.001 -4.33 0.000 5.38 
x2 0.000 8.82 0.769 0.30 
x3 0.567 -0.59 0.195 -1.39 
x1

2 0.435 0.81 0.000 -5.46 
x2

2 0.521 0.66 0.775 -0.29 
x3

2 0.305 -1.08 0.543 -0.63 
x1x2 0.000 -5.79 0.158 -1.52 
x1x3 0.886 0.15 0.984 -0.02 
x2x3 0.481 0.73 0.524 1.02 

Table A.12 – Summarized Student’s t-test for 10 % feed grade 

Term 
Grade Recovery 

p-value T-value p-value T-value 

x1 0.029 -2.55 0.000 9.66 
x2 0.000 7.33 0.000 -5.21 
x3 0.388 0.90 0.582 0.57 
x1

2 0.035 -2.44 0.001 -5.03 
x2

2 0.425 -0.83 0.382 -0.91 
x3

2 0.776 -0.29 0.627 -0.50 
x1x2 0.496 0.71 0.067 2.05 
x1x3 0.720 0.37 0.439 -0.81 
x2x3 0.434 -0.81 0.477 0.74 
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Table A.13 – Summarized Student’s t-test for 15 % feed grade 

Term 
Grade Recovery 

p-value T-value p-value T-value 

x1 0.018 2.82 0.000 10.36 
x2 0.034 2.45 0.001 -5.02 
x3 0.001 4.50 0.005 3.58 
x1

2 0.294 1.11 0.039 -2.38 
x2

2 0.835 0.21 0.749 0.33 
x3

2 0.152 1.55 0.116 1.72 
x1x2 0.213 -1.33 0.181 -1.44 
x1x3 0.017 2.86 0.015 2.95 
x2x3 0.057 -2.15 0.079 -1.96 

Although the findings from Tables A.11 – A.13 give a general idea of how independent variables 

affect the responses, and contour plots (Figures A.S7 – A.S12) show regions where high grade and 

recovery can be obtained, they do not indicate the optimum separation conditions. More accurate 

information about the optimum operating conditions and how they affect both grade and recovery 

simultaneously can be obtained by drawing overlaid contour plots (Figures A.3 – A.5). As both 

grade and recovery cannot be maximized simultaneously for the 5 % and 10 % magnetite feeds, 

three points are presented on the overlaid plots (a blue dot for maximum grade, a red dot for 

maximum recovery and a black dot for the conditions where both grade and recovery are 

maximized simultaneously). In this study, the optimum operating conditions when considering 

both grade and recovery were chosen to be where an increase in one did not result in a decrease in 

the other. For the 15 % magnetite feed a single optimum point could be obtained for both grade 

and recovery (shown in Figure A.5). The actual predicted values for the optimum conditions of all 

three feed grades are shown in Table A.14. In some cases, the confidence intervals (95 %) 

associated with the predicted responses are large, as they are well outside the range of predictor 

levels (measured responses) used to fit the model. For example, when processing the 15 % 

magnetite feed the maximum measured grade and recovery were 78.9 % and 64.9 % respectively. 

However, the model predicts a maximum grade of 91.8 % and recovery 82.7 %, leading to large 

confidence intervals. To validate the responses at the optimum conditions determined by the 

model, further experiments were carried out for each feed grade. The validation tests were repeated 

three times and the results were compared to those predicted by the model (Table A.15). It can be 
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concluded that the proposed equations adequately predict magnetite grade and recovery for all 

three feed grade conditions (Error < 10 %). 

 
Figure A.3 – Grade and recovery behaviour at different (a) fluidizing water rates and bowl 

speeds and (b) solids feed rate and bowl speeds for the 5 % magnetite feed 
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Figure A.4 – Grade and recovery behaviour at different (a) fluidizing water rates and bowl 

speeds and (b) solids feed rate and bowl speeds for the 10 % magnetite feed 
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Figure A.5 – Grade and recovery behaviour at different (a) fluidizing water rates and bowl 

speeds and (b) solids feed rate and bowl speeds for the 15 % magnetite feed 

 

Table A.14 – Optimum conditions for grade and recovery 

  Operating Variables Predicted Response 

Feed 
Grade Optimized for 

Bowl 
Speed 

(G) 

Fluidizing 
Water Rate 

(L/min) 

Solids 
Feed Rate 

(g/min) 

Grade 
(%)1 

Recovery 
(%)1 

5 % 
Grade 10 5.0 100 66.1 ± 11.7  24.4 ± 20.0 

Recovery 85 1.0 100 31.8 ± 8.9 55.7 ± 15.0 
Grade and Recovery 45 4.8 200 51.5 ± 4.2 45.8 ± 7.2 

10 % 
Grade 60 3.9 350 60.4 ± 5.8  37.7 ± 6.9 

Recovery 80 1.1 100 38.4 ± 8.3 49.0 ± 9.3 
Grade and Recovery 80 2.6 200 52.4 ± 2.6 45.1 ± 2.9 

15 % Grade and Recovery 100 1.1 275 91.8 ± 16.6 82.7 ± 16.2 
1 Error shown for predicted responses represents 95 % confidence intervals 
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Table A.15– Comparative data at optimum conditions for validation  

 Operating Variables Predicted Response Validation Tests 

Feed 
Grade 

Bowl 
Speed 

(G) 

Fluidizing 
Water Rate 

(L/min) 

Solids 
Feed Rate 

(g/min) 

Grade 
(%) 

Recovery 
(%) 

Grade 
(%)1 

% 
Error 

Recovery 
(%)1 

% 
Error 

5 % 45 4.8 200 51.5 45.8 49.6 ± 2.7 -3.7 41.7 ± 1.9 -9.0 
10 % 80 2.6 200 52.4 45.1 52.4 ± 1.4  0.0 44.3 ± 2.1 -1.8 
15 % 100 1.1 275 91.8 82.7 91.3 ± 1.2 -0.5 84.6 ± 1.2  2.3 

1 Error shown for validation tests represents 95 % confidence intervals 

The above findings demonstrate that when processing relatively low grade (≤ 10 %) feed a balance 

between both bowl speed and fluidizing water rate is required. For high grade feeds (15 %), high 

grade and high recovery is realized at high bowl speeds, low fluidizing water rates and high solid 

feed rates. Comparing the significant parameters from each data set it can be concluded that with 

low feed grades, the force balance acting on particles plays a much greater role in optimizing 

separation; whereas, with high feed grades optimizing the properties of the fluidizing bed becomes 

more important.  

For the 5 % magnetite feed, product grade is influenced by only bowl speed (negative), fluidizing 

water rate (positive) and an interaction between bowl speed and fluidizing water rate (negative); 

whereas, recovery is influenced by only bowl speed (positive) and a quadratic effect of bowl speed 

(negative). This suggests that high grade is predominantly achieved with low centrifugal force and 

high drag force to reject as much low SG material as possible and recover only the heaviest 

material (resulting in low recovery). High recovery is obtained by using high bowl speeds to induce 

a high centrifugal acceleration on particles and recover as much high SG material as possible. 

However, this also results in high recovery of low SG material (and therefore low product grades) 

and after a certain point, further increases in bowl speed result in the process becoming completely 

unselective and becomes detrimental to recovery.  

For the 10 % magnetite feed, it is similarly suggested that a balance between drag force and 

centrifugal acceleration is required to achieve ideal separation. However, in this case there is a 

larger quantity of high SG material to replace the low SG particles which are recovered in the 

concentrating bed throughout the process. This allows for greater substitution of material and the 

properties of the fluidizing bed become more important. In this case slightly higher bowl speeds 
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are recommended (bowl speed now has a quadratic influence on both product grade and recovery) 

and fluidizing water rate becomes an important variable for the recovery of magnetite. The 

negative influence of fluidizing water rate on recovery suggests a tightly packed fluidized particle 

bed is beneficial.   

For the 15 % magnetite feed there is now sufficient high SG material to achieve high grade and 

recovery simultaneously through the optimization of the properties of the fluidizing bed. High drag 

forces acting on particles are no longer required to reject low SG material. This now occurs mainly 

through the substitution of low SG particles for high SG material in the concentrating bed. At this 

feed grade, elevated bowl speeds are recommended along with low fluidizing water rates to keep 

a tightly packed concentrating bed. Feed rate is also an important variable with high feed rates 

desired for optimum separation. There is also a positive interaction between bowl speed and feed 

rate suggesting higher feed rates are recommended at higher bowl speeds. The influence of feed 

rate suggests that bringing high SG material into the concentrating bed quicker likely prevents the 

settling of low SG material allowing for easier substitution.  

It is important to note that the findings of this study are specific for the processing of 1 kg feed 

samples. For low-grade feeds (≤ 10 %), processing more material is likely to result in an improved 

concentrate grade, as feeding more material will result in greater substitution of quartz with 

magnetite in the concentrating bed. This, however, is not likely to have a beneficial effect on 

recovery and after a certain point (when the bowl is overloaded) will be detrimental to the recovery 

of magnetite. It is also important to note that the industrial application of a Knelson Concentrator 

to feeds like those studied here, would require the use of a continuous system, however, work by 

Sakuhuni et al 2016, has demonstrated a lab scale Knelson Concentrator can be used for predicting 

CVD performance. 

The findings from this work could also be extended to the processing of a high-grade low-SG 

deposit where any loss of value may have a significant impact on the profitability of a mineral 

processing plant. A high grade (15 % or 10 %) feed could first be processed at its optimum 

conditions and then the tailings could be reprocessed at more optimal conditions for a low-grade 

feed (5 %). An example of such a flowsheet is shown in Figure A.6, where the values shown for 

the second Knelson concentrator are those found for the 5 % magnetite feed. 
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Figure A.6 – Example flowsheet for processing (a) a 15 % and (b) 10 % feed with a series of 

Knelson Concentrators 
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A.3.4 Conclusions 

This study utilized response surface design experiments to determine the effect of Knelson 

operating variables (bowl speed, fluidizing water rate and solids feed rate) on grade and recovery 

of magnetite from a synthetic sample consisting of magnetite and quartz with three different feed 

grades. The conclusions are as follows: 

1. The empirical regression equations as a function of the independent variables were derived by 

the RSM model for the grade and recovery of magnetite from feeds with 5 %, 10 % and 15 % 

magnetite. 

2. The regression models are considered acceptable and fit well for all three feed grades examined. 

The regression models for each feed grade have p – values less than 0.05 for magnetite grade and 

recovery, indicating that the selected models are significant to the responses. 

3. Feed grade has a significant effect on the optimal operating conditions for grade and recovery. 

Bowl speed and fluidizing water rate are significant operating variables for all three feed grades 

examined. Solids feed rate only had a significant impact when processing the 15 % magnetite feed.  

4. A trade off between grade and recovery must be made when processing material with low feed 

grades (≤ 10 %). Grade and recovery can be simultaneously maximized for the 15 % magnetite 

feed. 

5. Comparing the significant parameters from each data set it can be concluded that with low feed 

grades, the force balance acting on particles plays a much greater role in optimizing separation; 

whereas with high feed grades optimizing the properties of the fluidizing bed becomes more 

important.  

6. Optimum operating conditions were obtained at a bowl speed, fluidizing water rate and solids 

feed rate of 45 G, 4.8 L/min and 200 g/min, for the 5 % feed; 80 G, 2.6 L/min and 200 g/min, for 

the 10 % feed; and 100 G, 1.1 L/min and 275 g/min for the 15 % feed. 
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A.3.6 Supplementary Material 

   
     
Figure A.7 – Normal probability plot of the residuals for (a) grade and (b) recovery for the 

5 % magnetite feed 
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Figure A.8 – Plot of the residuals versus fitted response for (a) grade and (b) recovery for 

the 5 % magnetite feed 

  
Figure A.9 – Normal probability plot of the residuals for (a) grade and (b) recovery for the 

10 % magnetite feed 

 

 

Figure A.10 – Plot of the residuals versus fitted response for (a) grade and (b) recovery for 

the 10 % magnetite feed 
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Figure A.11 – Normal probability plot of the residuals for (a) grade and (b) recovery for 

the 15 % magnetite feed 

 
  
Figure A.12 – Plot of the residuals versus fitted response for (a) grade and (b) recovery for 

the 15 % magnetite feed 
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Figure A.13 – Response surface plots for grade showing the relationship between (a) bowl 

speed and fluidizing water rate, (b) bowl speed and solids feed rate and (c) fluidizing water 

rate and solids feed rate when processing the 5 % magnetite feed. In all cases the third 

variable is held constant at the centre (0) level 
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Figure A.14 – Response surface plots for recovery showing the relationship between (a) 

bowl speed and fluidizing water rate, (b) bowl speed and solids feed rate and (c) fluidizing 

water rate and solids feed rate when processing the 5 % magnetite feed. In all cases the 

third variable is held constant at the centre (0) level 
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Figure A.15 – Response surface plots for grade showing the relationship between (a) bowl 

speed and fluidizing water rate, (b) bowl speed and solids feed rate and (c) fluidizing water 

rate and solids feed rate when processing the 10 % magnetite feed. In all cases the third 

variable is held constant at the centre (0) level 
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Figure A.16 – Response surface plots for recovery showing the relationship between (a) 

bowl speed and fluidizing water rate, (b) bowl speed and solids feed rate and (c) fluidizing 

water rate and solids feed rate when processing the 10 % magnetite feed. In all cases the 

third variable is held constant at the centre (0) level 
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Figure A.17 – Response surface plots for grade showing the relationship between (a) bowl 

speed and fluidizing water rate, (b) bowl speed and solids feed rate and (c) fluidizing water 

rate and solids feed rate when processing the 15 % magnetite feed. In all cases the third 

variable is held constant at the centre (0) level 
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Figure A.18 – Response surface plots for recovery showing the relationship between (a) 

bowl speed and fluidizing water rate, (b) bowl speed and solids feed rate and (c) fluidizing 

water rate and solids feed rate when processing the 15 % magnetite feed. In all cases the 

third variable is held constant at the centre (0) level 
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B.1 Froth Flotation 

Froth flotation is a separation process that exploits natural and induced differences in the 

wettability of minerals. A slurry is introduced to a flotation cell (Figure B.1), where rising air 

bubbles collide with mineral particles. Particles with a hydrophobic surface may attach to an air 

bubble and rise to create the froth phase, which overflows over the edge of the cell and is 

continually collected. Hydrophilic mineral particles will remain in suspension, and after a given 

collection time all material remaining in the pulp of the flotation cell reports to the tailings of the 

flotation process. Generally, the collected froth phase is the considered concentrate, however, in 

some cases, “reverse flotation” is used to preferentially float gangue minerals and retain the 

valuable material in the flotation tailings.  

 

Figure B.1 – Example of a froth flotation cell, reproduced from Wills and Finch (2016b) 

Flotation is a complex, three phase (solids, water and air) process, which involves both chemical 

and physical variables. The chemical variables aim to control the wettability of mineral particles 

and the physical variables include those resulting from ore properties (particle size, composition, 
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liberation characteristics, etc.) and machine derived factors (air rate, bubble size, etc.). To achieve 

the desired flotation results, most ores require surfactants to be added to the flotation system. These 

surfactants have multiple different classifications, including frothers, collectors, depressants and 

activators. Frothers act at the air-water interface of bubbles, to preserve their size and stabilize the 

froth phase. Collectors interact selectively with mineral surfaces to enhance their hydrophobicity. 

Depressants act to selectively render mineral surfaces more hydrophilic, preventing them from 

floating. Activators selectively alter mineral surfaces to render them more amenable to adsorbing 

collectors. There is a large body of literature available for readers interested in a more in-depth 

discussion into flotation fundaments, such as Wills and Finch (2016b). 
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B.2 A Review of Reagent Applied to Rare-Earth Mineral Flotation 

The most applied beneficiation technique for REM is froth flotation. Section B.2 provides a review 

of available literature on REM flotation, covering their surface chemical properties as well as the 

various flotation reagents which have been employed. This review has been published in the peer-

reviewed journal Advances in Colloid and Interface Science (Marion, C., Li, R., Waters, K.E., 

2020. An Evaluation of Hydroxamate Collectors for Malachite Flotation. Separation and 

Purification Technology, In Press) and is reproduced below. 
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Abstract 

The rare-earth elements (REE), which encompass the fifteen metallic elements of the lanthanoid 

series of the periodic table, yttrium and occasionally scandium, have gained enormous public, 

economic and scientific attention in recent years. These elements, which have been found in over 

250 minerals, are of high economic and strategic importance to many high-technology industries. 

As such they have been designated as critical materials by several countries and many new deposits 

are being developed. Rare-earth mineral (REM) deposits can be broadly classified into four 

geological environments: carbonates, alkaline/peralkaline igneous rocks, placers and ion 

adsorption clays. Apart from ion adsorption clay deposits, which require no mineral processing 

steps, froth flotation is the most applied beneficiation technique. This paper reviews the flotation 

of REM, covering their surface chemical properties as well as the various flotation reagents which 

have been employed. 
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B.2.1 Introduction 

The rare-earth elements (REE) have gained enormous public, economic and scientific attention in 

recent years. They are strategic metals which are indispensable to the development of modern 

defense systems, electronic applications and green technologies. The growing economic and 

strategic importance of these sectors, coupled with uncertainty in the global supply of REE from 

China, have led to concerns about the future availability of many of these metals. Due to these 

supply concerns and the increasing demand of REE, they have been designated as a critical 

resource by several countries, including the USA (Department of the Interior, 2018), the EU 

(European Commission, 2017) and Canada (Fekete, 2014). 

The REE comprise the fifteen metallic elements of the lanthanoid series of the periodic table, as 

well as chemically similar yttrium, and occasionally scandium (Connelly et al., 2005). These 

elements are usually classified into two different sub-groups: the cerium sub-group of “light” rare-

earth elements (LREE) and the yttrium sub group of “heavy” rare-earth elements (HREE) 

(Gambogi, 2015; Krishnamurthy and Gupta, 2016). A third sub-group, “medium” rare-earth 

elements (MREE), is also sometimes used (Kingsnorth, 2010; Krishnamurthy and Gupta, 2016; 

Zepf, 2013). The grouping of REE in these sub groups is not consistent among different authors, 

however, the most logical grouping is based on electron configuration (Gambogi, 2015; Zepf, 

2013). Using this distinction, the LREE consist of cerium (atomic number 58) to gadolinium 

(atomic number 64), which have unpaired electrons in the 4f electron shell, and the HREE include 

terbium (atomic number 65) to lutetium (atomic number 71), which have paired electrons in the 4f 

electron shell (Gambogi, 2015; Zepf, 2013). Lanthanum (atomic number 57) does not have 

electrons in f-orbitals, however, it is generally grouped with the LREE (Gambogi, 2015; Zepf, 

2013). Yttrium is generally classed as a HREE, as its ionic radius and chemical behaviour is similar 

to holmium (Zepf, 2013). Scandium, when classified as a REE, is not included in either the LREE 

or HREE classifications (Krishnamurthy and Gupta, 2016). While this sub-grouping is at present 

sufficient for REM exploitation and is what will be used here, it is important to note that the use 

of three groups may become more common, because, Chinese resource tax rates use this distinction 

(Argus Media Ltd., 2015; Zepf, 2016).   

As of 2019, there are more than 250 REM that have been discovered; however, not all of them are 

of economic value (Bulatovic, 2010; Ferron et al., 1991; Jordens et al., 2013; Krishnamurthy and 
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Gupta, 2016). These minerals can be considered as complex (containing all the REE), or selective 

(containing either predominately LREE or HREE) (Ferron et al., 1991). Selective REM which 

contain mainly LREE are grouped as cerium type minerals or light rare-earth minerals (LREM), 

whereas those containing HREE are called yttrium type minerals or heavy rare-earth minerals 

(HREM). A list of REM mentioned in this review is provided in Table B.1. For a more extensive 

list of common REM, readers are referred to Jordens et al. (2013). 

Table B.1 – List of REM discussed in this review paper 

Mineral Type Mineral Name Chemical Formula 

Carbonate 

Ancylite Sr(Ce,La)(CO3)2(OH)·H2O 
Bastnäsite (Ce,La)(CO3)F 
Cebait Ba3Ce2(CO3)5F2 
Huanghoite BaCe(CO3)2F 
Parisite Ca(Ce,La)2(CO3)3F2 
Synchysite Ca(Ce,La)(CO3)2F 

Oxide 

Cerianite (Ce4+,Th)O2 
Columbite (Fe, Mn)Nb2O6 
Fergusonite YNbO4 
Loparite (Ce,Na,Ca)(Ti,Nb)O3 
Priorite (Y,Ca,Fe,Th)(Ti,Nb)2(O,OH)6 
Pyrochlore (Na,Ca)2Nb2O6(OH,F) 

Phosphate 

Apatite (Ca,REE)5(PO4)3(F,Cl,OH) 
Cheralite (Ce,Ca,Th)(P,Si)O4 
Florencite CeAl3(PO4)2(OH)6 
Monazite (Ce,La,Nd,Th)PO4 
Rhabdophane (Ce,La)PO4·H2O 
Xenotime YPO4 

Silicate 

Allanite (Ca,Ce,Y)2(Al,Fe2+,Fe3+)3(SiO4)3(OH) 
Elpidite Na2ZrSi6O15·3H2O 
Eudialyte Na4(Ca,Ce)2(Fe2+,Mn2+,Y)ZrSi8O22(OH,Cl)2 
Gadolinite (Ce,La,Nd,Y)2Fe2+Be2Si2O10 
Gerenite (Ca,Na)2(Y,REE)3Si6O18·2H2O 
Gittinsite CaZrSi2O7 
Kainosite Ca2(Y,Ce)2Si4O12(CO3)·H2O 
Steenstupine Na14Ce6Mn2Fe2(Zr,Th)(Si6O18)2(PO4)7·3H2O 
Titanite Ca(Ti,REE)SiO5 
Thorite (Th,U)SiO4 
Zircon (Zr,REE)SiO4 
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B.2.2 Resources 

The majority of the world’s REE are derived from natural resources. These deposits can be divided 

into various categories based on their formation and major mineral types. They can be broadly 

classified into four geologic environments: carbonatites, alkaline/peralkaline igneous rocks, 

placers (mineral sands), and ion adsorption clays (Castor, 2008; Goodenough et al., 2018).  

For more than 50 years, the majority of REE have been derived from carbonatite deposits; these 

are defined as an igneous rock deposit containing > 50 % carbonate minerals. These deposits tend 

to be large, high-grade, and generally contain a high content of LREE. There are currently several 

operating REE-bearing carbonatite deposits, as well as many others under investigation 

(Verplanck et al., 2016). The world’s largest REE mine, the Bayan Obo mine in China, and the 

Mountain Pass mine (the world’s primary producer from 1965 to 1995) in the USA, are both 

carbonatite deposits (Castor, 2008; Verplanck et al., 2016). Other current mining operations 

associated with carbonatites are the Maoniuping, Weishan and Dalucao deposits in China and the 

Mount Weld deposit in Australia (Verplanck et al., 2016). There also exists numerous deposits of 

this type which are being explored, including Bear Lodge (USA), Montviel (Canada), Niobec 

(Canada) and Songwe Hill (Africa). Carbonatite deposits can contain a variety of REE-rich mineral 

phases, however, bastnӓsite is generally the primary mineral mined (Castor, 2008; Verplanck et 

al., 2016). The primary method of beneficiation for these deposits is froth flotation. 

The other group of “hard-rock” REE deposits are classified as alkaline/peralkaline igneous rock 

deposits. These deposits tend to have a much “flatter” REE distribution than carbonatite deposits, 

making them one of the most economically important resources of HREE (Dostal, 2016; 

Goodenough et al., 2018). They are, however, often much more complex than carbonatite deposits, 

with highly variable mineralogy, both within individual deposits and particularly among the 

various deposits (Dostal, 2016). The only active REE deposits of this type are in the Kola Peninsula 

in Russia (Lovozero and Khibiny deposits), where the main REE bearing mineral is loparite 

(Dostal, 2016; Goodenough et al., 2018; Hedrick et al., 1997). However, there are many 

alkaline/peralkaline igneous rock deposits which are currently being investigated, including 

Kvanefjeld (Greenland), Norra Kӓrr (Sweeden), Nechalacho (Canada) and Strange Lake (Canada) 

(Castor, 2008).  
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Placers, or mineral sands, are sedimentary deposits formed by the natural physical concentration 

of minerals from weathering processes. Although placer deposits are most commonly processed 

for other commodities such as gold, tin (in cassiterite), titanium (in ilmenite and rutile) and 

zirconium (in zircon), many have potential to produce REE as a co-product (Goodenough et al., 

2018; Sengupta and Gosen, 2016). In fact, before full scale production began at the Mountain Pass 

mine in 1965, placer mines were the world’s chief REE supplier (Sengupta and Gosen, 2016). The 

REM found in these deposits are primarily monazite and sometimes xenotime. As they are 

generally more enriched in monazite, they contain more LREE than HREE, however, xenotime 

offers potential for HREE production (Goodenough et al., 2018; Sengupta and Gosen, 2016). 

Although placer deposits are generally smaller and have lower REE grades than carbonatite ores, 

they have very simple and well-established processing routes (with little to no comminution 

required) and can produce multiple salable products to offset mining costs (Goodenough et al., 

2018; Jordens et al., 2013; Sengupta and Gosen, 2016).  

The final REE deposit type  is classified as ion adsorption clays. Ion adsorption clays are currently 

the second major producer of REE and the world’s chief source of HREE, with a large proportion 

coming from illegal Chinese producers (Brown and Eggert, 2018; Goodenough et al., 2018; 

Sanematsu and Watanabe, 2016). These deposits are primarily located in China, with a few specific 

locations elsewhere in the world (Goodenough et al., 2018; Sanematsu and Watanabe, 2016). In 

ion adsorption clay deposits, REE are not held within minerals but adsorbed onto clay surfaces 

(Goodenough et al., 2018; Sanematsu and Watanabe, 2016). Therefore, REE from these deposits 

can be easily extracted by ion-exchange using a dilute electrolyte solution, such as ammonium 

sulfate, and do not require any mineral processing steps such as flotation (Goodenough et al., 2018; 

Sanematsu and Watanabe, 2016).  

Froth flotation is commonly applied to REE-bearing ores due to its ability to process a wide range 

of fine particle sizes and it can be tailored to the mineralogy of a specific deposit. As such, when 

compared to other beneficiation techniques, flotation has received the most research. Research has 

focused primarily on bastnäsite and monazite surface characteristics and their relation to flotation 

response. Most of the work focused on the flotation of ore deposits has been performed on Bayan 

Obo (China) and Mountain Pass (USA) ores, where bastnäsite is the main REE-bearing mineral. 

There is limited information with regards to the flotation of other REE deposits. 
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B.2.3 Surface Chemistry 

Froth flotation is a complex, three-phase (solids, water and air), separation process that exploits 

natural and induced differences in the wettability of minerals. To achieve the desired flotation 

results, most ores require surfactants to be added to the flotation system. These surfactants have 

multiple different classifications, including frothers, collectors, depressants and activators. There 

is a large body of literature available for readers interested in a more in-depth discussion into 

flotation fundamentals, such as Wills and Finch (2016). 

In froth flotation, the electrical double layer governs the adsorption of flotation reagents 

(Fuerstenau and Pradip, 2005). An important mineral property in characterizing the electrical 

double layer is the isoelectric point (IEP), which is the pH value where the zeta potential is zero 

(Pope and Sutton, 1973). If the IEP of a mineral is known, the sign of the charge on a mineral 

surface in a given pH range can be predicted (Pope and Sutton, 1973). This information coupled 

with knowledge of a surfactant’s ionization behaviour can help understand mechanisms of reagent 

adsorption and select optimal flotation conditions to effectively separate a valuable mineral from 

gangue minerals (Cheng et al., 1993; Jordens et al., 2014b; Pope and Sutton, 1973). In systems 

where collector adsorption occurs through electrostatic attraction and hydrophobic bonding, the 

adsorption process is characterized as physisorption and the extent of reagent adsorption is 

controlled by the sign and magnitude of the surface charge (Fuerstenau and Pradip, 2005; Pope 

and Sutton, 1973). When collector adsorption occurs through the formation of strong covalent or 

coordinate bonds with surface species, the process is characterized as chemisorption. 

Chemisorbing surfactants can adsorb onto the surface of similarly charged minerals, however, an 

elevated surface charge can inhibit adsorption via electrostatic repulsion (Fuerstenau and Pradip, 

2005). For an introduction to the concept of surface charge and zeta potentials and their application 

in flotation, interested readers should consult Riley (2009) and Fuerstenau and Pradip (2005). IEP 

values for many common minerals are listed in Parks (1965) and Kosmulski (2002, 2004, 2006, 

2009, 2011, 2014, 2018, 2020). 

Different methods can be used to measure the zeta potential of a suspension, including 

electrophoretic, electroacoustic and streaming potential techniques. Electrophoresis is the most 

commonly employed method, in which an electric field is applied across a dilute (< 1%w/w) 
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suspension of very fine particles (< 10 m), which induces charged particles to move (Babchin et 

al., 1989; Hunter, 1998; Johnson, 1999; Miller and Berg, 1991; Riley, 2009). The zeta potential 

can then be calculated using the direction and velocity (electrophoretic mobility) of the particles. 

Electroacoustic zeta potential measurements are based on the application of high-frequency 

alternating electric fields to a suspension of particles, causing charged particles to oscillate and 

produce a sound wave of the same frequency (O'Brien, 1990; O'Brien, 1995; O'Brien et al., 1990). 

The zeta potential of the sample can be calculated from the phase and magnitude of the resulting 

sound wave. The electroacoustic method offers distinct advantages over electrophoresis. As it is a 

non-optical measurement technique, electroacoustic methods are free of the limitations associated 

with optical electrophoretic measurements, and have been shown to be effective in analysing sizes 

ranging from a few nanometers to several micrometers (Greenwood, 2003; Hunter, 1998; Klein et 

al., 2012; Marlow et al., 1988), concentrated and complex mineral suspensions (Hunter, 1998; 

Marlow et al., 1988) in excess of 60%w/w (Greenwood, 2003; Greenwood et al., 2007; Klein et al., 

2012), opaque or photosensitive materials (Babchin et al., 1989; Marlow et al., 1988) and flowing 

streams (Marlow et al., 1988). However, this technique is poorly suited for cases where only very 

small quantities of pure mineral sample are available, which is generally the case for REM. Rather 

than applying an electric field or sound wave to cause the particles in suspension to move, 

streaming potential measurements are conducted by applying a pressure gradient to cause an 

electrolyte solution to flow through a bed of particles (Fuerstenau, 1956; Fuerstenau and Pradip, 

2005; Neale, 1946). The fluid travelling through the solid bed carries mobile ions with it, creating 

a potential difference (Neale, 1946). This potential difference is the “streaming potential”, which 

can be used to calculate the zeta potential (Fuerstenau, 1956; Neale, 1946).  

A summary of the surface chemical studies focused on REM is shown in Table B.2 to Table B.4. 

These tables contain the origin of the mineral sample, the measurement technique used and 

reported IEPs. Zircon is included in Table B.4, as in some REM deposits, such as the Nechalacho 

deposit, it is an important REE-bearing mineral (Ciuculescu et al., 2013; Grammatikopoulos et al., 

2011). It should be noted that in all published surface chemical studies investigating zircon the 

REE content is not indicated. Apart from bastnӓsite (Table B.2) and monazite (Table B.3), which 

have been extensively characterized, test work investigating REM (Table B.4) is limited. The large 

differences in reported IEP values, for bastnӓsite (4.6 to 9.5), monazite (1.1 to 9.0), xenotime (2.3 



 
Appendix B: Flotation of Rare Earth Minerals 

B-11 
 

to 7.0), fergusonite (2.7 to 6.3) and zircon (2.3 to 6.0) have been suggested to be a result of 

variations in potential determining ions, mineral composition and the structure of the mineral 

surfaces, as well as differences in the procedure and/or technique used to determine the IEP 

(Cheng, 2000; Jordens et al., 2014b). For semi-soluble minerals, such as bastnӓsite, it is likely that 

differences in procedure or techniques used have a larger impact than mineral origin. This is 

evident by the fact that bastnӓsite from a single source, the Mountain Pass deposit, has a wide 

range of reported IEP values (Azizi et al., 2016; Herrera-Urbina et al., 2013; Jordens et al., 2014b; 

Pradip et al., 2015; Sarvaramini et al., 2016; Smith and Shonnard, 1986; Smith and Steiner, 1980). 

Variations in solids concentration and conditioning time will impact mineral dissolution, and 

therefore result in differences in the amount of potential determining ions in the bulk. This has 

been demonstrated by Smith and Steiner (1980), who noted that after 30 min of conditioning the 

IEP was at pH 5.3, whereas after 24 hours it increased to pH 7.2. Similarly, Jordens et al. (2014b) 

measured the same bastnӓsite sample using both electrophoretic and electroacoustic techniques. 

The electroacoustic technique, which used a much greater solids concentration, measured an IEP 

of 8.1, compared to 6.8 measured using electrophoresis. As monazite has a low dissolution rate 

(Oelkers and Poitrasson, 2002), it is unlikely that variations in its IEP are due to the same 

mechanism as bastnӓsite. However, Geneyton et al. (2018) tested three synthetic monazites with 

different REE in their lattice and have suggested that IEP variations are due to procedural 

differences and not substitutions of REE in the mineral lattice. The authors indicated that ions 

resulting from CO2 dissociation are potential determining ions for monazite which influence its 

zeta potential significantly. Therefore, if the suspension has not reached an equilibrium with 

dissolved CO2 from the atmosphere, variations in the IEP will exist.  

Although there exists a wide discrepancy of reported IEPs for bastnӓsite and monazite, most work 

indicates their IEPs occur between pH 6 to 8 and pH 5 to 6, respectively. This does demonstrate 

the importance of obtaining a similarly large database of surface chemical studies for other REM. 

To expand this database, the IEP of several REM (bastnӓsite, monazite, allanite, columbite, 

fergusonite and zircon) were measured and are shown in bold in Tables B.2 to B.5. The procedure 

which was followed to obtain these measurements is detailed in the Appendix. Apart from 

fergusonite, the IEP values measured for the various minerals all correspond well with those 

reported by previous authors.  The IEP of the natural fergusonite sample corresponds well to the 

value reported by Fawzy (2018) (IEP at pH 2.7), but, not that of  Malas et al. (2013) (IEP at pH 
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6.3); who studied a fergusonite sample from the same origin and followed a similar procedure to 

that employed here. However, the fergusonite sample tested by Malas et al. (2013) remained 

embedded in a matrix of magnesium and aluminum silicate, whereas the sample used here was of 

relatively high purity; likely explaining the difference. The observed differences in the IEP of 

synthetic YNbO4 versus natural fergusonite should be noted. The synthesis of YNbO4 uses reagent 

grade materials providing clean mineral surfaces, whereas the surface properties of the natural 

sample are likely affected by contamination of other minerals and lattice damage caused by 

radiation due to the presence of uranium and thorium. Therefore, surface chemical studies on a 

synthetic sample may not represent a real-world situation, which should be acknowledged by any 

researchers performing such studies on synthetic specimens.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
Appendix B: Flotation of Rare Earth Minerals 

B-13 
 

Table B.2 – Summary of measured IEPs for bastnӓsite. Measurements taken during the 

current research program are in bold. 

Mineral Sample Origin Measurement 
Technique 

Background 
Electrolyte IEP Reference 

Bastnäsite 

Mountain Pass, USA 

Electrophoresis Not Indicated 4.6 Smith and Shonnard (1986) 
Electrophoresis Not Indicated 5.3 Smith and Steiner (1980) 
Electrophoresis 10−3 M KCl 6.4 Jordens et al. (2014b) 
Electrophoresis Not Indicated 6.8 Smith and Steiner (1980) 
Electrophoresis 10−1 M KNO3 7.0 Sarvaramini et al. (2016) 
Electrophoresis 10−1 M KNO3 7.0 Azizi et al. (2016) and Azizi et al. (2017) 
Electrophoresis Not Indicated 7.2 Smith and Steiner (1980) 
Electrophoresis 10−3 M NaNO3 

10−3 M NaF 9.3 Pradip et al. (2015) 

Electrophoresis 1 M NaNO3 9.3 Herrera-Urbina et al. (2013) 

Bayan Obo, China 
Electrophoresis 10−3 M KNO3 7.0 Luo and Chen (1984) 
Electrophoresis KCl 7.1 Li et al. (2018) 
Electrophoresis Not Indicated 8.1 Yang et al. (2017) 

Not Given Not Indicated Not Indicated 4.7 Kim et al. (2010) 
Poços de Caldas, Brazil Electrophoresis 10−3 M KCl 4.9 Pavez et al. (1996) 
Not Given Electrophoresis 10−2 M KCl 5.3 Zhou et al. (2014) 

Madagascar 
Electrophoresis 10−3 M KCl 6.2 Jordens et al. (2014b) 
Electrophoresis 10−3 M KCl 6.8 This Work  
Electroacoustics 10−3 M KCl 8.1 Jordens et al. (2014b) 

Weishan, China Electrophoresis 10−3 M KNO3 6.8 Cao et al. (2019) 

Gakara Mine, Burundi 
Electrophoresis 10−3 M KCl 6.4 This Work  
Electrophoresis 10-3 M NaCl 7.5 Espiritu et al. (2018a) 
Electrophoresis 10-3 M NaCl 8.0 Espiritu et al. (2018b) 

Maoniuping, China 
Electrophoresis Mot Indicated 7.8 Ren et al. (2000) 
Electrophoresis Not Indicated 8.0 Ren et al. (1997) 

Synthetic Electrophoresis 10−3 M NaNO3 
10−3 M NaF 7.8 Pradip et al. (2015) 

Zagi Mountains, Pakistan 
Electrophoresis Not Indicated 8.1 Zhang et al. (2013) 
Electrophoresis 10−3 M KCl 9.0 Liu et al. (2016) and Liu et al. (2018) 

Zaozhuang, China Electrophoresis Not Indicated 9.0 Cao et al. (2018a) 
 Synthetic Electrophoresis 10−3 M NaNO3 9.3 Pradip (1981) 
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Table B.3 – Summary of measured IEPs for monazite. Measurements taken during the 

current research program are in bold. 

Mineral Sample Origin Measurement 
Technique 

Background 
Electrolyte IEP Reference 

Monazite 

Not Given Not Indicated Not Indicated 1.1 – 9.0 Reported by Houot et al. (1991) 
USA Electrophoresis 10-3 M NaCl 3.0 Harada et al. (1993) 
Korea Electrophoresis Not Indicated 3.5 Hyung and Ki (1963) 

Bayan Obo, China 
Electrophoresis 10−3 M KNO3 5.0 Luo and Chen (1984) 
Electrophoresis 10−2 M KCl 5.4 Li et al. (2018) 

Eureka Farm 99, Namibia 
Electrophoresis 10−3 M KCl 5.0 Espiritu and Waters (2018) 
Electrophoresis 10-3 M NaCl 7.0 Espiritu et al. (2018a) and Espiritu et al. (2018b) 

Yard Mine (USA) Electrophoresis 10−3 M KCl 5.1 This Work  
Brazil Electrophoresis 10−3 M KCl 5.2 Pavez and Peres (1993a) and Pavez et al. (1996) 
New Mexico, USA Streaming Potential Not Indicated 5.3 Nduwa-Mushidi and Anderson (2017) 
Australia Electrophoresis Not Indicated 5.3 Cheng et al. (1993) 
Egypt Streaming Potential None 5.5 Abeidu (1972) 
Malaysia Electrophoresis 10-3 M NaCl 5.5 Harada et al. (1993) 
Synthetic (Ce) Electrophoresis 10−3 M KCl 5.9 Geneyton et al. (2018) 
Synthetic (La) Electrophoresis 10−3 M KCl 5.9 Geneyton et al. (2018) 
Synthetic (Nd) Electrophoresis 10−3 M KCl 5.9 Geneyton et al. (2018) 

Itambé, Brazil 
Electrophoresis 10−1 M KNO3 5.9 Azizi et al. (2016) and Azizi et al. (2017) 
Electrophoresis 10−1 M KNO3 5.9 Sarvaramini et al. (2016) 

China Electrophoresis 10−3 M KCl 6.0 Zhang et al. (2016) 
China Electrophoresis 10−3 M KCl 6.5 Zhang et al. (2017) 

 Australia Electroacoustics 10−3 M KNO3 6.5 Abaka-Wood et al. (2017) 
 Australia Electrophoresis 10-3 M NaCl 7.0 Harada et al. (1993) 
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Table B.4 – Summary of measured IEPs for other REM. Measurements taken during the 

current research program are in bold. 

Mineral Sample Origin Measurement 
Technique 

Background 
Electrolyte IEP Reference 

Xenotime 

Pitinga, Brazil Electrophoresis 10-2 M NaCl 2.3 Pereira and Peres (1997) 
Australia Electrophoresis Not Indicated < 3 Cheng et al. (1993) 
Not Given Not Indicated Not Indicated 4.0 – 5.0 Reported by Pereira and Peres (1997) 

Hainan, China Streaming Potential None 4.7 Zhang and Anderson (2017a) and Zhang and 
Anderson (2017b) 

Malaysia Electrophoresis 10-3 M NaCl 7.0 Harada et al. (1993) 

Allanite Nevada, USA 
Electrophoresis 10−3 M KCl 3.5 This Work  
Electrophoresis 10−3 M KCl 4.0 Jordens et al. (2014a) 

Ancylite Not Given Streaming Potential None 5.5 Cui and Anderson (2017b) 

Apatite 

Jacupiranga, Brazil Streaming Potential Not Indicated 3.8 Owens et al. (2019) 
Synthetic Electrophoresis Not Indicated < 5 Chen et al. (2016) 
Fort Dauphin, Madagascar Electrophoresis 10−1 M KCl 2 – 3 Filippova et al. (2014) 
Fort Dauphin, Madagascar Electrophoresis 10−1 M NaNO3 1 – 2 Filippov et al. (2012) 
Not Given Electrophoresis 10−3 M KCl 4.2 Zhou et al. (2015) 

Columbite 
Madagascar Electrophoresis 10−3 M KCl < 3 This Work  
Japan Electrophoresis 10-3 M NaCl 4.0 Harada et al. (1993) 
Brazil Electrophoresis 10-3 M NaCl 4.5 Harada et al. (1993) 

Eudialyte 
Not Given Not Indicated Not Indicated 3.5 

Reported by Stark et al. (2017) 
Not Given Not Indicated Not Indicated 4.5 

Fergusonite 

Egypt Electrophoresis 10−2 M NaNO3 2.7 Fawzy (2018) 

Cole Quarry, Canada 
Electrophoresis 10−3 M KCl < 3 This Work  
Electrophoresis 10−3 M KCl 6.3 Malas et al. (2013) 

Synthetic YNbO4 Electrophoresis 10−3 M KCl 6.9 This Work  

Parisite 
USA Streaming Potential Not Indicated 5.6 Owens et al. (2018) 
Blackbird Mine, USA Electrophoresis 10−3 M KCl 7.2 This Work  

Zircon1 

Pitinga, Brazil Electrophoresis 10-2 M NaCl 2.3 Pereira and Peres (1997) 
Thailand Electrophoresis Not Indicated 2.9 Gül (2004) 
Egypt Streaming Potential None 3.7 Abeidu (1972) 
Brazil Electrophoresis 10−3 M KCl 4.1 Pavez and Peres (1993a) 
Malawi Electrophoresis 10−3 M KCl 5.5 This Work  
Australia Electrophoresis 10-3 M NaCl 4.5 Peng et al. (2017) 
Not Given Not Indicated Not Indicated 4.7 Reported by Pereira and Peres (1997) 
Not Given Electrophoresis Not Indicated 5.0 Choi and Whang (1963) 
Australia Electrophoresis 10−2 M KNO3 5.5 Mao et al. (1994) 
Australia Electrophoresis 10−2 M KNO3 5.7 Mao et al. (1994) 
Not Given Not Indicated Not Indicated 6.0 Reported by Pereira and Peres (1997) 

1Cited studies do not state REE content of zircon 
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B.2.4 Collectors 

REM often have physical and chemical properties which are similar to the gangue minerals with 

which they are found. Therefore, highly selective flotation reagents are typically required 

(Bulatovic, 2010; Ren et al., 2003). The flotation of REM, particularly bastnӓsite and monazite, is 

typically accomplished using oxhydryl collectors, such as hydroxamates, carboxylates and 

phosphoric acid esters (Bulatovic, 2010; Jordens et al., 2013; Ren et al., 2003). This class of 

collectors is called oxhydryl collectors, as their functional groups consist of an oxygen anion and 

a double-bonded oxygen to which a metal cation will bind, with the key difference between these 

three collectors being the atom to which the oxygen atoms are attached (nitrogen, carbon and 

phosphorous) (Bulatovic, 2007a). Depending on the mineralogy of the ore, these collectors may 

be used in conjunction with a variety of different depressants and activators.   

B.2.4.1 Hydroxamic Acids 

Hydroxamic acids are a group of chelating collectors, which form complexes with metal cations 

present at the surface of minerals. Multiple researchers have suggested hydroxamate-metal 

complexation occurs through the substitution of the hydrogen atom of the hydroxyamide group 

with a metal cation and ring closure via the carbonyl oxygen atom (Cao et al., 2019; Cui et al., 

2012; Espiritu et al., 2018a; Gao et al., 2018; Hope et al., 2010; Li et al., 2018; Pradip and 

Fuerstenau, 1983; Zhang et al., 2017). The strength of the interaction varies depending on the 

metal cation (Figure B.2). The most stable complexes are formed with Fe3+, Al3+, Cu2+, Cr3+ and 

Pb2+, followed by rare-earth metal cations; and the weakest complexes are formed with alkaline-

earth metal cations (Fuerstenau, 2005; Khairy et al., 1996; Khalil and Fazary, 2004; Sastri et al., 

2003). It has been suggested that the larger the difference in stability constant of the complexes 

formed with surface cations the greater the selectivity (Pavez and Peres, 1993b; Pradip and 

Fuerstenau, 1983). Others believe that the selectivity of hydroxamic acid collectors is more closely 

related to adsorption kinetics (Assis et al., 1996). It has been suggested that hydroxamic acid 

collectors may interact with metal cations at the mineral surface in two ways: chemisorption and 

surface reactions (Pradip and Fuerstenau, 1983). Chemisorption involves the chelation reaction 

with the surface metal cation fixed in the mineral lattice. Surface reactions involve the hydrolysis 

of lattice cations, the formation of hydroxyl-complexes in solution, followed by re-adsorption (or 

precipitation) at the mineral surface, providing sites for hydroxamic acid adsorption. Adsorption 
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through surface reactions are believed to be much faster than chemisorption, and therefore the 

selectivity of the collector is strongly related to mineral solubility (Assis et al., 1996). More soluble 

minerals will exhibit faster adsorption kinetics compared to less soluble ones. Deng et al. (2016) 

and Gao et al. (2018) have also suggested mineral O-O bond distances dictate the degree to which 

collector adsorption occurs. Minerals with O-O distances similar to those of the hydroxamate 

collector are readily able to form stable chelates, whereas those whose O-O distances do not match 

cannot. Bulk precipitation is another important factor to consider in hydroxamic acid flotation. 

Undesirable precipitates can form when the collector reacts with dissolved metal cations in the 

bulk solution. This may consume collector or potentially adsorb onto mineral surfaces, altering the 

flotation response. 

 

Figure B.2 - Stability constants for metal complexes with AHA, SHA and BHA. Adapted 

from (Fuerstenau, 2005; Khairy et al., 1996; Khalil and Fazary, 2004; Sastri et al., 2003) 

Hydroxamic acids and their salts (collectively referred to as hydroxamates) are, generally, 

considered to be the most effective collectors for bastnӓsite and monazite flotation. There is a large 

body of work demonstrating their selectivity and collectivity for bastnӓsite and monazite; and they 

are used to process the Bayan Obo deposit (Zhang and Edwards, 2012). A summary of the literature 

available for REM flotation using hydroxamic acids is given in Tables B.5 to B.9. It should be 

noted that the optimum pH for flotation often occurs at around pH 9. This is roughly the pKa of 

hydroxamic acid collectors (Fuerstenau and Pradip, 2005; Gupta, 2013; Pradip and Fuerstenau, 

1983). Fuerstenau and Pradip (2005) suggested that, in some mineral systems, at the pKa of the 
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hydroxamic acid collector the hydroxamate anion adsorbs alongside the neutral molecule, resulting 

in multilayers of collector adsorption. At this pH, elevated concentrations of rare-earth hydroxy 

species are also present providing ideal conditions for collector adsorption (Assis et al., 1996).  

As cerium is typically the primary REE in bastnӓsite and monazite, much of the work focused on 

understanding mechanisms of collector adsorption are focussed on the interaction of the collector 

with solvated cerium species. The findings to date strongly suggest that hydroxylated cerium 

complexes, Ce(OH)2+ and Ce(OH)2
+, at the mineral surface provide adsorption sites for the 

hydroxamate collector (Jordens et al., 2014b; Pradip and Fuerstenau, 1985; Sarvaramini et al., 

2016). Quantum mechanical simulations using density functional theory (DFT) have indicated that 

the interaction of Ce(OH)2+ and Ce(OH)2
+ with up to three heptylhydroxamic acid (HHA) anions 

is thermodynamically favourable, which leads to the formation of [Ce(OH)(HHA)3(H2O)]− and 

[Ce(OH)2(HHA)3]2− at the mineral surface (Sarvaramini et al., 2016).  

Although hydroxylated REE complexes are understood to be important for the flotation of both 

bastnӓsite and monazite (Cheng et al., 1993; Espiritu and Waters, 2018), the specific manner by 

which hydroxamates interact with each mineral is believed to be different. It has been 

demonstrated that below monolayer coverage, hydroxamates adsorb on semi-soluble minerals, 

such as bastnӓsite, through endothermic surface precipitation (Pradip and Fuerstenau, 1985, 1991; 

Zhang and Honaker, 2017). Adsorption onto minerals with low solubility, such as monazite, occurs 

through exothermic chemisorption (Zhang and Honaker, 2017). As the collector concentration 

increases above monolayer coverage, the adsorption mechanism changes from exothermic 

chemisorption to endothermic surface precipitation (Zhang and Honaker, 2017). Both these 

processes are entropy-driven reactions (positive change in entropy) (Pradip and Fuerstenau, 1985; 

Zhang and Honaker, 2017); therefore, increases in temperature are likely to play a beneficial role 

in adsorption. It has been demonstrated for both minerals that temperature increases result in 

increased adsorption densities and flotation recoveries (Pavez and Peres, 1993b; Pradip and 

Fuerstenau, 1985; Zhang and Honaker, 2017). Improvements in selectivity as a result of 

temperature increases have also been demonstrated (Pavez and Peres, 1993b; Pradip and 

Fuerstenau, 1985). Li et al. (2018) suggested that at low temperatures (35°C) naphthyl hydroxamic 

acid adsorption to bastnӓsite and monazite was unstable and as temperature increased (75°C) the 

adsorption stability increased. Pavez and Peres (1993b) found greater improvements of monazite 
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recovery compared to zircon and rutile with increased temperatures (up to 65°C) and Pradip and 

Fuerstenau (1985) demonstrated increased temperatures (up to 61°C) favoured bastnӓsite flotation 

over calcite and barite, using octylhydroxamic acid (OHA) and potassium octylhydroxamate 

(POH), respectively. Pradip and Fuerstenau (1985) suggested that at room temperature POH 

adsorbed to bastnӓsite, calcite and barite, but with different free energies of adsorption; 

thermodynamically favouring bastnӓsite. As the temperature increased, so did collector adsorption 

onto all three minerals, but it did so disproportionately: increasing the difference in free energies 

of adsorption, hence improving selectivity. While temperature increases have been generally 

shown to improve both selectivity and REM recovery (Li et al., 2018; Pavez and Peres, 1993b; 

Pradip and Fuerstenau, 1985, 1991; Zhang and Honaker, 2017), there are instances where 

temperature increases have been detrimental to REM flotation with hydroxamate collectors (Pavez 

and Peres, 1993b; Wang et al., 2012). Although Pavez and Peres (1993b) found a positive impact 

of temperature when using OHA, they also found that when using the commercial hydroxamate 

Flotinor V3759, monazite recovery dropped and zircon and rutile recovery increased slightly with 

increasing temperature. Wang et al. (2012) found that increased temperature (up to 35 °C) resulted 

in minor improvements in grade and recovery when floating the Maoniuping bastnӓsite ore with a 

modified hydroxamate collector. However, further temperature increases were detrimental to 

bastnӓsite recovery and increases above 50°C were detrimental to grade. 

Extensive literature exists demonstrating the effectiveness of hydroxamic acid-based collectors for 

the flotation of REM and other minerals; however, a wide variety of different hydroxamate 

collectors have been studied, with very few fundamental studies examining the impact of the 

collector’s structure on flotation. Some work has been conducted investigating the effect of the 

hydrocarbon chain length of alkyl hydroxamates (Palmer et al., 1973; Sreenivas and 

Padmanabhan, 2002), suggesting that an improved flotation performance can be achieved with a 

longer hydrocarbon chain. Others, however, have noted a reduced flotation performance with 

hydroxamates which have carbon chains longer than C9 (Bulatovic, 2007a). While most laboratory 

work to date investigating the flotation of minerals with hydroxamate collectors focuses on the use 

of alkyl hydroxamates, a modified naphthyl hydroxamate (known as H205) has been widely used 

to process Chinese bastnӓsite ores, producing rare-earth oxide (REO) concentrates with grades 

above 50 % (Jordens et al., 2013; Li et al., 1988; Zhang and Edwards, 2012). Li et al. (1988) 

compared this collector to a commercial C5-C9 alkyl hydroxamate mixture and naphthyl 
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hydroxamate for the flotation of the Bayan Obo deposit. Although higher dosages of H205 were 

required, it resulted in improvements in both grade and recovery, while eliminating the use of 

sodium fluorosilicate as a depressant. This work also suggested that the naphthyl collector offered 

greater selectivity over the alkyl hydroxamate, albeit at lower recoveries. More recently, the use 

of H205 has been compared to cheaper modified naphthyl hydroxamates, known as Dh and L102 

(Che et al., 2003; Jordens et al., 2013). These collectors both resulted in a comparable flotation 

performance to H205, with expected cost reductions. In the case of Dh the reductions in cost are 

estimated to be as high as 50 % (Che et al., 2003). Xia et al. (2014) compared the use of three 

different aromatic hydroxamates (BHA, SHA and H205) in the flotation of the Nechalacho ore. The 

authors found that all three collectors were effective at recovering REM; however, depending on 

the rare earth cation present in the mineral lattice each collector produced a different flotation 

response. SHA was most effective at recovering LREM, whereas BHA was most effective at 

recovering HREM. Subsequently, a more extensive study on the same ore was performed, 

investigating 3 aromatic hydroxamates (BHA, SHA and tert-butyl benzo hydroxamate), a cyclic 

alkyl hydroxamate (cyclohexylhydroxamate) and an alkyl hydroxamate (OHA) (Hart et al., 2014). 

It is important to note that there is currently no commercial process for manufacturing tert-butyl 

benzo hydroxamate; however, all other hydroxamate collectors which were investigated are 

manufactured commercially. Similar results were obtained to those of Xia et al. (2014), however, 

in this case the authors also indicated that lower dosages of OHA were required to obtain similar 

recoveries to the other collectors investigated (Hart et al., 2014). From the above studies it can be 

concluded that the hydroxamate structure plays a significant role in flotation, and while aromatic 

hydroxamates generally offer greater selectivity, they typically require elevated dosages to achieve 

similar recoveries to alkyl hydroxamates. It is also likely that the optimal hydroxamate collector 

will vary depending on the mineral deposit. 

As evident from the preceding discussion, the response of REM to hydroxamic acid collectors 

varies not only by the collector’s structure but also by mineral type. Literature suggests that 

carbonate, phosphate and niobate minerals tend to float without much difficulty, whereas silicate 

minerals do not appear to respond well without excessively high collector dosages or the use of 

metal activators to promote collector adsorption. 
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The carbonate REM which have been examined by single mineral flotation experiments are 

bastnӓsite, parisite, and ancylite. Other studies on various ore deposits have also provided some 

insight into the flotation of synchysite and various barium-rich fluorocarbonate REM found in the 

Montviel deposit (Canada). The successful flotation of bastnӓsite is well documented with a 

variety of hydroxamate collectors in both single mineral (Table B.5) and ore flotation (Table B.8) 

experiments. While there is limited work documenting the other minerals, they have been shown 

to respond well to the hydroxamates tested (Cui and Anderson, 2017a, b; Deng and Hill, 2014; 

Jordens et al., 2016a; Owens et al., 2018). Parisite and synchysite are a part of a polysomatic series 

of fluorocarbonate minerals, along with bastnӓsite and rӧntgenite. As such, it is expected that these 

minerals would respond similarly to hydroxamates (and other flotation reagents). This has been 

suggested through zeta potential measurements by Owens et al. (2018), who demonstrated that 

parisite and bastnӓsite have a similar zeta potential response to the presence of a commercial 

hydroxamate collector. Likewise, it has been demonstrated in a real ore system by Jordens et al. 

(2016a), who found a similar flotation response between synchysite and bastnӓsite when floating 

a gravity concentrate from the Nechalacho deposit using BHA. It should be noted, however, that 

although the minerals exhibited only small differences in flotation response both the recovery and 

kinetics of bastnӓsite was greater than that of synchysite. This could be as a result of the lower 

REE content of synchysite compared to bastnӓsite, providing less sites for collector adsorption. 

Another possibility is that the average grain size of synchysite is less than that of bastnӓsite, 

resulting in reduced liberation and floatability. The grain size of synchysite in ore deposits is 

typically very small, which makes its flotation in real ore systems challenging, as well as difficulty 

in obtaining enough pure crystals for fundamental flotation studies. Deng and Hill (2014) found a 

commercial SHA collector (TR047) to be highly selective when floating a Canadian synchysite 

ore, however, recoveries were low; the authors attributed this to poor liberation. The specific REM 

of the Montviel deposit are difficult to define and different mineralogical studies have identified 

different REM (Nadeau et al., 2015; Negeri and Boisclair, 2016). The major REM which have 

been identified, however, belong to a series of barium rich fluorocarbonate minerals, which have 

highly similar structures to bastnӓsite. Therefore, similar flotation responses are expected. 

Flotation work on the Montviel deposit is limited, and as REM in this ore are difficult to define 

there exists little understanding of each mineral’s exact response to hydroxamates, although, high 

REE recoveries have been obtained using Aero 6493 (an industrial alkyl hydroxamate). The final 
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RE-bearing carbonate mineral for which literature exists is ancylite. Single mineral studies have 

shown that high recoveries can be achieved using OHA (Cui and Anderson, 2017b), which 

translates well to its response in the flotation of the Bear Lodge (USA) deposit, where ancylite is 

the primary REM (Cui and Anderson, 2017a). 

The second class of minerals which have received the most research are phosphate minerals. To 

date hydroxamates have only been tested for monazite and xenotime, which have been studied 

primarily in single mineral systems (Table B.6 and Table B.7). There also exists a small amount 

of literature regarding the flotation of ores where monazite is the primary REM (Table B.8). 

Monazite also exists as a secondary mineral in many REM deposits; however, these studies 

generally report REE or REO information, rather than specific information regarding the response 

of each REM present in the deposit. Although both these minerals can be floated using 

hydroxamates, the study by Jordens et al. (2016a), which investigated the flotation of the 

Nechalacho deposit using BHA, found monazite to have a much lower recovery and rate of 

recovery when compared to carbonate minerals such as bastnӓsite and synchysite. Similar findings 

were observed by Li et al. (2018), who found bastnӓsite floatability was greater than that of 

monazite when floating the Bayan Obo ore with a napthyl hydroxamic acid collector. This is likely 

due to differences in mineral solubility, supporting the hypothesis of Assis et al. (1996). Although 

there is no literature demonstrating this effect, xenotime may have a greater flotation response 

compared to monazite, as free energy of adsorption measurements suggest the adsorption of OHA 

to the surface of xenotime is through endothermic surface precipitation, most likely similar to that 

of bastnӓsite (Zhang and Honaker, 2017). Apatite is a secondary phosphate mineral which can 

contain economic concentrations of REE. There exists no literature exploring the use of 

hydroxamates to process REE-bearing apatite, however, Yu et al. (2016b) demonstrated that 

apatite can be easily separated from dolomite using an alkylhydroxamate. The mechanism of 

hydroxamate adsorption was described as chemisorption: bonding to calcium at the surface of the 

mineral. 

Although niobates are traditionally recovered for their niobium content, they often contain 

significant concentrations of REE. The minerals for which literature exists detailing their flotation 

response to hydroxamates are pyrochlore, columbite and fergusonite. The most widely studied 

mineral is pyrochlore, for which a review detailing its flotation can be found in Gibson et al. 
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(2015). Both BHA and alkyl hydroxamates have been used to float this mineral. For columbite and 

fergusonite there exists limited literature detailing their flotation. However, as these minerals are 

relatively soluble and contain niobium and REE (in some cases), which hydroxamic acids are 

known to form strong complexes with, it is expected that they will have a strong flotation response. 

This was demonstrated by Jordens et al. (2016a), in the flotation of the Nechalacho deposit using 

BHA, where both fergusonite and columbite recovery and recovery rate were comparable to that 

of bastnӓsite.  

As mineral solubility plays an important role in the adsorption of hydroxamate collectors to 

mineral surfaces, it is expected that silicate minerals, which are highly insoluble, have a 

significantly reduced response to hydroxamates. This has been demonstrated both in single mineral 

systems and ore systems. In a surface chemical study of allanite flotation, Jordens et al. (2014a) 

found that even with very high dosages of BHA, recovery of allanite was limited. Zircon has been 

shown to float using alkyl hydroxamic acids (Pavez and Peres, 1993a; Pavez and Peres, 1993b), 

however, when using a commercial aromatic hydroxamate zircon is not recovered (Marion et al., 

2019). These results may suggest that aromatic hydroxamates, such as BHA, tends to adsorb to 

mineral surfaces primarily through surface reactions and therefore mineral solubility is important. 

Alkyl hydroxamates, such as OHA, however, can more readily form coordinate and/or covalent 

bonds with surface metal cations fixed in the mineral lattice. In real ore systems, hydroxamates 

have been shown to be ineffective for the flotation of REE-bearing silicates without the use of 

activators. Jordens et al. (2016a) found relatively poor zircon and allanite recoveries when floating 

the Nechalacho deposit with BHA. Although a second addition of BHA resulted in slight increases 

in recovery of both minerals, significant increases in recovery only occurred after the addition of 

lead chloride as an activator. Although this did result in the preferential recovery of these minerals, 

it also increased the recovery of silicate gangue minerals. Similarly, Oyediran et al. (2014) and Yu 

et al. (2016a) studied the use of an unidentified alkyl and aromatic hydroxamate, along with a 

commercial aromatic collector (Florrea 7510) for the flotation of the Strange Lake ore (Canada) - 

a highly complex ore consisting of primarily REE-bearing silicates, such as gadolinite, gerenite, 

kainosite, zircon, gittensite, thorite and allanite. In both studies the authors provide only limited 

information how the various minerals responded to different collector systems, and instead used 

elemental information to asses flotation performance. In the initial study the unnamed aromatic 

hydroxamate resulted in low REE recoveries and minimal upgrading (Oyediran et al., 2014). The 
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alkyl hydroxamate was found to be the best collector for this ore when compared to various fatty 

acid and phosphoric acid ester collectors with REE recoveries of 91 % and upgrade ratios of 2.2 

(Oyediran et al., 2014). Yu et al. (2016a) later tested Florrea 7510 to improve the selectivity of the 

process. Using this collector alone resulted in a much lower recovery. However, the addition of 

other surfactants such as alkyl succinamate, octyl phosphonic acid, citric acid and oxalic acid all 

resulted in increased recovery of zirconium-, cerium- and yttrium-bearing minerals, with 

phosphonic acid offering the greatest recovery improvements. While this reagent scheme was 

effective at recovering and upgrading monazite, allanite and to a lesser extent zircon and other 

REE-bearing silicates, the recovery of gittensite remained poor. The process was also not effective 

at rejecting iron oxide or aegirine gangue. However, it did offer improvements over the alkyl 

hydroxamate tested previously. Another ore in which REE are present in silicate minerals was 

studied by Yang et al. (2015). In this case the primary REE-bearing minerals were the silicate 

minerals, elpidite, zircon, cerite and gittinsite and carbonate minerals, parasite, bastnӓsite and 

synchysite. In this case, the authors found the commercial alkyl hydroxamate Aero 6494 could 

achieve high REE recoveries, but, with minimal upgrading. 
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Table B.5 – Summary of single mineral flotation studies on bastnäsite using hydroxamate 

collectors 

REM Hydroxamate 
Collector 

Gangue 
Minerals Other Surfactants pH Reference 

Bastnӓsite 

POH 
  9.3 Pavez et al. (1996) 

Barite, Calcite 
Sodium carbonated,pH 

Lignin sulfonated 8-9 Pradip and Fuerstenau (1991) 

OHA Fluorite Ethylenediamine-
tetraacetic acidd 9 Cao et al. (2018b) 

C5 – C9 alkyl 
Barite, 
Fluorite, 
Calcite 

Sodium carbonated,pH 

Sodium silicated 

Sodium fluorosilicated 

9.3 Luo and Chen (1984) 

Aero 6493 
(C6 -C10 alkyl) 

  7-9 Sarvaramini et al. (2016) 
Calcite, 
Dolomite, 
Quartz 

 9 Azizi et al. (2016) 

BHA 
Quartz  9 Jordens et al. (2014b) 
Dolomite  9 Espiritu et al. (2018b) 
Dolomite  9 Espiritu et al. (2018a) 

H205 Barite, Calcite  8-10 Yang et al. (2017) 

SHA 
Barite, 
Fluorite, 
Calcite 

Strontium chloride 
hexahydrateo 6.5 - 9 Cao et al. (2018a) 

Modified SHA   9 Ren et al. (1997) 
The purpose of the other surfactant tested is detailed by d for depressant, pH for pH modifier and o for other reagents  
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Table B.6 – Summary of single mineral flotation studies on monazite using hydroxamate 

collectors 

REM Hydroxamate 
Collector 

Gangue 
Minerals Other Surfactants pH Reference 

Monazite 

POH 
  9 Pavez et al. (1996) 
Zircon 
Rutile 

Sodium metasilicated 10 Pavez and Peres (1993b) 

OHA 

Calcite  9 Zhang et al. (2017) 
Calcite  9 Zhang et al. (2016) 
  9 Zhang and Honaker (2017) 

Calcite 

Sodium silicated 

Sodium 
hexametaphosphated 

Citric acidd 
Ethylenediamine-
tetraacetic acidd 

9 Zhang and Honaker (2018) 

Apatite 
Ilmenite 
Quartz 
Rutile 
Zircon 

 7-10 Nduwa-Mushidi and 
Anderson (2017) 

C5 – C9 alkyl 
Barite 
Fluorite 
Calcite 

Sodium carbonated,pH 

Sodium silicated 

Sodium fluorosilicated 

9.3 Luo and Chen (1984) 

Aero 6493 
(C6 -C10 alkyl) 

  7-9 Sarvaramini et al. (2016) 

BHA 
Dolomite  7-9 Espiritu et al. (2018b) 
Dolomite  7 Espiritu and Waters (2018) 
Dolomite  9 Espiritu et al. (2018a) 

Flotinor V3759 
Zircon 
Rutile 

Sodium metasilicated 9 - 10 Pavez and Peres (1993b) 

AEROFLOAT 
6494 

Hematite 
Quartz 

 7 – 9 Abaka-Wood et al. (2017) 

The purpose of the other surfactant tested is detailed by d for depressant and pH for pH modifier 
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Table B.7 – Summary of single mineral flotation studies on other REM using hydroxamate 

collectors 

REM Hydroxamate 
Collector 

Gangue 
Minerals Other Surfactants pH Reference 

Xenotime 

Flotinor V3759 Zircon 

Lignin sulfonated 

Quebrachod 

Corn starchd 

Amylopectind 

Sodium metasilicated 

10 Pereira and Peres (1997) 

OHA 

Ilmenite 
Zircon 
Schorl 
Staurolite 

 9 Zhang and Anderson (2017b) 

Ilmenite  
Zircon 
Schorl 
Staurolite 

Sodium silicated 

Lignin sulfonated 5 – 9 Zhang and Anderson (2017a) 

Allanite BHA 
Quartz  None Jordens et al. (2014a) 
Quartz Iron chloridea 4 Jordens et al. (2014c) 

Ancylite OHA 
Calcite 
Strontianite 

 6 – 10 Cui and Anderson (2017b) 

Collophane Alkyl  Dolomite  2 – 12 Yu et al. (2016b) 
The purpose of the other surfactant tested is detailed by d for depressant and a for activator 
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Table B.8 – Summary of bastnӓsite and monazite ore flotation studies using hydroxamate 

collectors  

Deposit REM 
Major 
Gangue 
Minerals 

Hydroxamate 
Collector Other Surfactants pH Reference 

Bayan Obo 
Bastnӓsite 
Monazite 

Fluorite 
Iron minerals 
Barite 
Apatite 
Calcite 
Quartz 
 

C5-9 alkyl 
Sodium silicated 

Sodium carbonated 

Sodium fluorosilicated 

- Li et al. (1988) 

9.3 Luo and Chen (1984) 

Naphthyl 

Sodium silicated 

Sodium carbonated 

Sodium fluorosilicated 

- Li et al. (1988) 

Sodium silicated 8.5 Li et al. (2018) 

H205 
Sodium silicated 

Sodium carbonated 8.5 – 9 Li et al. (1988) 

Modified 
Sodium silicated 

H103
d 9 Ren et al. (1997) 

Mountain Pass Bastnӓsite 
Calcite 
Barite 
Celestite 

POH 
Sodium carbonated 

Lignin sulfonated 8-9 Pradip and Fuerstenau (1991) 

Maoniuping Bastnӓsite 

Barite 
Fluorite 
Calcite 
Quartz 

Modified 
Sodium silicated 

H103
d 9 Ren et al. (1997) 

Modified Sodium silicated - Wang et al. (2012) 

C5-9 alkyl 
Sodium carbonated 

Sodium silicated 

Sodium fluorosilicated 

- Reported by Chi et al. (2001) 

Weishan Bastnӓsite 
Barite 
Fluorite 
Silicates 

Modified 
Sodium silicated 

H103
d 9 Ren et al. (1997) 

L101 Sodium silicated  Reported by Chi et al. (2001) 

Niobec 
Bastnӓsite 
Monazite 

Dolomite 
Calcite 

Aero-6493  9 Azizi et al. (2016) 

Florrea 7510 
Sodium silicated 

Guar gumd 8 – 9 Boulanger et al. (2019) 

Kaolin deposit in 
St Austell Monazite 

Quartz 
Micas 
Tourmaline 
Feldspars 
Kaolinite 

AC-3 Sodium polyacrylateo 10 Filippov et al. (2016) 

Deposit in Zhijin, 
China 

Bastnӓsite 
Monazite 

Carbonates 
Iron minerals 

Florrea 8920 Sodium silicated 8.5 Jordens et al. (2016b) 

Deposit in Sao 
Goncalo do 
Sapucai, Brazil 

Monazite 

Ilmenite 
Quartz 
Zircon 
Rutile 

Flotinor V3759 Sodium metasilicated 10 Pavez and Peres (1994) 

Unnamed Chinese 
Deposits 

Bastnӓsite 
Monazite 

Barite 
Fluorite 

H205 Sodium silicated 8-9 Che (1993) 
Dh Silica geld 8 Che et al. (2003) 

The purpose of the other surfactant tested is detailed by d for depressant and o for other reagents  
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Table B.9 – Summary of other REM ore flotation studies using hydroxamate collectors  

Deposit REM 
Major 
Gangue 
Minerals 

Hydroxamate 
Collector Other Surfactants pH Reference 

Nechalacho 

Zircon 
Bastnӓsite 
Synchysite 
Allanite 
Monazite 
Fergusonite 
Columbite  
 
 

Feldspars 
Quartz 
Iron Oxides 

POH Sodium silicated 8.5 – 9  Hart et al. (2014) 

BHA 
Lead chloridea 9 Jordens et al. (2016a) 
Lead nitratea 9 Xia et al. (2015) 
Sodium silicated 8.5-9 Xia et al. (2014) 

SHA 
Sodium silicated 8.5-9 Xia et al. (2014) 
Sodium silicated 8.5 – 9 Hart et al. (2014) 

LF-P81 Lead nitratea 9 Xia et al. (2015) 

H205 
Sodium silicated 8.5-9 Xia et al. (2014) 
Sodium silicated 8.5 – 9  Hart et al. (2014) 

Cyclohexyl Sodium silicated 8.5 – 9  Hart et al. (2014) 
Tetra-butyl 
benzyl Sodium silicated 8.5 – 9  Hart et al. (2014) 

Bear Lodge Ancylite 

Calcite 
Pyrite 
Strontianite 
Feldspar 

OHA 
Sodium carbonated,pH 

Strontium nitrateo 9-10 Cui and Anderson (2017a) 

Montviel 

Huanghoite 
Cebaite 
17 trace 
REM 

Ankerite 
Dolomite 
Siderite 
Quartz 
Calcite 

Aero 6493 
Sodium silicated 

Carboxymethyl 
Cellulosed 

10 Negeri and Boisclair (2016) 

Strange Lake 

Gadolinite 
Gerenite 
Kainosite 
Zircon 
Gittinsite 
Thorite 
Allanite 
Monazite 
Bastnӓsite 

Quartz 
Feldspars 

Florrea 7510 

Sodium silicated 

Alkyl succimatea 

Phosphinic acida 

Citric acida,d 

Oxalic acida 

8.5 Yu et al. (2016a) 

Alkyl Sodium silicated 10 Oyediran et al. (2014) 

Unnamed Deposit 

Zircon 
Elpidite 
Cerite 
Allanite 
Parisite 
Bastnӓsite 
Synchysite 
Pyrochlore 

Feldspar 
Quartz 

Aero 6494 Sodium silicated 8.8 – 9.3 Yang et al. (2015) 

Unnamed 
Canadian Deposit Synchysite 

Ankerite 
Dolomite 

TR047 Sodium silicated 8.2 Deng and Hill (2014) 

The purpose of the other surfactant tested is detailed by d for depressant, a for activator, pH for pH modifier and o for other reagents  
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B.2.4.2 Carboxylates 

Carboxylates are the most widely used collectors in industrial practice and were traditionally the 

collector of choice for REM flotation, prior to the development of hydroxamates as viable flotation 

collectors (Bulatovic, 2007a; Jordens et al., 2013). Various carboxylate collectors exist, with the 

most commonly employed being oleic acid, sodium oleate, tall oils (mixtures of oleic, linoleic, 

conjugated linoleic, palmitic and stearic acids), and some oxidized petroleum derivatives 

(Bulatovic, 2007a). Although they were industrially employed at Mountain Pass and are used in a 

primary flotation stage for the processing of the Bayan Obo deposit, these collectors are generally 

unselective and require elevated temperatures and the addition of large quantities of depressants 

to be effective (Bulatovic, 2010; Houot et al., 1991; Jordens et al., 2013; Zhang and Edwards, 

2012). As such, much of the recent studies focused on REM flotation use hydroxamates and there 

exists limited work studying the flotation of REM other than bastnӓsite, monazite and xenotime. 

A summary of the work focused on carboxylate flotation of pure REM and various REM deposits 

is given in Tables B.10 to B.12. As can be seen from these tables most of the studies use sodium 

oleate or oleic acid as carboxylate collector. However, tall oil fatty acids have been suggested to 

offer improved results (Bulatovic, 2010).  

The adsorption of sodium oleate to the surface of bastnӓsite has been well documented in literature. 

It has been shown to chemisorb to the bastnӓsite surface with the maximum adsorption and 

floatability occurring at pH 9 (Jordens et al., 2014b; Pavez et al., 1996). More recent work, 

however, found maximum bastnӓsite recovery to occur from pH 4 to 8, after which further 

increases in pH resulted in decreases in recovery (Espiritu et al., 2018b). The authors did not 

provide any explanation for the observed differences between their study and those by Jordens et 

al. (2014b) and Pavez et al. (1996), however, these differences may be a result of differences in 

the origin of the bastnӓsite sample used, or minor impurities in the sample causing a different 

flotation response. Similar to hydroxamate flotation, it is suggested that hydroxylated REE species 

at the surface of the mineral provide sites for collector adsorption (Pavez et al., 1996). The 

application of fatty acid collectors to bastnӓsite deposits is primarily discussed with regards to the 

Mountain Pass deposit, which employed a tall oil collector, elevated temperatures and various 

depressants to achieve selective separation (Ferron et al., 1991; Houot et al., 1991; Jordens et al., 

2013). The improved selectivity at elevated temperatures has been explained by the increased 

solubility of the collector, an increase in dissolved REE species at the bastnӓsite surface, and the 
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preferentially enhanced collector adsorption on the surface of bastnӓsite relative to gangue 

minerals (Jordens et al., 2013). The preferential increase in collector adsorption to the surface of 

bastnӓsite may be described by Figure B.3. Using this description, it is suggested that bastnӓsite 

has made the transition from physisorption to chemisorption at the temperatures being used, 

whereas, gangue minerals (calcite and barite) fall into a regime where collector adsorption 

decreases (Jordens et al., 2013). For the Mountain Pass deposit, temperature increases above 75 

°C were detrimental, resulting in increased gangue recovery (Jordens et al., 2013). Another 

explanation for the improvements observed at elevated temperatures could be similar to that given 

for hydroxamic acids, where temperature increases cause disproportionate increases in the free 

energies of adsorption, thermodynamically favoring adsorption to the surface of bastnӓsite over 

gangue (Jordens et al., 2013). However, there is no published literature demonstrating this effect. 

At the Bayan Obo deposit, the lack of selectivity of fatty acid collectors is overcome by only 

employing them in an initial unselective flotation stage, and subsequently using a hydroxamate to 

selectively recover REM (Houot et al., 1991; Jordens et al., 2013; Zhang and Edwards, 2012). The 

removal of fatty acid from the surface of gangue minerals prior to a more selective flotation stage 

is imperative to facilitate selective REM flotation (Luo and Chen, 1984). Fatty acids have also 

been employed at the Weishan deposit in China, where an oleic acid type collector was used to 

produce a concentrate containing > 60 % REO (Chi et al., 2001). There exists little information 

(in English literature) detailing the exact process used, however, they have since moved to using 

more selective hydroxamate collectors (Chi et al., 2001). 

The use of fatty acid collectors for monazite and xenotime flotation has also been well described, 

primarily in the context of heavy mineral sands deposits. Compared to bastnӓsite, the adsorption 

of sodium oleate (and oleic acid) to the surface of both minerals has been shown to occur over a 

wider pH range (pH 3 – 11). Maximum monazite recoveries are generally reported at pH 3 and in 

the pH range 6-9 (Abaka-Wood et al., 2017; Abeidu, 1972; Cheng et al., 1993; Espiritu et al., 

2018b; Pavez et al., 1996; Pavez and Peres, 1993a). It is noted that while similar trends were 

observed by these authors there were differences in flotation response. Abeidu (1972) tested the 

pH range 4 – 10 and observed elevated recoveries from 5 to 9, with a maximum at pH 7. Cheng et 

al. (1993) observed high recoveries from pH 3 to 10. Pavez and Peres (1993a) and Pavez et al. 

(1996) observed recovery maximums at pH 3 and 7, with elevated recovery across the pH range 

investigated (2 – 10). Abaka-Wood et al. (2017) observed a maximum at pH 9, with relatively high 
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recovery from pH 5 – 9 and a drastic decrease at pH 3 and 11. Espiritu et al. (2018b) found 

maximum recoveries in the pH range of 6 – 7, and low recoveries at pH 4 and from pH 8 – 11. 

These differences between authors may indicate that different monazites will have differences in 

flotation response when using sodium oleate or oleic acid. Maximum xenotime recovery has been 

reported to occur in the pH range of 7 – 9 (Cheng et al., 1993; Cheng et al., 1994; Zhang and 

Anderson, 2017a). The mechanism of fatty acid adsorption to the surface of monazite has been 

reported as physisorption at pH 3 and chemisorption in the pH range 6 – 9 (Pavez et al., 1996). 

The mechanism of adsorption to the surface of xenotime is reported to be chemisorption (Cheng 

et al., 1994; Zhang and Anderson, 2017a). As described for bastnӓsite, it has been suggested that 

hydroxylated REE species at the surface of these minerals provide sites for fatty acid adsorption 

(Cheng et al., 1993). Increases in temperature have also been shown to be beneficial to the flotation 

of both minerals (Jordens et al., 2013; Pavez and Peres, 1993b; Zhang and Anderson, 2017a). The 

application of fatty acids to REM deposits containing monazite and/or xenotime is generally 

reported to be more successful than that of bastnӓsite, which is primarily a result of the different 

mineralogy of these deposits. Several authors have reported high grades and recoveries can be 

achieved using fatty acids in combination with depressants to recover monazite and xenotime from 

heavy mineral sands deposits (Andrews et al., 1990; Pavez and Peres, 1994). The use of fatty acids 

has also been shown to be successful for the flotation of xenotime from a relatively simple 

Australian deposit (Hadley and Catovic, 2014). However, for more complex monazite and/or 

xenotime bearing ores, they are generally ineffective (Filippov et al., 2016; Goode et al., 2014; 

Jeong and Cho, 2014; Satur et al., 2016). The only exception to this, so far, is for the Mount Weld 

deposit in Australia (Chan, 1992; Guy et al., 2000), where two different flotation schemes 

employing fatty acids have been proposed. The first uses a blended collector emulsion of fatty 

acid, with an emulsifier, typically a secondary amino modified sulfonated fatty acid, along with 

sodium silicate, sodium sulfide and a starch as depressants (Chan, 1992). The second method 

employs an unnamed fatty acid collector in combination with similar depressants (Guy et al., 

2000). Although the Mount Weld deposit is currently operational, there exists no literature 

reporting the specifics of their flotation process.  

Other minerals for which a minor amount of literature exists detailing their interaction with 

carboxylates are apatite, allanite, columbite, fergusonite, steenstruspine, cerite, zircon and elpidite. 

Flotation processes for REE-bearing apatites are similar to those used to recover apatite for the 
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phosphate industry (Beer et al., 2014; Harbi et al., 2011; Houot, 1982), where fatty acid flotation 

is well established (Lu et al., 1998). The flotation of allanite using fatty acids was described by 

Jordens et al. (2014a). The authors found allanite could be recovered at elevated sodium oleate 

dosages with a maximum recovery occurring at pH 7. However, very high (1 kg/t) dosages were 

required. The flotation of columbite using sodium oleate was reported by Harada et al. (1993). The 

authors did not note if the columbite sample used contained REE; however, high recoveries were 

reported over the pH range of 2 – 10, with maximum recovery occurring at pH 2 and 6 – 10. 

Fergusonite flotation using sodium oleate was reported by Fawzy (2018). Flotation occurred from 

pH 2 – 10, with highest recovery at pH 5. The authors suggested using Span 80 to enhance the 

floatability of fergusonite. The flotation of steenstruspine (and monazite) from the Kvanefjeld 

deposit in Greenland using different carboxylate collectors was described by Sorensen and 

Lundgaard (1966). They also explored the use of lanthanum ions as an activator, with limited 

success. The use of sodium oleate was shown to outperform a hydroxamate and a phosphoric acid 

ester for the flotation of a complex ore containing primarily REE-bearing silicates (Yang et al., 

2015). However, the results suggested that only REE-bearing carbonates demonstrated a good 

flotation response. Cerite and allanite, had significantly reduced recovery and recovery rates 

compared to bastnӓsite, parisite and synchysite; and zircon, elpidite and pyrochlore recoveries 

were less then 20 %. The flotation of eudialyte using sodium oleate and oleic acid has also been 

reported by Ferron et al. (1991), however, there exists no detailed information in English literature.  
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Table B.10 – Summary of single mineral flotation studies using carboxylate collectors  

Mineral Collector Other 
Surfactants Gangue Minerals pH Reference 

Bastnӓsite 
Sodium oleate 

  9 Pavez et al. (1996) 
 Dolomite 4 - 8 Espiritu et al. (2018b) 
 Quartz 9 Jordens et al. (2014b) 

Benzoic acid Potassium 
alumd  4 - 5 Ren et al. (2000) 

Monazite 

Sodium oleate 

  3, 6-8 Pavez et al. (1996) 

 
Hematite 
Quartz 

9 Abaka-Wood et al. (2017) 

 Dolomite 6-7 Espiritu et al. (2018b) 
 Dolomite 7 Espiritu and Waters (2018) 

 
Zircon 
Rutile 

3, 7 Pavez and Peres (1993a) 

  8-9 Cheng et al. (1993) 
Sodium 
metasilicated 

Sodium sulfided 

Zircon 
Rutile 

6-9 Pavez and Peres (1993b) 

Sodium sulfided Zircon 
Pyrochlore 

7 Zakharov et al. (1967) 

Oleic acid 
Sodium sulfided Zircon 6-9 Abeidu (1972) 
  4 - 11 Hyung and Ki (1963) 

Linoleic acid   4 – 9 Hyung and Ki (1963) 

Xenotime 

Sodium oleate 
  7 Cheng et al. (1994) 
  7-8 Cheng et al. (1993) 

Sodium oleate 
Sodium silicated 

Lignosulfonated 

Ilmenite 
Zircon 
Schorl 
Staurolite 

7 – 9 Zhang and Anderson (2017a) 

Columbite Sodium oleate   2, 6 – 10 Harada et al. (1993) 

Allanite Sodium oleate  Quartz 7.5 Jordens et al. (2014a) 

Fergusonite Sodium oleate 

Span 80a 

Sodium 
metasilicated 

Oxalic acidd 

Citric acidd 

Zircon 
Quartz 
Feldspar 

5 Fawzy (2018) 

The purpose of the other surfactant tested is detailed by d for depressant and a for activator 
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Table B.11 – Summary of bastnӓsite, monazite and xenotime ore flotation studies using 

carboxylate collectors 

Deposit REM 
Major 
Gangue 
Minerals 

Collector Other Surfactants pH Reference 

Mountain Pass Bastnӓsite 
Calcite 
Barite 
Celestite 

Oleic acid 
Linoleic acid 
Linolenic acid 
Westvaco L-1 
Westvaco L-5 
Westvaco M-28B 

Lignin sulfonatesd 

Sodium fluorided 

Sodium fluorosilicated 

Sodium carbonated,pH 

10 Morrice and Wong (1982) 

Bayan Obo Bastnӓsite 
Monazite 

Fluorite 
Iron minerals 
Barite 
Calcite 

Paraffin soap Sodium carbonated 

Sodium silicated 10.3 Luo and Chen (1984) 

Mount Weld 

Monazite 
Cheralite 
Cerianite 
Florencite 
Rhabdophane 

Geotite 
Apatite 
Crandalite 
Dolomite 
Cryptomelane 
Jacobsite 

Tall oil  Sodium silicated 9.8 Wen Qi (1993) 

Unnamed fatty 
acid 

Sodium sulfided 

Sodium silicated 

Starchd 
10.5 Guy et al. (2000) 

Fatty acid 
collector mixture 

Sodium sulfided 

Sodium silicated 

Starchd 
- Chan (1992) 

Weishan Bastnӓsite 
Barite 
Fluorite 
Silicates 

Oleic acid Sodium silicated 8-8.5 Reported by Chi et al. 
(2001) 

Sands deposit in 
Horsham, 
Australia 

Monazite 
Xenotime 

Zircon 
Rutile 
Leucoxene 
Quartz 

Acintol FA2 Sodium silicated 

Sodium fluorosilicated 10 Andrews et al. (1990) 

Deposit in Sao 
Goncalo do 
Sapucai, Brazil 

Monazite 

Ilmenite 
Quartz 
Zircon 
Rutile 

Sodium oleate Sodium metasilicated 10 Pavez and Peres (1994) 

Wolverine Xenotime Quartz Modified Sodium silicated - Hadley and Catovic (2014) 

Eco Ridge 

Monazite 
Bastnӓsite 
Synchysite 
Allanite 

Quartz 
Pyrite 

LR19 
Oleic acid 

Petroleum sulphonated 

Kerosened  Goode et al. (2014) 

Kaolin deposit in 
Saint Austel Monazite 

Quartz 
Micas 
Tourmaline 
Feldspars 
Kaolinite 

Sodium oleate Sodium polyacrylated 10 Filippov et al. (2016) 

Chennai beach 
sand Monazite 

Ilmenite 
Rutile 
Zircon 
Garnet 
Quartz 

Sodium laurate 
Sodium oleate 
Neofat 140 
Acintol FA1 
Actinol FA2 
Actinol FAX 

Sodium silicated 9.2 – 9.8 Bulatovic (2010) 

Unnamed deposit 
Xenotime 
Monazite 
RE carbonates 

Quartz 
Nontronite 
Hematite 

Aero 704 
Sylfat FA2 

Lignin sulfonated 

Sodium metasilicated 

Sodium fluorided 

Starchd 

10.5 Satur et al. (2016) 

The purpose of the other surfactant tested is detailed by d for depressant and pH for pH modifier  
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Table B.12 – Summary of other REM ore flotation studies using carboxylate collectors 

Deposit REM Major Gangue 
Minerals Collector Other Surfactants pH Reference 

Songwe 
Apatite 
Synchysite 

Ankerite 
Calcite 

Betacol 
CKF30B 

Lignin sulfonated 

Sodium carbonated 

Sodium fluorosilicated 

- Beer et al. (2014) 

Kola  
Apatite 
Titanite 

Nepheline 
Feldspar 
Clinopyroxene 

Tall oil Sodium silicated - Houot (1982) 

Wadi Khamal 
Nelsonite Apatite 

Ilmenite 
Magnetite 

Oleic acid Sodium silicated 9.5 Harbi et al. (2011) 

Kvanefjeld 
Steenstrupine 
Monazite 

Silicates 
Oleic acid 
Sodium oleate 
Linoleic acid 

Sodium silicated 

Lanthanum nitrateo 8-9 Sorensen and Lundgaard 
(1966) 

Unnamed Deposit 

Zircon 
Elpidite 
Cerite 
Allanite 
Parisite 
Bastnӓsite 
Synchysite 
Pyrochlore 

Feldspar 
Quartz 

Sodium oleate 
Sodium silicated 

Starchd 8.8 – 9.3 Yang et al. (2015) 

The purpose of the other surfactant tested is detailed by d for depressant and o for other reagents  

 

 

Figure B.3 – Adsorption isobar of adsorption amount versus temperature showing the 

transition between physical and chemical adsorption. Adapted from Pradip (1981) 
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B.2.4.3 Phosphoric Acids 

After hydroxamates and carboxylates, the next most examined collectors are phosphoric acid-

based collectors. Studies examining their application to REM are detailed in Tables B.13 and B.14. 

These collectors are believed to interact with REM through chemisorption, in a similar manner to 

hydroxamates and carboxylates (Rao, 2013). Flotation of bastnӓsite and monazite has been shown 

to occur over a wide range of pH (4 – 9 for bastnӓsite and 4 – 11 for monazite) (Espiritu et al., 

2018b). However, they are typically less selective than hydroxamates (Espiritu et al., 2018b; 

Jordens et al., 2014b). The selectivity of oxhydryl collectors has been explained by the polarity of 

the oxygen atoms involved in the collector mineral interactions (Nagaraj, 2018). Nitrogen (in 

hydroxamates) is the most electronegative, followed by carbon (in carboxylates) and then 

phosphorous (phosphoric acids) (Nagaraj, 2018). Therefore, the single bonded oxygen present in 

hydroxamates will be the weakest electron donor and be less available to interact with metal 

cations (Nagaraj, 2018); whereas, the oxygen in phosphoric acids are more available for complex 

formation with metal cations and therefore they are typically the least selective (Nagaraj, 2018).  

As these collectors are generally unselective, their application to REM deposits is limited. 

However, there does exist some literature demonstrating their effective use. Andrews et al. (1990) 

tested four different phosphoric acid collectors to recover monazite and xenotime from a heavy 

minerals sands deposit and found improved selectivity over fatty acids. They also noted that it was 

possible to float at less alkaline pH when using the phosphoric acid collectors. Yu et al. (2016a) 

compared a hydroxamate collector (with the addition of phosphonic acid) to a phosphoric acid 

collector (with the addition of citric and oxalic acids) for the flotation of the Strange Lake deposit. 

In this case both collectors offered similar selectivity, but the phosphoric acid collector scheme 

was much better at recovering HREE-bearing minerals such as zircon and gittensite. The 

phosphoric acid ester SM15 has also been demonstrated as an effective collector for recovering 

eudialyte from the Norra Karr deposit (Stark et al., 2017). 
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Table B.13 – Summary of single mineral flotation studies using phosphoric acid-based 

collectors  

REM Collector Other 
Surfactants Gangue Minerals pH Reference 

Bastnӓsite 
Flotinor 1682  Dolomite 4 - 8 Espiritu et al. (2018b) 

SM15  Quartz 5 - 9 Jordens et al. (2014b) 

Monazite Flotinor 1682 
 Dolomite 4 - 8 Espiritu et al. (2018b) 

 Dolomite 4 - 7 Espiritu and Waters (2018) 

 

Table B.14 – Summary of REM ore flotation studies using phosphoric acid-based collectors 

Deposit REM 
Major 
Gangue 
Minerals 

Collector Other Surfactants pH Reference 

Norra Karr Eudialyte 
Nepheline 
Feldspars 
Aegirine 

SM15 
Oxalic acidd 

Sodium 
hexametaphosphated 

<4 Stark et al. (2017) 

Strange Lake 

Gadolinite 
Gerenite 
Kainosite 
Zircon 
Gittinsite 
Thorite 
Allanite 
Monazite 
Bastnӓsite 

Quartz 
Feldspars 

Flotinor 1682 
Oxalic acidd 

Citric acidd 8.5 Yu et al. (2016a) 

Sands deposit in 
Horsham, 
Australia 

Monazite 
Xenotime 

Zircon 
Rutile 
Leucoxene 
Quartz 

Various 
phosphoric acid 
esters 

Sodium silicated 

Sodium fluorosilicated 8.5 Andrews et al. (1990) 

The purpose of the other surfactant tested is detailed by d for depressant 

B.2.4.4 Other Collectors 

Other collectors which have been examined for REM flotation are alkyl sulfates, sulfonates, 

amines, ionic liquids and various unique collector blends. These are summarized in Tables B.15 

and 16. Alkyl sulfates have been reported as collectors for monazite flotation (Abaka-Wood et al., 

2017; Abeidu, 1972; Choi and Whang, 1963; Ferron et al., 1991). Choi and Whang (1963) and 

Abeidu (1972) reported good monazite floatability at pH below its IEP (pH ≤ ~4), suggesting 

collector adsorption through electrostatic interactions. Abaka-Wood et al. (2017) found 

contradictory results indicating monazite floats well across the pH range 3 – 11. This would seem 
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to indicate some degree of chemisorption; however, the study did not provide any fundamental 

explanation for mineral recovery above the IEP of monazite. Sulfonates have also been used as a 

monazite collector at acidic pH (McEwen et al., 1976). At pH above the IEP, amines have been 

used as physisorbing collectors to recover REM. Choi and Whang (1963) and Abeidu (1972) found 

monazite recovery above the IEP using dodecylamonium chloride and dodecylamine, respectively. 

Ferron et al. (1991) reported their use to recover fergusonite and priorite from complex ores and 

in a double reverse flotation scheme for eudialyte. Eudialyte was reported as being easy to depress, 

therefore, it was depressed and a fatty acid was used to first remove aegirine and arfredsonite 

followed by amine flotation to remove feldspars. Amine collectors have also been shown to 

recover allanite in the pH range 4 – 10 (Jordens et al., 2014a). However, elevated dosages were 

required to recover allanite when compared to quartz, suggesting the potential for separation by 

reverse flotation (Jordens et al., 2014a). Flotation using any of these collectors has not been 

extensively applied or tested in any industrial setting. As gangue minerals typically have similar 

surface properties and charge as REM, the application of collectors which rely primarily on 

physisorption is likely to be challenging.   

More novel collectors known as ionic liquids have been recently tested for REM flotation, due to 

their effectiveness in REE extraction and separation (Baba et al., 2011; Binnemans, 2007; Sun et 

al., 2009; Sun et al., 2012; Sun and Waters, 2014). Tetrabutylammonium bis(2-ethylhexyl)-

phosphate, or [N4444][DEHP], was found to offer improved selectivity and collectivity for monazite 

and bastnӓsite in the Niobec deposit compared to an alkyl hydroxamate collector (Azizi et al., 

2016). However, these improvements were negligible as both collectors recovered significant 

amounts of calcite and dolomite. Similarly, Li (2018) tested tetraethylammonium mono-(2-

ethylhexyl)2-ethylhexyl phosphonate, or [N2222][EHEHP], as a collector for bastnӓsite. It was 

found that the bastnӓsite could be recovered at pH 5; however, the collector had a higher affinity 

for hematite (recovered from pH 3 – 7). 

Collector blends and emulsions have also been reported for the flotation of REM. These include a 

secondary amine-modified sulphonated fatty acid for bastnӓsite flotation (Bulatovic, 1988); an 

emulsion of a fatty acid, an emulsifier, a phosphonic acid derivative and optional oil/amine 

additions for monazite flotation (Bulatovic and Willett, 1991); a tallow, fatty acid primary amine 

acetate (Armac T) for monazite flotation (McEwen et al., 1976); a mixture of Armac T and Reagent 
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308 for monazite flotation (McEwen et al., 1976); mixtures of alkyl sulphate and phosphate esters 

(Bulatovic, 2010); a fatty acid/hydroxamate mixture for monazite flotation (Ferron et al., 1991); 

the blended collector emulsion of fatty acid, with an emulsifier such as a secondary amino modified 

sulfonated fatty acid described in Section B.2.4.2 for the flotation of the Mount Weld deposit 

(Chan, 1992); a mixture of sulphosuccinamate and phosphate ester modified with alkylsulphate 

(known as KBX3) for REM and zircon recovery (Bulatovic, 2010; Yu et al., 2016a); and 

amine/ester mixtures for fergusonite and priorite flotation (Ferron et al., 1991). 

Table B.15 – Summary of single mineral flotation studies using other collectors  

REM Collector Other 
Surfactants Gangue Minerals pH Reference 

Bastnӓsite Ionic Liquid: 
[N2222][EHEHP]  

Quartz 
Hematite 

5 Li (2018) 

Monazite 

Sodium dodecyl 
sulphate 

 Zircon 1.5 – 
4.5 Abeidu (1972) 

  1.5 - 3 Hyung and Ki (1963) 

 
Hematite 
Quartz 

9 Abaka-Wood et al. (2017) 

Armac T  

Orthoclase 
Rutile 
Plagioclase 
Ilmenite 
Garnet 

2.5 McEwen et al. (1976) 

Reagent 308  

Orthoclase 
Rutile 
Plagioclase 
Ilmenite 
Garnet 

2.5 McEwen et al. (1976) 

Dodecylamonium 
chloride   8 – 11 Hyung and Ki (1963) 

Dodecylamine  Zircon 8 – 10 Abeidu (1972) 

Allanite Dodecylamine  Quartz 4 – 10 Jordens et al. (2014a) 
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Table B.16 – Summary of REM ore flotation studies using other collectors 

Deposit REM 
Major 
Gangue 
Minerals 

Collector Other Surfactants pH Reference 

Bunbury 
Xenotime 
Monazite 

Ilmenite 
Zircon 
Garnet 
Tourmaline 
Other 
Silicates 

F74286 
(Undescribed 
amphoteric 
collector) 

Sodium silicated 10 Ozeren and Hutchinson (1990) 

Niobec 
Monazite 
Bastnӓsite 

Calcite 
Dolomite 
Quartz 

Ionic Liquid: 
[N4444][EHEHP] Sodium silicated 9 Azizi et al. (2016) 

Rosetta sands 
deposit Monazite 

Rutile 
Ilmenite 
Zircon 

Sulphonate 231 
Aeropromoter 
710 
R260 
R376 
R276R 

Sodium oxalated - Bulatovic (2010) 

The purpose of the other surfactant tested is detailed by d for depressant 

As is evident from Tables B.5 to B.16, the successful separation of REM from gangue, in real ore 

systems, typically requires the use of other modifying agents. The specific reagents used are ore 

specific, but generally function to control the ionic composition of the pulp, depress gangue and/or 

act as activators for REM. The effectiveness of REM flotation is often affected by the ionic 

composition and hardness of the water which they are floated in. In most cases the presence of 

dissolved species in solution, from semi-soluble REM and/or accompanying gangue of a semi-

soluble nature, have a significant impact on flotation. For example, excess calcium, magnesium or 

strontium cations in solution from semi-soluble gangue minerals such as calcite, fluorite, dolomite 

and celestite have been shown to consume collector and result in significantly lower concentrate 

grades and REM recoveries (Cao et al., 2018a; Espiritu et al., 2018a; Li et al., 1988; Zhang et al., 

2017). Some commonly used modifying agents are sodium silicates, sodium carbonate, lignin 

sulfonates, sodium fluorosilicates, sodium fluoride, starches, sodium sulfide and sodium oxalate. 

Although some of the reagents listed below are multi-functional they are listed under their primary 

function. 
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B.2.5 Pulp/Surface Modifying Agents 

B.2.5.1 Sodium Carbonate 

Sodium carbonate is used extensively in bastnӓsite flotation to regulate the supply of carbonate 

ions in solution (Houot et al., 1991; Jordens et al., 2013; Pradip and Fuerstenau, 1991). Carbonate 

ions will affect both the solution pH and the surface properties of bastnӓsite and gangue minerals 

such as calcite and barite (carbonate anions are potential-determining ions for these minerals) 

(Pradip and Fuerstenau, 1991). Pradip and Fuerstenau (1991) suggested that through the addition 

of sodium carbonate the surface charge of calcite and barite is positive at pH 9 while bastnӓsite is 

negative. This helps a negatively charged depressant, such as lignin sulfonate, adsorb to the surface 

of calcite and barite, and allows for fatty acid or hydroxamic acid molecules to adsorb in greater 

quantities to the surface of bastnӓsite. Excess sodium carbonate addition will depress the flotation 

of bastnӓsite (Pradip and Fuerstenau, 1991).  

B.2.5.2 Citric Acid 

Citric acid has been shown to aid in the flotation of monazite (Zhang and Honaker, 2018). It is 

suggested that citric acid provides a cleaning action for the monazite surface by chelating with and 

removing calcium ions (Zhang and Honaker, 2018). Citric acid was tested as a reagent for the 

flotation of the Strange Lake ore (Yu et al., 2016a). It was shown to result in increased REM 

recovery using Florrea 7510, Flotinor 1682 and KBX3 (Yu et al., 2016a). The authors suggested 

the best flotation results occurred with Flotinor 1682 in combination with oxalic acid and citric 

acid (Yu et al., 2016a). Citric acid combined with sodium metasilicate was suggested to be 

effective at depressing zircon, quartz, and feldspar in the flotation of fergusonite (Fawzy, 2018).  

B.2.5.3 Ethylenediaminetetraacetic acid (EDTA) 

EDTA has been used to clean calcium ions from the surface of monazite (Zhang and Honaker, 

2018). It offered improvements over citric acid, resulting in greater monazite recovery at optimal 

dosage and having a lower depressing effect on monazite at elevated dosages (Zhang and Honaker, 

2018). It has also been suggested as an effective depressant for fluorite in the flotation of bastnӓsite 

(Cao et al., 2018b). The authors suggested EDTA could remove adsorbed hydroxamate from the 

surface of fluorite through the formation of dissolved calcium EDTA complexes. Bastnӓsite 

remained unaffected resulting in selective flotation (Cao et al., 2018b). 
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B.2.5.4 Sodium Polyacrylate 

Filippov et al. (2016) studied the use of the dispersant sodium polyacrylate for the recovery of 

monazite from kaolin micaceous residue. It was found to offer significant improvements when 

compared to flotation without dispersion, resulting in a recovery increase of 50 % and grade 

improvements of approximately 1.6 times. 

B.2.6. Depressants 

B.2.6.1 Sodium Silicate 

Sodium silicates (also known as water glass) have been employed in the context of REM flotation 

for the depression of silicate gangue (Chan, 1992; Satur et al., 2016), salt minerals (fluorite, barite, 

calcite and dolomite) (Boulanger et al., 2019; Li et al., 2018; Luo and Chen, 1984; Ren et al., 

1997; Wang et al., 2012; Zhang and Honaker, 2018), iron minerals (Satur et al., 2016; Wen Qi, 

1993) and minerals associated with monazite (Pavez and Peres, 1993b) and xenotime (Pereira and 

Peres, 1997; Zhang and Anderson, 2017a) in placer deposits (zircon, rutile, schorl and staurolite). 

They have been shown to depress both bastnӓsite and monazite, although, they have a greater 

effect on gangue (Houot et al., 1991; Luo and Chen, 1984; Pavez and Peres, 1993b; Zhang and 

Honaker, 2018). Sodium silicate has been identified as one of the most important reagents for the 

successful flotation of the Bayan Obo ore (Jordens et al., 2013). Large dosages are added to depress 

the flotation of all minerals, and then a small amount of hydroxamic acid is added to selectively 

float only the REM (Jordens et al., 2013). The large sodium silicate requirement can be reduced 

by using it in combination with either alum or carboxymethyl cellulose (CMC) (Jordens et al., 

2013). The depression mechanism of fluorite, barite and calcite in the Bayan Obo ore has been 

described as negatively charged colloidal particles of sodium silicate adsorbing to positive calcium 

and barium hydroxylated complexes at the minerals surface (formed from calcium and barium ions 

transferring from the mineral surfaces to the highly alkaline solution), forming a hydrophilic film 

on the surface of these minerals (Luo and Chen, 1984). It has been suggested that sodium silicate 

further benefits the process by removing excess calcium and magnesium ions in solution, which 

consume collector, through the formation of precipitates (Bulatovic, 2007a, c; Li et al., 1988). The 

reagent’s impact on pH (renders pH more alkaline) is another important consideration when 

evaluating its effect on REM flotation (Jordens et al., 2016b).  
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B.2.6.2 Lignin Sulfonate 

Lignin sulfonate is used in REM flotation as a selective depressant for barite (Pradip and 

Fuerstenau, 1991). It has been shown to adsorb to the surface of barite, calcite and bastnӓsite. 

However, it exhibits a higher affinity for barite and as such it is the only mineral in the Mountain 

Pass ore for which its depressing action is significant (Pradip and Fuerstenau, 1991). Elevated 

temperatures are believed to have no impact on the selectivity on the depression of barite or calcite 

with lignin sulfonate (Pradip and Fuerstenau, 1991). Excessive dosage of this depressant is 

detrimental to bastnӓsite flotation (Morrice and Wong, 1982). 

B.2.6.3 Sodium Fluorosilicate 

Sodium fluorosilicate has been used as a generic depressant for barite, calcite and fluorite in the 

Bayan Obo and Mountain Pass ores (Houot et al., 1991; Luo and Chen, 1984; Morrice and Wong, 

1982). Sodium fluorosilicate, which was used at Bayan Obo to depress gangue as well as act as an 

activator for REM flotation (Luo and Chen, 1984), is no longer required due to the use of the more 

selective H205 hydroxamic acid collector (Li et al., 1988). For the Mountain Pass ore, sodium 

fluorosilicate drastically reduced the pH which had to be offset by excessive sodium carbonate 

addition, rendering it less effective than sodium fluoride (Morrice and Wong, 1982). Sodium 

fluorosilicate is also a depressant for silicates (Bulatovic, 2007c). 

B.2.6.4 Sodium Fluoride 

Sodium fluoride is an important depressant used exclusively in the flotation of non-sulfide 

minerals (Bulatovic, 2007c). Although it is believed to be a depressant for silicate and oxide 

minerals, studies have shown it does not depress them, rather it improves depression when used 

with other depressants (Bulatovic, 2007c). Sodium fluoride was shown to offer improvements for 

the flotation of REM from the Mountain Pass ore compared to sodium fluorosilicate as it had much 

less impact on pH (Morrice and Wong, 1982).  

B.2.6.5 Sodium Sulphide 

Sodium sulphide has been reported as an activator for monazite and a depressant for zircon when 

using a fatty acid collector (Abeidu, 1972; Zakharov et al., 1967). The depression of zircon is, 

however, dependant on dosage. At low dosages, sodium sulphide has been shown to activate 

monazite, zircon and pyrochlore (Zakharov et al., 1967). As the dosage increased, pyrochlore and 
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zircon were depressed, and monazite was unaffected (Zakharov et al., 1967). Zakharov et al. 

(1967) described the depression of zircon and pyrochlore by the adsorption of S2- and SH- ions to 

its surface, preventing collector adsorption. The activation of monazite was explained by the lack 

of SH- ions on its surface, with the attached sulfur in its oxidized form providing sites for collector 

adsorption. An alternative explanation is the selective desorption of sodium oleate from the 

mineral surfaces (Pol'kin et al., 1967). Pol'kin et al. (1967) found that the collector was almost 

completely removed from zircon and pyrochlore, while desorption from monazite was incomplete 

allowing it to float. Abeidu (1972) provided a third explanation where it was suggested that some 

phosphate sites at the monazite surface are displaced by S2- and SH- ions followed by attachment 

of oleate ions to the adsorbed activating sites.  

B.2.6.6 Sodium Hexametaphosphate 

Sodium hexametaphosphate has been suggested as a depressant in the separation of monazite from 

calcite (Zhang and Honaker, 2018). However, removal of calcium ions from the surface of 

monazite (using citric acid or EDTA) is crucial or it will also be significantly depressed (Zhang 

and Honaker, 2018). Sodium hexametaphosphate was also used in combination with oxalic acid 

to depress pyroxenes and nepheline feldspars in the flotation of eudialyte from the Norra Karr 

deposit (Stark et al., 2017).  

B.2.6.7 Starches 

Starches are a group of organic polymers which selectively coat mineral surfaces to prevent 

collector adsorption (Bulatovic, 1999). They are important depressants used in the flotation of 

xenotime and monazite from mineral sands deposits, where they act as depressants for rutile, 

ilmenite and zircon (Bulatovic, 2007c; Pereira and Peres, 1997). The have also been employed in 

flotation schemes proposed for the Mount Weld deposit (Guy et al., 2000).  

B.2.6.8 Amylopectin 

Amylopectin is one of the two main components of starch (the other being amylose). It has been 

tested to depress zircon in the flotation of xenotime (Pereira and Peres, 1997). While zircon was 

depressed, amylopectin also had a small depressing action on xenotime and separation was not as 

efficient as when using sodium silicate or starch as depressants (Pereira and Peres, 1997).  
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B.2.6.9 Quebracho 

Quebracho is an organic polymer derived from the heartwood of the trees Shinopsis balansae and 

Shinopsis lorentzii (Bulatovic, 2007b; Pearse, 2005). It has been tested as a depressant for the 

flotation of heavy mineral sands deposits, where it has been shown to depress both xenotime and 

zircon (Pereira and Peres, 1997). The exact mechanism causing xenotime and zircon depression 

was not described, but, in most other mineral systems it is believed that the depressing action of 

quebracho is a result of it displacing collector from the mineral surface (Bulatovic, 2007b).  

B.2.6.10 Guar Gum 

Guar gums are organic polymers produced from the seed of two plants: Cyamopsis tetragonalobus 

and Cyamopsis psoraloide. They are effective for the depression of naturally hydrophobic gangue 

(talc) and silicates (Bulatovic, 2007b). The application of guar gum as a depressant in REM 

flotation was tested by Boulanger et al. (2019). They studied its use for the flotation of the Niobec 

ore and found that although it resulted in higher bastnӓsite and monazite recoveries, it also 

promoted gangue recovery and was deemed ineffective. The authors noted that the addition of guar 

gum resulted in a slurry which appeared more viscous, which may have been promoting gangue 

recovery through non-selective entrainment.  

B.2.6.11 Silica Gel 

Silica gel has been shown to be a good depressant for gangue minerals barite, fluorite and calcite 

in the flotation of a Chinese rare earth deposit (Che et al., 2003). The depressing action was 

explained as an active siliceous colloid which selectively adsorbs to gangue minerals rendering 

them hydrophilic (Che et al., 2003). The authors suggested silica gel as a more suitable depressant 

than sodium silicate, however, dosage control is important. When added in excess, silica gel also 

depressed bastnӓsite and monazite. 

B.2.7 Activators 

B.2.7.1 Metal Activators 

Various metal activators have been tested to promote hydroxamate adsorption to the surface of 

REM. Xia et al. (2015) investigated the use of lead nitrate as an activator during the flotation of 

the Nechalacho deposit. The authors found improvements in both REE grade and recovery when 

compared to hydroxamate flotation alone. Similarly, Jordens et al. (2016a) tested the use of lead 
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chloride for the flotation of the same ore. In this case lead ions were employed to activate REM 

which were not recovered in an initial flotation stage using BHA. Although the addition of lead 

was suggested to be beneficial in both cases, lead ions were also shown to activate gangue minerals 

(Jordens et al., 2016a; Xia et al., 2015). Although it has been shown to be effective for REM 

flotation, the potential environmental concerns must be noted. There exists a great deal of literature 

highlighting the potential danger small amounts of lead can have on public health and the 

environment (Dudka and Adriano, 1997; Duruibe et al., 2007; Förstner and Wittmann, 2012; 

Harrison and Laxen, 1981). Lead present in a plant’s tailings stream would be environmentally 

concerning and any plant employing a flotation scheme of this nature must mitigate this. As an 

alternative to the use of lead as an activator, Anderson (2015) demonstrated that cobalt nitrate 

could effectively activate bastnӓsite. This resulted in a shift in the optimum pH for flotation from 

pH 9 to pH 7, which is the pH where CoOH+ ions are most present (Anderson, 2015). A similar 

shift in optimum pH was observed by Jordens et al. (2014c), when testing the impact of ferric 

chloride and ferrous chloride as an activator for allanite flotation. Allanite was previously shown 

to not float in the presence of BHA (Jordens et al., 2014a); however, after the addition of ferrous 

chloride, allanite demonstrated a maximum recovery at pH 4. This was assumed to be a result of 

the monohydroxy form of ferric iron species (ferrous ions were at least partially oxidized to their 

ferric form) providing sites for collector adsorption. It was noted that the addition of ferric chloride 

was not effective at the pH investigated. The authors did not determine the exact reason for this; 

however, it was suggested the presence of both divalent and trivalent iron ions with the addition 

of ferrous chloride may play a role. They also noted that at pH 4 there may be excess ferric 

hydroxide formation when using ferric chloride, and more favourable results may be possible at 

pH 3. Lastly, it was noted that improved results may be possible using a metal activator whose 

monohydroxy species is present at a pH near the pKa
 of BHA.  

B.2.7.2 Sodium Oxalate/Oxalic acid 

Sodium oxalate has been studied as an activator for monazite flotation when using sulfonate 

collectors (Bulatovic, 2010; Houot et al., 1991). The specific sulfonate collector and conditioning 

time have a significant impact on flotation (Bulatovic, 2010). Oxalic acid has been studied as an 

activator in the flotation of the Strange Lake deposit using the hydroxamate collector Florrea 7510, 

the phosphoric acid Flotinor 1682 and the collector mixture KBX3. In all cases oxalic acid resulted 

in improved REM recovery (Yu et al., 2016a). Oxalic acid has also been studied as a depressant 
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for pyroxenes and nepheline feldspars in the flotation of eudialyte (Stark et al., 2017), and a co-

depressant, in conjunction with sodium metasilicate, for zircon, quartz and feldspar in the flotation 

of fergusonite (Fawzy, 2018).  

B.2.8 Summary and Conclusions 

This review has summarized the current available literature on REM flotation. The general 

findings can be summarized as follows: 

- There are large differences in REM IEPs reported by different surface chemical studies. 

This is particularly the case for bastnӓsite and monazite. It is suggested that these 

variations are a result of procedural differences rather than differences in mineral origin 

or structure.  

- REM other than bastnӓsite and monazite could benefit from fundamental surface 

chemical studies which are limited to date.  

- Hydroxamates are currently the most effective collectors available for the flotation of 

carbonate, phosphate and niobate minerals. However, they do not offer the same degree 

of recoverability and selectivity for REE-bearing silicate minerals. Mineral solubility 

plays a significant role on flotation, with more soluble REM generally having a greater 

flotation response to hydroxamates. 

- Aromatic hydroxamates such as BHA and various modified naphthyl hydroxamates seem 

to offer improved selectivity over alkyl hydroxamates, although higher collector dosages 

are required to achieve similar recoveries. 

- Carboxylate and phosphoric acid collectors are often much less selective than 

hydroxamates. However, they have been shown to be effective collectors for heavy 

mineral sands deposits; and may offer improved results for the flotation of silicate REM.  

- Regardless of the collectors being used other modifying reagents such as depressants and 

activators are required to achieve selective separation. While several different reagents 

have been studied for this purpose, much of the work to date has focussed on depressing 

gangue minerals found in carbonate deposits (calcite, barite and fluorite) or mineral sands 
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deposits (zircon, rutile and ilmenite). In most cases, the tested depressants also impact 

REM flotation, and activators for REM flotation also activate gangue minerals. Further 

work focussed on finding highly selective depressants and activators, specifically for 

minerals found in more complex alkaline/peralkaline igneous rock deposits, would 

benefit the future of REM flotation.  

- Flotation studies focussed on mineral deposits which contain multiple REM should 

provide mineralogical information, rather than, or along with, elemental information. 

This would provide a more fundamental understanding of how REM other than bastnӓsite 

and monazite respond to the various flotation schemes which are tested. 
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B.2.10 Supplementary Material – Methods Used for Zeta Potential 

Measurements 

B.2.10.1 Materials 

The REM used in this work, their origin and the source from which they were obtained are 

summarized in Table B.17. The procedure for synthesis of YNbO4 follows the protocol described 

by Hirano and Dozono (2013). The as-received natural mineral samples were stage ground dry 

using a Pulverisette 6 planetary monomill (Fritsch, Germany) with ceramic grinding media and 

sieved to produce samples in the size range of – 150 + 38 m. Minerals which were not received 

pure were purified using a Mozley MKII Laboratory Separator (Mozley, UK) and/or a Frantz 

Isodynamic Separator (Frantz, USA). X-ray diffraction (XRD) was employed to verify the success 

of the purification steps. The XRD analyses were performed using a Bruker D8 Discovery X-ray 

Diffractometer equipped with a cobalt X-ray generating source. The resulting diffraction patterns 

and corresponding mineral reference files are provided in Figures B.4-B.11. The XRD patterns for 
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the allanite and fergusonite sample were less conclusive at determining mineral purity than the 

others. The allanite sample is the same sample as used by Jordens et al. (2014a), which was 

received as 65 % allanite (as determined by QEMSCAN analysis) and then concentrated using a 

Frantz Isodynamic Separator. Concentration steps were deemed successful and any differences in 

XRD patterns compared to available reference patterns were said to be due to differences in allanite 

composition (Jordens et al., 2014a). To ensure mineral purity of fergusonite it was analyzed using 

a scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDS). The SEM 

used was a Hitachi SU8000 cold field emission SEM (Hitachi High-Technologies, Canada), 

equipped with an 80 mm2 X-MaxN Silicon Drift EDS detector (Oxford Instruments, UK). The X-

ray map of the fergusonite sample is provided in Figure B.12. From XRD and SEM analyses it can 

be concluded that all minerals are of relatively high purity. Once determined pure, a subsample of 

the mineral samples were further ground wet using a Pulverisette 6 planetary monomill to obtain 

very fine particles or zeta potential measurements. The particle size (equivalent spherical diameter) 

[determined using a LA-920 particle analyser (Horiba, Japan)] and measured surface areas 

[determined by the N2 Brunauer–Emmett–Teller (BET) technique, using a TriStar Surface Area 

and Porosity Analyzer (Micromeritics, USA)] are given in Table B.18. 

Table B.17 – Mineral samples used in this study 

Mineral Origin Purchased From or Supplied By 

Bastnӓsite 1 Gakara Mine, Burundi African Rare Earths (Pty.) Ltd. (South Africa) 
Bastnӓsite 2 Madagascar Gregory, Bottley and Lloyd (UK) 
Monazite Yard Mine, USA Mineralogical Research Company (USA) 
Allanite Nevada, USA Gregory, Bottley and Lloyd (UK) 
Parisite Blackbird Mine, USA Khyber Minerals Co (USA) 
Fergusonite Gole Quarry, Canada David K Joyce Minerals (Canada) 
YNbO4 Synthetic YNbO4 - 
Columbite (Fe) Mahaiza, Madagascar Khyber Minerals Co (USA) 
Zircon Malawi Excaibur Mineral Corp (USA) 
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Figure B.4 – XRD pattern of the purified bastnäsite samples used in this work 
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Figure B.5 – XRD pattern of the purified monazite sample used in this work 
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Figure B.6 – XRD pattern of the purified allanite sample used in this work 
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Figure B.7 – XRD pattern of the purified parisite sample used in this work 
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Figure B.8 – XRD pattern of the purified natural fergusonite sample used in this work 
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Figure B.9 – XRD pattern of the synthesized fergusonite sample used in this work 
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Figure B.10 – XRD pattern of the purified columbite sample used in this work 
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Figure B.11 – XRD pattern of the purified zircon sample used in this work 

 

 

Figure B.12 – Backscattered electron image (left) and elemental phase identification (middle-

yttrium, right-niobium) of the natural fergusonite sample 
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Table B.18 – Particle size of mineral samples used for surface chemistry investigations  

Mineral Particle Size (m) BET Surface Area 
(m2 g-1) d50 d80 

Bastnӓsite 1 2.0 3.6 14.35 
Bastnӓsite 2 1.8 3.3 11.36 
Monazite 1.9 3.4 9.52 
Allanite 3.2 7.1 3.84 
Parisite 6.6 10.4 0.26 
Fergusonite 6.8 10.2 0.66 
YNbO4 5.2 10.0 86.83 
Columbite (Fe) 2.0 3.8 0.51 
Zircon 2.0 3.5 3.40 

 

B.2.10.2 Zeta Potential Measurements 

Zeta potential measurements were conducted using a NanoBrook ZetaPlus electrophoretic 

analyser (Brookhaven Instruments, USA). Mineral samples were suspended in 200 mL of 10−3 M 

KCl solution at a concentration of 0.04 %wt/wt. The pH range investigated was from pH 3 to 10 

(with measurements taken in steps of 1 pH unit), as measurements below pH 3 and above pH 10 

were not possible due to the limitations of the analyser. Samples were conditioned for 30 min after 

collector addition (at a concentration of 40 mg/L) and for 5 min at each pH prior to taking a 

measurement. Fresh samples were prepared for acidic and basic zeta potential measurements to 

avoid zeta potential hysteresis.  
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B.3 An Evaluation of Hydroxamate Collectors for Malachite 

Flotation 

Hydroxamic acid collectors are considered the most effective collectors for REM flotation 

(particularly for bastnäsite and monazite). However, a wide variety of different hydroxamate 

collectors have been studied with limited fundamental knowledge on the impact the collector’s 

structure has on flotation. Thus, the objective of Section B.3 is to evaluate how different 

hydroxamate collectors effect the flotation of malachite. While malachite is not a REM, it is used 

in this study, as malachite is commonly floated using hydroxamate collectors, easily obtainable in 

large quantities and, as it is a carbonate mineral, may offer some insight into how these collectors 

interact with carbonate REM which may behave similarly, such as bastnӓsite. The study 

investigated five alkyl hydroxamates of different chain length (C1, C2, two C8, C12) and two 

aromatic hydroxamates (BHA and SHA); and employed zeta potential measurements, to aid in 

understanding reagent adsorption, and bench scale flotation experiments, to asses the difference in 

flotation response between collectors. This work was reported in a manuscript published in the 

peer-reviewed journal Separation and Purification Technology (Marion, C., Jordens, A., Li, R., 

Rudolph, M., Waters, K.E., 2017. An Evaluation of Hydroxamate Collectors for Malachite 

Flotation. Separation and Purification Technology 183, 258-269) and is reproduced below. 
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Abstract 

Copper oxide minerals, such as malachite, do not often respond well to traditional copper sulphide 

collectors, and require alternative flotation schemes. Hydroxamic acid collectors have been 

suggested as a means to directly float malachite; however, there is limited information on the effect 

of reagent structure on the performance of these collectors. This papnvestigated the effect of five 

alkyl hydroxamates and two aromatic hydroxamates on the flotation of a synthetic ore composed 

of pure, fully liberated, malachite and quartz. Zeta potential measurements were used to aid in 

understanding reagent adsorption onto the surface of the two minerals. The collectors were then 

evaluated using bench scale flotation results. While zeta potential measurements suggested that all 

the collectors investigated selectively adsorb onto the surface of malachite, only benzohydroxamic 

acid and C8 alkyl hydroxamates were effective collectors in the flotation of malachite. 

Benzohydroxamic acid was the most selective; however, significantly lower dosages of C8 alkyl 

hydroxamates were required to obtain similar malachite recoveries, with minimal increases in 

quartz recovery. Benzo- and octylhydroxamic acid were further examined for the flotation of fine 

(-38 m) particles. For fine particle flotation experiments the effect of temperature was also 

investigated as a means to improve the flotation performance.  
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B.3.1. Introduction 

The majority of copper is extracted from copper sulphide minerals, however, copper oxide 

minerals do account for a significant portion of copper production (Schlesinger et al., 2011). There 

are numerous different copper oxide minerals, and in general, more than one is present in a deposit. 

These minerals are commonly found close to the earth’s surface, as they are often the product of 

the weathering of copper sulphide minerals. One of the more common copper oxide minerals is 

malachite (Cu2CO3(OH)2) (Bulatovic, 2010a). As with most copper oxide minerals, malachite does 

not respond well to traditional copper sulphide collectors, such as xanthates, and alternative 

flotation schemes are required (Bulatovic, 2010a). The traditional method of copper oxide flotation 

involves sulphidising the mineral surface prior to the addition of a copper sulphide collector 

(Bulatovic, 2010a). The effectiveness of sulphidisation is, however, highly dependent upon the 

dosage of the sulphidising agent. The high degree of dosage control required in plant situations for 

proper sulphidisation often leads to poor flotation performance (Laskowski and Fuerstenau, 2010; 

Le Normand et al., 1979; Lee et al., 2009). As an alternative to sulphidisation, multiple different 

oxhydryl collectors have been evaluated for the direct recovery of malachite, such as fatty acids 

(Bulatovic, 2010a; Choi et al., 2016), amines (Bulatovic, 2010a), phosphonic acids (Li et al., 

2015), phosphinic acids (Li et al., 2015) and hydroxamic acids (Bulatovic, 2010a; Le Normand, 

1974; Le Normand et al., 1979; Lee et al., 1998; Lee et al., 2009). While all these collectors have 

been shown to be effective at recovering malachite, they often offer poor selectivity over gangue 

minerals, especially relative to the selectivity of xanthates in copper sulphide flotation. 

Hydroxamic acids, however, have been shown to effectively and selectively recover malachite 

(Bulatovic, 2010a; Lee et al., 1998; Lee et al., 2009). 

Hydroxamic acids are a group chelating collectors, capable of forming complexes with specific 

metal cations at the surface of minerals. The stability constants of hydroxamate-metal complexes 

vary depending on the metal cation. Figure B.2 (Section B.2.4.1) shows the stability constants for 

metal complexes with acetohydroxamic acid (AHA), salicylhydroxamic acid (SHA), and 

benzohydroxamic acid (BHA). The most stable complexes are formed with Fe3+, Al3+, Cu2+, Cr3+ 

and Pb2+, followed by rare earth metal cations; and the weakest complexes are formed with 

alkaline-earth metal cations (Fuerstenau, 2005; Khairy et al., 1996; Khalil and Fazary, 2004; Sastri 

et al., 2003). Several studies have suggested that the larger the difference in stability constant of 
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the complexes formed with surface cations the greater the selectivity (Pavez and Peres, 1993b; 

Pradip and Fuerstenau, 1983). Other authors, however, believe the selectivity of hydroxamic acid 

collectors is more closely related to adsorption kinetics (Assis et al., 1996). It has been suggested 

that hydroxamic acid collectors may interact with metal cations in the mineral lattice in two ways: 

chemisorption and surface reactions (Fuerstenau, 1983). Chemisorption involves coordinate and 

covalent bonding with the surface metal cation fixed in the mineral lattice. Surface reactions 

involve the hydrolysis of lattice cations, the formation of hydroxyl-complexes in solution, 

followed by re-adsorption at the mineral surface; providing sites for hydroxamic acid adsorption. 

It has been suggested that the kinetics of hydroxamic acid adsorption through surface reactions are 

much faster than those through chemisorption, and therefore the selectivity of the collector is 

strongly related to mineral solubility (Assis et al., 1996). More soluble minerals will exhibit faster 

adsorption kinetics compared to less soluble ones. Another important factor to consider in 

hydroxamic acid flotation is bulk precipitation, which occurs when the collector reacts with 

dissolved metal cations in the bulk solution forming undesirable precipitates, which may consume 

collector or potentially adsorb onto mineral surfaces, altering the flotation response. 

The use of hydroxamic acids and their salts (collectively referred to as hydroxamates throughout 

this paper) have been investigated in the flotation of a wide variety of minerals. Table B.19 

indicates the minerals (grouped by the lattice metal for which the mineral is considered to be an 

economically exploitable resource) for which hydroxamate collectors have been shown to be 

effective, along with the structure of the hydrophobic group of the hydroxamates investigated. 

Although the use of hydroxamates as flotation collectors has received extensive research, there is 

limited information available on the effect of hydroxamate structure on flotation. Some work has 

been conducted investigating the effect of the hydrocarbon chain length of alkyl hydroxamates 

(Palmer et al., 1973; Sreenivas and Padmanabhan, 2002); suggesting that an improved flotation 

performance can be achieved with a longer hydrocarbon chain. Others, however, have noted a 

reduced flotation performance with hydroxamates which have carbon chains higher than C9 

(Bulatovic, 2007a). While the vast majority of the work to date investigating the flotation of 

minerals with hydroxamate collectors focuses on the use of alkyl hydroxamates, Xia et al. (2014) 

compared the use of three different aromatic hydroxamates (BHA, SHA and a naphthoyl 

hydroxamate) in the flotation of a rare earth ore. The authors found that all three collectors were 

effective at recovering rare earth minerals; however, depending on the rare earth cation present in 
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the mineral lattice each collector resulted in a different flotation response. Later a more extensive 

study on the same ore was performed, investigating 3 aromatic hydroxamates (BHA, SHA and 

tert-butyl benzo hydroxamate), a cyclic alkyl hydroxamate (cyclohexylhydroxamate) and an alkyl 

hydroxamate [octylhydroxamic acid (OHA)] (Hart et al., 2014). It is important to note that there 

is currently no commercial process for manufacturing tert-butyl benzo hydroxamate; however, all 

other hydroxamate collectors which were investigated are manufactured commercially. Similar 

results were obtained to the previous study, however, in this case the authors also indicated that 

lower dosages of OHA were required to obtain similar recoveries to the other collectors 

investigated (Hart et al., 2014). Similarly, Xia et al. (2015a) compared the use of two aromatic 

hydroxamates (BHA and tert-butyl benzo hydroxamate) to alkyl and cyclic alkyl hydroxamates 

(OHA and cyclohexylhydroxamate) in the flotation of ilmenite and wolframite. The greatest 

recovery of ilmenite was obtained with tert-butyl benzo hydroxamate, with recoveries decreasing 

according to OHA>cyclohexyl hydroxamate>BHA. While tert-butyl benzo hydroxamate was not 

examined for wolframite flotation, the results differed from ilmenite flotation, with cyclohexyl 

hydroxamate resulting in the best flotation performance (followed by OHA and then BHA). The 

authors concluded that while the hydroxamate structure plays a significant role on flotation, the 

selectivity and recovery performance of specific hydroxamate collectors varies depending on the 

mineral.  
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Table B.19 – Minerals for which hydroxamate collectors have been shown to be effective 

Lattice Metal Mineral Mineral Type 
Hydroxamate 
Hydrophobic 

Group 
Reference 

Rare Earth Elements 
Bastnäsite Carbonate 

Alkyl 
Aromatic 

(Pavez et al., 1996; Pradip and Fuerstenau, 1991) 
(Jordens et al., 2014b; Ren et al., 1997) 

Monazite Phosphate Alkyl (Nduwa Mushidi, 2016; Pavez et al., 1996; Pavez and 
Peres, 1993b, c) 

Copper 
Chrysocolla Silicate Alkyl (Laskowski and Fuerstenau, 2010; Peterson et al., 1965) 
Malachite Carbonate Alkyl (Le Normand, 1974; Le Normand et al., 1979) 

Tin Cassiterite Oxide 
Alkyl 
Aromatic 

(Sreenivas and Padmanabhan, 2002) 
(Qin et al., 2011; Wu and Zhu, 2006) 

Niobium 
Fersmite Oxide 

Alkyl 
Cyclic Alkyl 

(Ren et al., 2004) 
(Ren et al., 2004) 

Pyrochlore Oxide Aromatic (Gibson et al., 2015b) 

Iron Hematite Oxide Alkyl (Fuerstenau et al., 1970; Han et al., 1973; Raghavan and 
Fuerstenau, 1975) 

Manganese 

Hubernite Oxide Alkyl (Fuerstenau, 2005) 
Pyrolusite Oxide Alkyl (Natarajan and Fuerstenau, 1983) 
Rhodochrosite Carbonate Alkyl (Zhou et al., 2015a; Zhou et al., 2015c) 
Rhodonite Silicate Alkyl (Palmer et al., 1973) 

Titanium 

Ilmenite Oxide 
Alkyl 
Cyclic Alkyl 
Aromatic 

(Nduwa Mushidi, 2016; Xia et al., 2015a) 
(Xia et al., 2015a) 
(Xia et al., 2015a) 

Rutile Oxide 
Alkyl 
Aromatic 

(Nduwa Mushidi, 2016; Pavez and Peres, 1993b, c; Wang 
et al., 2014) 
(Marabini and Rinelli, 1983) 

Tungsten 

Scheelite Oxide Aromatic (Yin and Wang, 2014) 

Wolframite Oxide 
Alkyl 
Cyclic Alkyl 
Aromatic 

(Hu et al., 1997; Meng et al., 2015; Xia et al., 2015a) 
(Xia et al., 2015a) 
(Xia et al., 2015a; Yang et al., 2014) 

Zinc Sphalerite Sulphide Aromatic (Natarajan and Nirdosh, 2006) 

Zirconium Zircon Silicate Alkyl (Nduwa Mushidi, 2016; Pavez and Peres, 1993b, c) 

With limited information on the effect of reagent structure on the performance of hydroxamate 

collectors, this paper investigates the effect of five alkyl hydroxamates and two aromatic 

hydroxamates on a synthetic ore made of malachite and quartz. Zeta potential measurements were 

used to aid in understanding reagent adsorption to the surface of malachite and quartz. The 

collectors were then evaluated using bench scale flotation results. Collectors showing the best 

results were further examined for the flotation of fine (-38 m) particles. For fine particle flotation 

experiments the effect of temperature was also investigated as a means to improve the flotation 

performance.  
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B.3.2 Experimental 

B.3.2.1 Materials 

Malachite and quartz used for this work were purchased from AMR Mineral and Metal Inc. 

(Canada) and Unmin Canada Ltd. (Canada) respectively. Both samples were analysed by X-ray 

diffraction, and no other mineral phases were discerned. 

The malachite sample was initially broken into approximately 2-3 cm pieces using a hammer and 

chisel. The sample was then stage pulverized to produce a -150 +38 m and -38 m size fractions 

for flotation experiments. Quartz was sieved to produce samples with the same size distributions. 

For zeta potential measurements, -38 m samples of malachite and quartz were ground wet using 

a Pulverisette 6 planetary monomill (Fritsch, Germany) to produce very fine particle sizes 

(malachite d50 = 3.3 m, d80 = 7.0 m; quartz d50 = 3.8 m, d80 = 6.1 m). Particle size (equivalent 

spherical diameter) was determined using a LA-920 particle analyser (Horiba, Japan).  

The hydroxamate collectors used in this investigation are shown in Table B.20. All collectors were 

prepared by dissolving the respective solids in deionized water, whereas tetradecylhydroxamic 

acid (THA) was dissolved in ethanol at a 1:20 mass ratio of THA:ethanol. Hydrochloric acid and 

sodium hydroxide, used for pH modifications in both zeta potential and flotation experiments, 

were purchased from Fisher Scientific. For flotation experiments F150 (obtained from Flottec, 

USA) was used as frother. All reagents were used as provided. 
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Table B.20 – Hydroxamate collectors used in zeta potential and flotation experiments 

Hydroxamate Abbreviation Structure Manufacturer 

Benzo BHA 
 

Sigma Aldrich 
(USA) 

Salicyl SHA 
 

Alfa Aesar (USA) 

Aceto AHA 
 

Alfa Aesar (USA) 

K-Butyl KBH 
 

Synthesized 

Octyl OHA 
 

Synthesized 

K-Octyl POH 
 

Synthesized 

Tetradecyl THA 
 

Synthesized 

B.3.2.2 Synthesis of Alkyl Hydroxamate Collectors 

The procedures for synthesis of alkyl hydroxamates follow the descriptions in Hauser and Renfrow 

(1939) for benzohydroxamic acid, replacing the ester reagent ethyl benzoate by methyl butyrate, 

methyl octanoate or methyl myristate for synthesis of butyl-, octyl- and tetradecyl-hydroxamates 

respectively. The reactions involved were discovered and described by Lossen (1872) and are 

therefore referred to as “Lossen reactions”. All chemicals mentioned bellow are ACS reagent 

quality and were acquired from Sigma Aldrich. For the synthesis of POH, a solution of 46.7 g 

(0.67 mol) hydroxyl amine hydrochloride in 240 mL (189.6 g) methanol was prepared at 65°C and 

slowly cooled to 30°C. The solution was added to a solution of 56.1 g (1 mol) potassium hydroxide 

in 140 mL (110.6 g) methanol (cooled to 30°C). The mixture was placed in an ice bath for 5 min 

for precipitation of potassium chloride. Subsequently, 52.7 g (0.33 mol) of methyl octanoate was 

added under rigorous stirring. The mixture was quickly filtered, and the filter cake washed with 



 
Appendix B: Flotation of Rare Earth Minerals 

B-68 
 

methanol. The filtrate was quickly placed in an Erlenmeyer flask and shut to reduce contact with 

air. POH crystals begin to form in the flask and after 48 hours the crystals were filtered, washed 

with ethanol and dried in air. For the PBH instead of methyl octanoate, 0.33 mol (33.7 g) of methyl 

butyrate is used for crystallization and the methanol content is reduced by evaporation at 70°C. 

For potassium tetradecyl-hydroxamate 0.33 mol (80 g) of methyl myristate is used and due to 

strong crystallization double the amount of methanol is used. For synthesis of the hydroxamic 

acids (OHA and THA) 0.2 mol of hydroxamate salt were dissolved in 1.25 mol of acetic acid at 

elevated temperatures, until a clear solution is formed. The hydroxamic acid separates as white 

crystals at reduced temperatures in an ice bath. The crystals were filtered, washed with deionized 

water and dried. For further purification the hydroxamic acid was dissolved in 4.5 times its weight 

of hot ethyl acetate. The solution was filtered to remove any remaining solids, and the filtrate was 

cooled to room temperature. The white crystals which separate were filtered and washed with 

toluene and air dried. 

In this way KBH, POH, OHA and THA were synthesized and qualitatively analyzed with ATR-

FTIR [Tensor 27 (Bruker, Germany) equipped with the ATR module MIRacle (PIKE 

Technologies, USA) using a ZnSe reflection crystal]. The results are presented in Figure B.13. The 

signatures correspond very well to those presented in Higgins et al. (2006) and Hope et al. (2010a), 

and furthermore, no signatures corresponding to the educts used as reagents in the synthesis 

procedure are present. Specific vibrational bands can be assigned using the spectra presented in 

Hope et al. (2010a). 
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Figure B.13 – ATR-FTIR transmittance results for (a) PBH (b) OHA (c) POH (d) THA 

B.3.2.3 Zeta Potential Measurements 

Zeta potential measurements were conducted using a NanoBrook ZetaPlus electrophoretic 

analyser (Brookhaven Instruments, USA). Malachite and quartz samples were suspended in 200 

mL of 10-3 M KCl solution at a concentration of 0.04 wt. %. The pH range investigated was from 

pH 4 to 10 (with measurements taken in steps of 1 pH units), as at pH values below 4 malachite 

was fully dissolved in solution, and measurements above pH 10 were not possible due to the 

limitations of the analyser. Samples were conditioned for 30 min after collector addition, and were 

allowed to equilibrate for 5 min at each pH prior to taking a measurement. Fresh samples were 

prepared for acidic and basic zeta potential measurements to avoid zeta potential hysteresis. 

Particle sizes, measured surface areas [determined by the N2 Brunauer–Emmett–Teller (BET) 

technique, using a TriStar Surface Area and Porosity Analyzer (Micromeritics, USA)], and 

hydroxamate dosages are shown in Table B.21 for malachite and quartz. 
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Table B.21 – Hydroxamate dosages used for malachite and quartz zeta potential 

measurements 

Mineral Particle 
Size (d50) 

BET Surface Area Hydroxamate dosage 

(m) (m2 g-1) (mol m-2) (mol ton-1) 

Malachite 3.3 11.2 1.5 x 10-4 1.7 x 103 

Quartz 4.0 5.3 3.2 x 10-4 1.7 x 103 

 B.3.2.4 Flotation 

Flotation experiments were conducted on a synthetic malachite ore prepared by mixing 10 g 

malachite with 90 g quartz. All flotation tests were carried out using a 1.5 L Denver flotation cell 

operating at 1200 rpm with an air flow rate of 5.6 L min-1. For each test, a fresh batch of ore was 

mixed with tap water in the flotation cell, with the water level adjusted to a set height. The ore was 

conditioned for 1 min following the addition of collector and pH adjustment. All flotation tests 

were carried out with 2 drops of F150 added to the cell. Following the conditioning step, the air 

was turned on and froth was collected after 0.5, 1, 2, 5 and 12 min to produce 5 concentrates. After 

each concentrate, the pH was readjusted to the desired value and the water level was readjusted to 

the set height. In all cases flotation experiments were performed in triplicate. 

Initial flotation experiments were conducted on synthetic ore samples with a size distribution of -

150 +38 m (d50 = 115 m, d80 =134 m). BHA was used as a baseline collector to determine the 

best pH for flotation. The collector dosage was kept constant with the dosage used in zeta potential 

measurements, on a basis of moles of collector per m2 of malachite (1.5 x 10-4 mol m-2
malachite, 3.65 

mol ton-1
ore). Following this investigation, the pH was kept constant and each collector was tested. 

Collector concentrations were kept constant on a basis of mol ton-1. Concentrates were analysed 

using a Frantz Isodynamic Separator (Frantz, USA) to magnetically separate malachite from 

quartz. At this size range, malachite can be easily separated from quartz, using a Frantz Isodynamic 

Separator, due to its paramagnetic properties (Rosenblum and Brownfield, 1999). 

Due to the complexity of some ore bodies, requiring fine grinding to liberate valuable minerals, 

further investigation into the flotation of fine particles was performed using the hydroxamate 

collectors which showed the most promising results. Flotation experiments were conducted on -
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38 m samples (d50  = 18 m, d80 = 30 m), to investigate the effect of particle size on flotation 

performance. For fine particle flotation experiments the effect of temperature was also investigated 

as a means to improve the flotation performance. Heated flotation tests were conducted by placing 

the flotation cell in a hot water bath, heated using a HS30 hotplate (Torrey Pines Scientific, USA) 

equipped with PID temperature control to keep the temperature of the slurry inside the flotation 

cell at a constant 60 ˚C (± 5 ˚C). Water added to the cell throughout the test was added as hot tap 

water to avoid large fluctuations in temperature. As the particles were too fine for effective 

separation using the Frantz Isodynamic Separator, samples produced from fine particle flotation 

experiments were analysed using an AA240FS Fast Sequential Atomic Absorption Spectrometer 

(Varian, USA). Prior to analysis, representative 0.2 g samples were taken from concentrates and 

tailings. Standard sampling processes described by Gy (2012) were followed and three samples 

were taken from each test to limit the sampling error. Samples were digested in 15 mL hydrochloric 

acid and diluted 100 times. The resulting solutions were examined for copper content. An average 

of the three assays was used to determine the copper content. The copper concentration from each 

sample was then compared to the copper concentration of a pure malachite sample to determine 

malachite content.  

B.3.3 Results and Discussion 

B.3.3.1 Zeta Potential Measurements 

The zeta potential results of malachite and quartz in the absence and presence of collectors are 

shown in Figures B.14 – B.16. The electrophoretic zeta potential data has been presented as a fitted 

trendline (third order polynomial), with calculated confidence intervals about the trendline. Figure 

B.14 displays the zeta potential trend for the two minerals without collectors. The data for quartz 

displays a negative trend across the pH range investigated, corresponding well to previous work 

(Deju and Bhappu, 1967; Fuerstenau, 1956b; Kosmulski, 2001; Li and De Bruyn, 1966). The 

malachite studied has an isoelectric point (IEP) at pH 7.8, which is consistent with work by Le 

Normand et al. (1979) (IEP 7.9) and Li et al. (2015) (IEP 8.3); however, other authors have 

reported an IEP much closer to pH 9 (Attia and Deason, 1989; Choi et al., 2016). The shift to a 

higher pH may be due to insufficient conditioning prior to taking measurements. Le Normand et 

al. (1979) suggested that since dissolved CO2 can produce potential determining ions for malachite, 
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insufficient conditioning would not allow the suspension to reach an equilibrium with the 

atmospheric CO2 resulting in the IEP to shift to a higher pH value. Another possible explanation 

for the differences in IEP may be due to differences in solids concentration used in each study. 

Mineral dissolution and the resultant differences in potential determining ion content in the bulk 

is likely to have a significant effect on the zeta potential trend of malachite. Other authors have 

shown that an increase in solids content, when measuring the zeta potential of bastnäsite (Jordens 

et al., 2014b) and muscovite (Nosrati et al., 2011), resulted in a shift in IEP to a higher pH. The 

maxima observed in the zeta potential trend of malachite at pH 5-6 can be explained by the fact 

that malachite begins to dissolve as the pH becomes more acidic. Figures B.15 and B.16 show the 

results for malachite and quartz in the presence of the seven different hydroxamate collectors. It 

can be seen from Figure B.15 that the addition of all of the collectors has a significant effect on 

the zeta potential of malachite, in all cases shifting the IEP to a lower pH value, suggesting 

adsorption to the mineral surface. The observed shift in zeta potential at pH > 8 (when the surface 

of malachite is negatively charged), demonstrates that collector adsorption is occurring through 

chemisorption or surface reactions rather than by physisorbing mechanisms. Figure B.16 shows 

that the reagents have little effect on the zeta potential of quartz, suggesting that the hydroxamate 

collectors are not adsorbing onto the surface of quartz and selective flotation of malachite would 

be possible. While there is a minor shift in zeta potential trend obtained for quartz in some cases, 

which may suggest collector adsorption, it is likely a result of electrical double layer compression 

due to the high collector concentrations added to the suspension; as previous investigations in 

literature have suggested there is little to no interaction of hydroxamate collectors with quartz 

(Hope et al., 2010b; Jordens et al., 2014b).  
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Figure B.14 – Zeta potential trend of malachite and quartz in 10-3 mol L-1 KCl (Error 

intervals shown are 95 % confidence intervals) 
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Figure B.15 – Zeta potential trend of malachite in the presence and absence of (a) aromatic, 

(b) short chain alkyl (C2 and C4) and (c) long chain alkyl (C8 and C14) hydroxamates at a 

concentration of 1.7 x 103 mol ton-1 (Error intervals shown are 95 % confidence intervals) 
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Figure B.16 – Zeta potential trend of quartz in the presence and absence of (a) aromatic, 

(b) short chain alkyl (C2 and C4) and (c) long chain alkyl (C8 and C14) hydroxamates at a 

concentration of 1.7 x 103 mol ton-1 (Error intervals shown are 95 % confidence intervals) 



 
Appendix B: Flotation of Rare Earth Minerals 

B-76 
 

B.3.3.2 Froth Flotation 

B.3.3.2.1 Effect of pH 

In order to properly evaluate the flotation performance of the different collectors at various 

conditions, both the recovery and rate of recovery of malachite and quartz must be considered. To 

determine the effect of pH using BHA as collector, the recovery data obtained from flotation 

experiments at each condition were fit to a first-order rate model of the form (Arbiter et al., 1985): 

R= Rmax(1 – e-kt)                        (B.1) 

Where R is the recovery (%) at time t (min), Rmax is the maximum possible flotation recovery and 

k is the flotation rate constant (min-1). Statistical software, Stata13 (StataCorp, USA), was used to 

perform non-linear regressions, outputting Rmax and k for each condition (shown in Table B.22). 

Recovery vs. time plots (Figure B.17) were generated by substituting Rmax and k back into 

Equation B.1. Examining Figure B.17 and the k and Rmax values obtained for each condition 

(detailed in Table B.22) it can be seen that the best flotation results were obtained at pH 8; with a 

decrease in malachite recovery and flotation rate kinetics obtained at both pH 6 and 9. An increase 

in quartz recovery was also observed at pH 6. For semi soluble minerals, such as malachite, it has 

been suggested that hydroxamate-mineral interactions occur mainly through surface reactions and 

bulk precipitation (Fuerstenau, 1983). Therefore, the aqueous speciation of malachite plays a 

crucial role in collector adsorption. Using HYDRA (Puigdomenech, 2009) and MEDUSA 

(Puigdomenech, 2010), dissolved species of Cu2+ and CO3
2- were calculated based on 

thermodynamic data and are presented in Figure B.18 (log concentration as a function of pH). It 

is important to note that Figure B.17 does not directly represent malachite dissolving in water, but 

the dissolved Cu2+ and CO3
2- species in equilibrium with malachite (along with other minerals 

having higher stabilities than malachite in very acidic to very alkaline pH conditions). From Figure 

B.18, it can be seen that below pH 6, Cu2+ is the predominant ion in solution, which is likely to 

result in the precipitation of cupric hydroxamate; depleting the collector species available for 

malachite flotation. In this case, an increase in quartz recovery was also observed, most likely due 

to cupric hydroxamate adsorbing/precipitating on the surface of quartz, thus causing it to float. 

The hydroxamate collector may also be directly adsorbing on to the surface of quartz at pH 6; 

which may explain the observed shift in the zeta potential of malachite when in the presence of 
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benzohydroxamic acid at this pH (Figure B.15a, Section B.3.3.1). At pH 8, where optimum 

flotation conditions are observed, CuOH+ and HCO3
- are the predominate species in solution. In 

other mineral systems an increased concentration of metal hydroxyl species has been suggested to 

result in an improved flotation performance (Assis et al., 1996); suggesting that CuOH+ ions may 

have a larger effect than HCO3
- ions on malachite flotation. As the concentration of CuOH+ ions 

is higher at pH 8 than 9, this may explain the reduction in recovery observed at pH 9. Another 

explanation for the poor flotation performance at pH 9 may be due to the electrostatic repulsion of 

the negatively charged mineral surface (Figure B.14, Section B.3.3.1) and collector. 

 

Figure B.17 – (a) Malachite and (b) quartz recovery at pH 6, 8 and 9, using BHA as 

collector. Data points shown are average recovery values with 95 % confidence intervals. 

Recovery vs. time curves were generated from the first-order flotation rate model 
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Table B.22 – Output of non-linear regression fitting to first-order rate equation for malachite 

and quartz using BHA at pH 6, 8 and 9 

  Malachite Quartz 

pH 
k Rmax 

R2 
k Rmax 

R2 
(min-1) (%) (min-1) (%) 

6 0.23 77.6 0.97 0.23 3.5 0.99 
8 0.81 95.7 0.99 0.42 0.7 0.87 
9 0.42 77.2 0.99 0.38 0.9 0.96 

 

 

Figure B.18 – Log concentration (mol/L) of copper(II) and carbonate species, calculated in 

equilibrium with atmospheric CO2 at 25 °C 

B.3.3.2.2 Effect of Hydroxamate Structure 

The mass recovery obtained using all seven hydroxamate collectors at pH 8 can be observed in 

Figure B.19. The results show that short chain (C2 and C4) alkyl hydroxamates and SHA resulted 
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in very low mass recoveries. While zeta potential measurements suggest that these collectors 

selectively adsorb onto the surface of malachite, an increase in collector dosage is likely required 

for these collectors to be effective. Since OHA and POH recovered nearly all the mass at the initial 

concentration investigated (3.65 mol ton-1), the dosage was reduced to 0.13 mol ton-1 to obtain 

mass recoveries much closer to the concentration of malachite in the flotation feed. The recovery 

of quartz using these two collectors may suggest that the observed shift in zeta potential (Figure 

B.16c, Section B.3.3.1) could be due to collector adsorption onto the mineral surface. THA was 

initially examined at 0.13 mol ton-1, as the reduced collector dosage provided reasonably good 

results when using the two C8 alkyl hydroxamate collectors. However, low mass recoveries were 

obtained and the collector dosage was increased to 0.21 mol ton-1.  

Malachite and quartz recovery data, for flotation with the different hydroxamate collectors 

(concentrates produced using SHA, AHA and PBH were not examined due to low mass 

recoveries), were fitted to the first-order rate kinetic model (Equation B.1, Section B.3.3.2.1). The 

k and Rmax values obtained for each condition can be seen in Table B.23 and the recovery vs. time 

curves generated can be seen in Figure B.20. Comparing the results, it can be seen that flotation 

with BHA resulted in the greatest recovery of malachite and lowest recovery of quartz. However, 

similar malachite recoveries and a significant increase in flotation rate constant were observed 

with significantly lower dosages of OHA and POH. Both collectors, however, resulted in similar 

increases in quartz recovery when compared to flotation with BHA. The lower dosages required 

with the two C8 alkyl hydroxamates is consistent with work by Hart et al. (2014), who observed a 

similar trend when comparing OHA to aromatic and cyclic alkyl hydroxamates for the flotation of 

a rare earth ore. 

As a change in collector results in changes in both Rmax and k for both minerals comparing the 

selectivity of BHA to the two C8 alkyl hydroxamates becomes challenging. One way of comparing 

total flotation response is by using the modified rate constant introduced by Xu (1998); defined as 

the product of Rmax and k:  

𝐾𝑚 = 𝑅𝑚𝑎𝑥 × 𝑘                 (2) 

Based on this modified rate constant, a selectivity index (or relative rate constant) between 

malachite and quartz can be defined as the ratio of their modified rate constants (Xu, 1998): 
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𝑆𝐼 (𝑚𝑎𝑙𝑎𝑐ℎ𝑖𝑡𝑒
𝑞𝑢𝑎𝑟𝑡𝑧⁄ ) =

𝐾𝑚 𝑜𝑓 𝑚𝑎𝑙𝑎𝑐ℎ𝑖𝑡𝑒

𝐾𝑚 𝑜𝑓 𝑞𝑢𝑎𝑟𝑡𝑧
              (3) 

Modified rate constants and selectivity indices can be seen in Table B.23. The selectivity indices 

obtained under each condition suggest that BHA is the most selective collector, however, the 

drastic decrease in collector concentration required when using OHA or POH may outweigh these 

improvements in selectivity. The results also indicate that there is little difference in flotation 

performance when using the C8 alkyl hydroxamate in its acid or salt form, suggesting that the use 

of hydroxamic acids vs hydroxamate salts does not affect flotation for the collectors investigated 

here. THA resulted in poor malachite recoveries; corresponding well to previous work, which has 

suggested that a reduced flotation performance is obtained when using alkyl hydroxamates with a 

carbon chain longer than C9 (Bulatovic, 2007a). 

 

Figure B.19 – Mass recoveries obtained using the 7 different hydroxamate collectors. Error 

bars are 95 % confidence intervals 
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Figure B.20 – (a) Malachite and (b) quartz recovery with BHA, OHA, POH and THA at 

pH 8. Data points shown are average recovery values with 95 % confidence intervals. 

Recovery vs. time curves were generated from the first-order flotation rate model 

Table B.23 – Output of non-linear regression fitting to first-order rate equation for malachite 

and quartz using BHA, OHA, POH, THA 

 Malachite Quartz  

Collector 
k Rmax 

R2 KM 
k Rmax 

R2 KM 
SI 

(min-1) (%) (min-1) (%) (Malachite/Quartz) 

BHA 0.81 95.7 0.99 77.5 0.42 0.7 0.87 0.3 263.7 

OHA 3.98 83.3 0.99 331.5 4.07 9.2 0.89 37.4 8.9 

POH 3.67 86.3 0.99 316.7 3.04 8.9 0.99 27.1 11.7 

THA 3.67 13.5 0.89 49.5 3.91 5.5 0.91 21.5 2.3 

B.3.3.2.3 Effect of Particle Size 

The effect of particle size on flotation was examined using BHA and OHA as collectors. All other 

hydroxamate collectors demonstrated a poor flotation performance and therefore were not tested 

further. POH was not examined as the hydroxamate salt offered little difference in flotation 

response to OHA. The results obtained from fitting the recovery data obtained after floating the 

synthetic feed (sized at -38 m) with both collectors to the first-order rate model (Equation B.1, 

Section B.3.3.2.1) are shown in Table B.24 and the recovery vs time plots can be seen in Figure 
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B.21 and B.22 for BHA and OHA respectively. The results indicate a decrease in malachite 

recovery and flotation kinetics when compared to coarse particle flotation tests for both collectors; 

as well as a significant increase in quartz recovery. It is well established that the flotation of fine 

particles often results in a reduction in flotation performance (Collins and Read, 1971; Flint and 

Howarth, 1971; Fuerstenau, 1980; Miettinen et al., 2010; Reay and Ratcliff, 1973; Sivamohan, 

1990; Sutherland, 1948; Trahar, 1981; Trahar and Warren, 1976; Yoon and Luttrell, 1989). This 

reduction in performance is likely explained by multiple different physical and chemical sub-

processes such as: the increased consumption and non-selective adsorption of reagents as a result 

of higher surface energies and surface areas; the increased recovery by non-selective entrainment; 

and a decrease in flotation kinetics and recovery due to a decreased probability of collision between 

particles and bubbles. To improve flotation performance collector dosages could be increased and 

the froth properties could be altered to limit the recovery of unwanted gangue through hydraulic 

entrainment. It is well known that non-selective entrainment is strongly correlated to water 

recovery. Water recovery depends on bubble size, gas rate and frother type, and therefore by 

optimizing these characteristics an improvement in flotation could be observed.    

It has also been suggested that flotation at elevated temperatures with hydroxamate collectors leads 

to a more selective and enhanced adsorption of the collector at the mineral surface; resulting in 

improvements in both grade and recovery (Pradip and Fuerstenau, 1985). As a means to improve 

the flotation response when floating fine particles, the effect of elevated temperatures on flotation 

was examined. The results from flotation experiments conducted at 60 ˚C are shown in Table B.24 

and Figures B.21 and B.22. Significant improvements in flotation are observed with BHA. While 

there are no improvements in total malachite recovery, the rate of malachite recovery is 

significantly improved and quartz recovery has decreased. These improvements are likely a result 

of the increased solubility of malachite at elevated temperatures resulting in faster adsorption 

kinetics. Flotation using OHA at elevated temperatures was detrimental to malachite flotation. 

Slight reductions in both the recovery and rate of recovery of quartz were observed, however, a 

significant decrease in malachite recovery was also observed. While more work is required to 

determine why malachite flotation is reduced when using OHA, one explanation may be that the 

increased malachite solubility results in a more elevated concentration of Cu2+ ions in solution, 

and this coupled with the rapid reaction kinetics of OHA results in an increase of the bulk 

precipitation of copper-hydroxamate species reducing the concentration of collector available for 
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malachite flotation. As the concentration of OHA (0.21 mol ton-1) is significantly lower than that 

of BHA (3.65 mol ton-1) the consumption of collector by bulk precipitation may have a much more 

significant impact on flotation.  

Comparing the flotation rate constants obtained for the two minerals at each condition (Table 

B.24), in general the flotation rate constant for malachite is significantly higher than that of quartz, 

indicating the possibility of selectively separating malachite from quartz by exploiting differences 

in flotation kinetics. By plotting the cumulative recovery of quartz as a function of cumulative 

malachite recovery (Figure B.23), an optimal flotation time can be determined. When using BHA 

as collector, flotation for longer than 5 min results in limited improvements in malachite recovery 

and when floating fine particles significant increases in quartz recovery. At elevated temperatures 

flotation for 2 min is sufficient to maximize malachite recovery while limiting quartz recovery. 

When using OHA, flotation kinetics are much faster and the majority of the malachite is recovered 

after 1 min for coarse particles and 2 min for fine particles, with longer flotation times resulting in 

significant increases in quartz recovery. The grade and recovery of malachite are shown in Figure 

B.24, with the values at optimal flotation times for each condition are compared to those obtained 

after 12 min of flotation in Table B.25. It can be seen that significant improvements in grade, with 

limited reductions in recovery can be obtained by taking into account the rate of recovery of each 

mineral.  
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Figure B.21 – (a) Malachite and (b) quartz recovery for coarse (-150 +38 m) and fine (-38 

m) particle flotation, using BHA (3.65 mol ton-1) at 20 and 60 ˚C. Data points shown are 

average recovery values with 95 % confidence intervals. Recovery vs. time curves were 

generated from the first-order flotation rate model 

 

Figure B.22 – (a) Malachite and (b) quartz recovery for coarse (-150 +38 m) and fine (-38 

m) particle flotation, using OHA (0.21 mol ton-1) at 20 and 60 ˚C. Data points shown are 

average recovery values with 95 % confidence intervals. Recovery vs. time curves were 

generated from the first-order flotation rate model 
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Table B.24 – Output of non-linear regression fitting to first-order rate equation for coarse 

and fine particle flotation experiments at 20 ˚C and 60 ˚C 

      Malachite Quartz   

`Collector 

Particle 
Size Temperature k Rmax 

R2 KM 
k Rmax 

R2 KM 
SI 

(m) (˚C) (min-1) (%) (min-1) (%) (Malachite/Quartz) 

BHA 

-150 +38 20 0.81 95.7 0.99 77.5 0.42 0.7 0.87 0.3 263.7 

-38 20 0.27 85.4 0.98 23.1 0.15 19.2 0.99 2.9 8 

-38 60 1.82 81.9 0.99 149.1 0.22 10.8 0.97 2.4 62.7 

OHA 

-150 +38 20 3.98 83.3 0.99 331.5 4.07 9.2 0.89 37 8.9 

-38 20 1.52 61.0 0.99 92.7 0.68 16.3 0.98 11 8.4 

-38 60 1.31 40.2 0.99 52.7 0.37 14.3 0.97 5.3 10 

 

 

Figure B.23 – Plot of cumulative malachite recoveries as a function of cumulative quartz 

recoveries for coarse (-150 +38 m) and fine (-38 m) particle flotation, using (a) BHA and 

(b) OHA as collectors. Data points indicate times where flotation concentrates were taken 

(0.5, 1, 2, 5 and 12 min). The solid line represents an equality line (y=x) where no 

separation between malachite and quartz occurs 
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Figure B.24 – Malachite grade vs. recovery curve for coarse (-150 +38 m) and fine (-38 

m) particle flotation, using (a) BHA and (b) OHA as collectors. Error bars are 95 % 

confidence intervals 

Table B.25 – Cumulative grade and recovery of malachite at optimal flotation times and 12 

minutes 

   Optimal Flotation Time 12 Minutes 

Collector 
Particle Size 

(m) 
Temperature 

(˚C) 
Time 
(min) 

Grade 
(%) 

Recovery 
(%) 

Grade 
(%) 

Recovery 
(%) 

BHA 
-150 +38 20 5 95 94 94 96 

-38 20 5 41 63 36 82 
-38 60 2 70 80 48 82 

OHA 
-150 +38 20 1 50 82 50 83 

-38 20 2 34 58 29 61 
-38 60 2 35 37 24 40 

B.3.4 Conclusions 

This work investigated the separation of malachite from quartz using seven different hydroxamate 

collectors. The investigation included zeta-potential measurements to understand reagent 

interactions with malachite and quartz; and bench scale flotation experiments on a synthetic 

malachite ore to evaluate the differences in malachite recovery and selectivity obtained with each 

collector. The hydroxamate collectors showing the best results were further evaluated for fine 
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particle flotation at both 20 and 60 ˚C to determine the effects of particle size and temperature on 

flotation. The conclusions are as follows: 

1. Zeta potential measurements suggest that all seven hydroxamate collectors investigated 

selectively adsorb onto the surface of malachite  

2. Benzo- and the two C8 alkyl hydroxamates result in the best flotation response; with all 

other collectors resulting in low malachite recoveries 

3. The greatest malachite selectivity can be achieved using benzo hydroxamate, however, 

similar malachite recoveries and significantly higher flotation kinetics were observed with 

much lower concentrations of the two C8 alkyl hydroxamates  

4. The use of hydroxamic acids vs. hydroxamate salts does not have a significant effect on 

flotation results 

5. Significant reductions in flotation performance using both benzo- and octyl hydroxamates 

were observed when floating fine particles; with elevated temperatures offering significant 

improvements in flotation when using BHA but not OHA 

6. Flotation kinetics are generally fast when using hydroxamate collectors; and the selective 

separation of malachite from quartz can be optimized by exploiting differences in flotation 

kinetics 
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B.4 A Physico-Chemical Investigation into the Flotation of Rare-

Earth Minerals 

Section B.3 demonstrated that the structure of the hydroxamate collector plays an important role 

in both the selectivity and collectivity of malachite flotation. The study identified that C8 alkyl 

hydrixamates (OHA and POH) and BHA were the most effective collectors of those which were 

studied. Section B.4 looks to expand this study to REM flotation, by examining the physico-

chemical properties of various REE-bearing minerals and their interaction with POH and BHA, 

using zeta potential measurements and microflotation experiments. The minerals which were 

studied are allanite, bastnäsite, columbite, eudialyte, fergusonite, monazite, parisite, and zircon. 

As is evident from Section B.2, for many of these minerals there exist limited fundamental 

understanding of their physico-chemical properties or their flotation response to different 

hydroxamate collectors. As many of these minerals are present in the Nechalacho deposit, the zeta 

potential and microflotation results for those minerals are related to the flotation of this ore using 

an industrial hydroxamate collector. This chapter contains a manuscript that is to be submitted to 

a peer-reviewed journal and is presented below. 
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Abstract 

Many new rare earth mineral (REM) deposits with novel mineralogy are being investigated. These 

deposits are often complex and contain multiple REMs for which there is limited processing 

knowledge. This study looked to expand the flotation knowledge base of various REMs through 

an improved understanding of their physico-chemical properties and interactions with 

hydroxamate collectors. The minerals investigated were bastnäsite, monazite, allanite, parisite, 

fergusonite, a synthetic YNbO4 sample, columbite and zircon. The study included zeta potential 

and microflotation studies using benzohydroxamic acid (BHA) and K-octyl hydroxamate (POH) 

as collectors, which are then related to the bench scale flotation of an ore sample from the 

Nechalacho deposit, which contains these minerals (or in the case of parisite, a very similar mineral 

in synchysite). Zeta potential experiments suggest BHA adsorption to bastnäsite, monazite, 

parisite, fergusonite and the synthetic YNBO4 sample, which correspond to the minerals which 

were most readily recovered by microflotation. POH adsorption was indicated for all minerals 

investigated, however, at the collector dosages tested only bastnäsite, monazite, parisite, allanite 

and fergusonite were readily recovered. Bench scale flotation of the ore produced a cumulative 

concentrate which recovered 77 % of the light rare-earth elements (LREE), 52 % of the heavy rare-

earth elements (HREE) and 40 % of the zirconium. The respective upgrading of each being 2.8 

times, 1.9 times and 1.6 times. 
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B.4.1 Introduction 

The rare-earth elements (REE) are the fifteen elements of the lanthanoid series of the periodic table 

plus yttrium. These elements are typically split into two sub-groups: the light rare-earth elements 

(LREE), which includes lanthanum to gadolinium, and the heavy rare-earth elements (HREE), 

which include the remaining eight elements, terbium to lutetium, as well as yttrium. In recent years, 

REE have become indispensable to the development of many high-technology applications, 

including modern defense systems, electronic applications and green technologies. The growing 

economic and strategic importance of these sectors, coupled with concerns about the future supply 

of REE, has led to several new rare-earth mineral (REM) deposits being investigated (Hatch, 

2015). These new deposits are often complex and contain multiple REMs for which there is limited 

processing knowledge.  

To date there are more than 250 rare earth minerals that have been discovered (Jordens et al., 

2013). However, only three of these minerals, bastnäsite, monazite and xenotime, are commonly 

exploited commercially (Jordens et al., 2013). REE deposits are commonly beneficiated using a 

combination of many mineral processing techniques, with the most important being froth flotation. 

Flotation is commonly applied to rare-earth ores due to its ability to process a wide range of fine 

particle sizes and it can be tailored to the mineralogy of a specific deposit. A summary of the use 

of flotation as applied to REM beneficiation and the surface chemical properties of various REM 

is presented here but a more detailed summary of the literature on all REM beneficiation 

techniques can be found in Jordens et al. (2013) and Zhang and Edwards (2012). For a more 

general discussion of mineral processing readers are referred to Wills and Finch (2016a) 

Compared to other beneficiation techniques, flotation has received the most research. The research 

has primarily focused on bastnäsite and monazite surface characteristics and their relation to 

flotation response. Most of the work focused on the flotation of ore deposits has been performed 

on Bayan Obo (China) and Mountain Pass (USA) ores, where bastnäsite is the main REE-bearing 

mineral. There is also a limited amount of information with regards to the flotation of other REE 

deposits, such as Mount Weld (Australia) (Chan, 1992; Guy et al., 2000), Kvanefjeld (Greenland) 

(Sorensen and Lundgaard, 1966), Nechalacho (Canada) (Jordens et al., 2016a), Bear Lodge (USA) 

(Cui and Anderson, 2017a), as well as several Chinese deposits (Li and Yang, 2016).  
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The flotation of bastnӓsite and monazite is typically accomplished using oxhydryl collectors, such 

as fatty acids or hydroxamates. While fatty acids, such as sodium oleate, have been shown to be 

capable collectors for REM, they are generally unselective and require large dosages of 

depressants and elevated temperatures (Jordens et al., 2013). For these reasons, recent work is 

focused on using hydroxamate collectors, which are much more selective than fatty acids. There 

is a large body of work demonstrating the effectiveness hydroxamate collectors in both bastnӓsite 

(Cao et al., 2018a; Jordens et al., 2014b; Luo and Chen, 1984; Pavez et al., 1996; Ren et al., 1997; 

Sarvaramini et al., 2016; Yang et al., 2017) and monazite (Abaka-Wood et al., 2017; Espiritu and 

Waters, 2018; Luo and Chen, 1984; Nduwa-Mushidi and Anderson, 2017; Pavez et al., 1996; 

Sarvaramini et al., 2016; Zhang et al., 2016; Zhang et al., 2017) flotation; and they are used to 

process the Bayan Obo deposit (Zhang and Edwards, 2012). However, as new deposits are being 

developed, an understanding of the flotation response of other REM when using these collectors 

is required.  

In flotation, the electrical double layer at the mineral-water interface governs the adsorption of 

flotation reagents. Zeta potential measurements can be used to characterize the electrical double 

layer and understand the surface characteristics of mineral particles in flotation. By measuring the 

zeta potential as a function of pH, it is possible to define an isoelectric point (IEP) as the pH at 

which the zeta potential is zero. The IEP can aid in predicting the sign of the charge on a mineral 

surface at a specific pH. Understanding the zeta potential of a mineral can help understand 

mechanisms of collector adsorption and select optimal flotation conditions to effectively separate 

a valuable mineral from gangue minerals. For an introduction to the concept of surface charge and 

zeta potentials and their application in flotation, interested readers should consult Riley (2009) and 

Fuerstenau and Pradip (2005) 

A summary of the surface chemistry studies focused on REM is shown in Table B.2 to Table B.4. 

These tables contain the origin of the mineral sample and reported IEPs. Zircon is included in 

Table B.4, as in some REM deposits, such as the Nechalacho deposit, it is an important REE-

bearing mineral (Ciuculescu et al., 2013; Grammatikopoulos et al., 2011). It should be noted, 

however, that there are no published surface chemistry studies investigating REE-bearing zircon. 

With the exception of bastnӓsite (Table B.2) and monazite (Table B.3), which have been 

extensively characterized, test work investigating other REM (Table B.4) is limited. The large 
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differences in reported IEP values, for bastnӓsite (4.6 to 9.3), monazite (1.1 to 9.0), xenotime (2.3 

to 7.0), fergusonite (2.7 to 6.3) and zircon (2.3 to 6.0) have been suggested to be a result of 

variations in potential determining ions, mineral composition and the structure of the mineral 

surfaces, as well as differences in the procedure and/or technique used to determine the IEP 

(Cheng, 2000; Jordens et al., 2014b). For semi-soluble minerals, such as bastnӓsite, it is likely that 

differences in procedure or techniques used have a larger impact than mineral origin. This is 

evident by the fact that bastnӓsite from a single source, the Mountain Pass deposit, has a wide 

range of reported IEP values (Azizi et al., 2016; Herrera-Urbina et al., 2013; Jordens et al., 2014b; 

Pradip et al., 2015; Sarvaramini et al., 2016; Smith and Shonnard, 1986; Smith and Steiner, 1980). 

Variations in solids concentration and conditioning time will impact mineral dissolution and 

therefore result in differences in the amount of potential determining ions in the bulk. This has 

been demonstrated by Smith and Steiner (1980), who noted that after 30 min of conditioning the 

IEP was at pH 5.3, whereas after 24 hours it increased to pH 7.2. Similarly, Jordens et al. (2014b) 

measured the same bastnӓsite sample using both electrophoretic and electroacoustic techniques. 

The electroacoustic technique, which used a much greater solids concentration, measured an IEP 

of 8.1, compared to 6.8 measured using electrophoresis. As monazite has a low dissolution rate 

(Oelkers and Poitrasson, 2002), it is unlikely that variations in its IEP are due to the same 

mechanism as bastnӓsite. However, Geneyton et al. (2018) tested three synthetic monazites with 

different REE in their lattice and have suggested that IEP variations are due to procedural 

differences and not substitutions of REE in the mineral lattice. The authors indicated that ions 

resulting from CO2 dissociation are potential determining ions for monazite which influence its 

zeta potential significantly. Therefore, if the suspension has not reached an equilibrium with 

dissolved CO2 from the atmosphere, variations in the IEP will exist. Although there exists a wide 

discrepancy of reported IEPs for bastnӓsite and monazite, most work indicates their IEPs to occur 

between pH 6 to 8 and pH 5 to 6, respectively. This does, however, demonstrate the importance of 

obtaining a similarly large database of surface chemical studies for other REM.  

Zeta potential measurements are generally conducted along with, and compared to, small-scale, 

single mineral, flotation experiments. These studies are summarized in Table B.5 – B.7, which 

includes the type of hydroxamate used and optimum pH for recovery. It should be noted that the 

optimum pH for flotation often occurs at around pH 9. At this pH, elevated concentrations of rare-

earth hydroxy species are present. It has been suggested that the presence of metal hydroxy 
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complexes provide optimal conditions for collector adsorption (Assis et al., 1996). This is also 

roughly the pKa of hydroxamic acid collectors (Fuerstenau and Pradip, 2005; Gupta, 2013; Pradip 

and Fuerstenau, 1983). Fuerstenau and Pradip (2005) suggested that at the pKa of the hydroxamic 

acid collector, the hydroxamate anion adsorbs alongside the neutral molecule, resulting in 

multilayers of collector adsorption. Table B.7 further demonstrates the need to develop an 

improved understanding into the interaction of hydroxamate collectors with REM. While these 

collectors are effective for carbonate and phosphate minerals, they may not be very effective for 

silicate minerals such as allanite (Jordens et al., 2014a).  

Recently, Jordens et al. (2016a) investigated the use of benzohydroxamic acid for the flotation of 

the Nechalacho deposit. This deposit contains seven different REE-bearing minerals, namely 

bastnӓsite (carbonate), synchesite (carbonate), fergusonite (niobate), columbite (Fe) (niobate), 

monazite (phosphate), allanite (silicate) and zircon (silicate), for which the authors suggested have 

varying flotation response dependant on mineral type. The carbonate, niobate and phosphate 

minerals demonstrated a greater floatability than the silicate minerals. It was suggested that this 

was due to mineral solubility, as proposed by (Assis et al., 1996); with more soluble minerals 

resulting in a greater flotation performance. While this study demonstrates the impact mineral type 

may have on flotation, for many of these minerals there exists limited fundamental understanding 

of their physico-chemical properties which govern flotation. 

The objective of this paper is to provide an improved understanding into the surface chemical 

properties of REM present in the Nechalacho ore, through zeta potential and microflotation 

experiments. The test work focusses on the flotation response of REM using alkyl hydroxamate 

[K-octyl hydroxamate (POH)] and aromatic hydroxamate [benzohydroxamic acid (BHA)] 

collectors. An alkyl and aromatic hydroxamate are tested as previous work has shown the structure 

of the hydroxamate which is employed is also likely to play an important role in flotation (Marion 

et al., 2017). The minerals examined are bastnӓsite (carbonate), parisite (carbonate), fergusonite 

(niobate), columbite (Fe) (niobate), monazite (phosphate), allanite (silicate) and zircon (silicate). 

Parisite, while not present in the Nechalacho ore, is studied here, as it, along with bastnäsite, may 

give insight into the physico-chemical properties of synchysite (a member of the same polysomatic 

series of minerals). The grain size of synchysite in ore deposits is typically very low, which makes 

obtaining enough pure crystals for fundamental flotation studies difficult. The findings from zeta 
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potential and microflotation experiments are then compared to bench scale flotation experiments 

on Necholacho gravity tailings using an industrial hydroxamate collector. 

B.4.2 Materials and Methods 

B.4.2.1 Materials 

The REM used in this work, their origin and the source from which they were obtained are 

summarized in Table B.26. The procedure for synthesis of YNbO4 follows the protocol described 

by Hirano and Dozono (2013). The as-received natural mineral samples were stage ground dry 

using a Pulverisette 6 planetary monomill (Fritsch, Germany) with ceramic grinding media and 

sieved to produce samples in the size range of – 150 + 38 m. Minerals which were not received 

pure were purified using a Mozley MKII Laboratory Separator (Mozley, UK) and/or a Frantz 

Isodynamic Separator (Frantz, USA). X-ray diffraction (XRD) was employed to verify the success 

of the purification steps. The XRD analyses were performed using a Bruker D8 Discovery X-ray 

Diffractomers equipped with a cobalt X-ray generating source. The resulting diffraction patterns 

and corresponding mineral reference files are shown in Figures B.4 -B.11. The XRD patterns for 

the allanite and fergusonite sample were less conclusive at determining mineral purity than the 

others. The allanite sample is the same sample as used by Jordens et al. (2014a), which was 

received as 65 % allanite (as determined by QEMSCAN analysis) and then concentrated using a 

Frantz Isodynamic Separator. Concentration steps were deemed successful and any differences in 

XRD patterns compared to available reference patterns were said to be due to differences in allanite 

composition (Jordens et al., 2014a). To ensure mineral purity of fergusonite it was analyzed using 

a scanning electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDS). The SEM 

used was a Hitachi SU8000 cold field emission SEM (Hitachi High-Technologies, Canada), 

equipped with an 80 mm2 X-MaxN Silicon Drift EDS detector (Oxford Instruments, UK). The X-

ray map of the fergusonite sample is provided in Figure B.12. From XRD and SEM analyses it can 

be concluded that all minerals are of relatively high purity. Once determined pure, a subsample of 

the – 150 + 38 m natural mineral samples were further ground wet using a Pulverisette 6 planetary 

monomill to obtain very fine particles or zeta potential measurements. The particle size (equivalent 

spherical diameter) [determined using a LA-920 particle analyser (Horiba, Japan)] and measured 
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surface areas [determined by the N2 Brunauer–Emmett–Teller (BET) technique, using a TriStar 

Surface Area and Porosity Analyzer (Micromeritics, USA)] are given in Table B.27. 

The Nechalacho ore sample used in this work was the gravity tailings produced from the gravity 

and magnetic separation experiments detailed in Jordens et al. (2016b). The gravity tailings were 

passed through a lab-scale model WD(20) wet drum permanent magnetic separator (Carpco Inc., 

USA) equipped with a rare earth (medium intensity) permanent magnet to remove magnetite 

gangue prior to flotation. The magnetic fraction produced was verified as predominately magnetite 

using XRD. The non-magnetic fraction was dried, mixed and split using a rotary splitter. The 

resulting fractions were riffled to produce 500 g samples for flotation. The particle size (d50) of 

the flotation feed was 8 m (determined using a LA-920 particle size analyser). 

BHA was purchased from Sigma Aldrich, USA and POH was synthesized at the Helmholtz 

Institute Freiberg for Resource Technology (Freiberg, Germany), following the descriptions of 

Hauser and Renfrow (1939). The exact procedure followed and analysis of the synthesized product 

can be found in Marion et al. (2017). Florrea 7510 (a commercial hydroxamic acid collector used 

for ore flotation) and F150 (a polypropylene glycol-based frother) were obtained from Flottec 

(USA). Hydrochloric acid and sodium hydroxide, used for pH modification in both zeta potential 

and flotation experiments, were purchased from Fisher Scientific. All reagents were used as 

provided. 

 Table B.26 – Mineral samples used in this study 

Mineral Origin Purchased From or Supplied By 

Bastnӓsite 1 Gakara Mine, Burundi African Rare Earths (Pty.) Ltd. (South Africa) 
Bastnӓsite 2 Madagascar Gregory, Bottley and Lloyd (UK) 
Monazite Yard Mine, USA Mineralogical Research Company (USA) 
Allanite Nevada, USA Gregory, Bottley and Lloyd (UK) 
Parisite Blackbird Mine, USA Khyber Minerals Co (USA) 
Fergusonite Gole Quarry, Canada David K Joyce Minerals (Canada) 
YNbO4 Synthetic YNbO4 - 
Columbite (Fe) Mahaiza, Madagascar Khyber Minerals Co (USA) 
Zircon Malawi Excaibur Mineral Corp (USA) 
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Table B.27 – Particle size of mineral samples used for surface chemistry investigations  

Mineral Particle Size (m) BET Surface Area 
(m2 g-1) d50 d80 

Bastnӓsite 1 2.0 3.6 14.35 
Bastnӓsite 2 1.8 3.3 11.36 
Monazite 1.9 3.4 9.52 
Allanite 3.2 7.1 3.84 
Parisite 6.6 10.4 0.26 
Fergusonite 6.8 10.2 0.66 
YNbO4 5.2 10.0 86.83 
Columbite (Fe) 2.0 3.8 0.51 
Zircon 2.0 3.5 3.40 

 

B.4.2.2 Zeta Potential Measurements 

Zeta potential measurements were conducted using a NanoBrook ZetaPlus electrophoretic 

analyser (Brookhaven Instruments, USA). Mineral samples were suspended in 200 mL of 10−3 M 

KCl solution at a concentration of 0.04 wt.%. The pH range investigated was from pH 3 to 10 

(with measurements taken in steps of 1 pH unit), as measurements below pH 3 and above pH 10 

were not possible due to the limitations of the analyser. Samples were conditioned for 30 min after 

collector addition (at a concentration of 40 mg/L) and for 5 min at each pH prior to taking a 

measurement. Fresh samples were prepared for acidic and basic zeta potential measurements to 

avoid zeta potential hysteresis. The electrophoretic zeta potential data is presented as a fitted 

trendline (third order polynomial), with calculated confidence intervals about the trendline. 

B.4.2.3 Microflotation 

Prior to microflotation, one gram of mineral sample was placed in a beaker and conditioned for 1 min 

in 15 mL collector solution adjusted to pH 9. Due to the minimal mass available for many of the REM 

investigated the entire pH range could not be tested. As most REM have been shown to respond most 

favourably to hydroxamates at pH 9, this was chosen as the pH for testing. During conditioning 1 drop 

of 10 g/L F150 (Flottec, USA) frother solution was added to the suspension. The collector 

concentrations used were determined by first floating Bastnӓsite 1 over a range of concentrations until 

a relatively high recovery was achieved. This concentration, determined to be 15 kg/t for BHA and 
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600 g/t for POH, was then used for all other minerals investigated. After conditioning, the suspension 

was transferred to a modified Hallimond tube and filled to a volume of approximately 170 mL, with 

pH adjusted deionized water. Air was then introduced to the cell at a rate of 36 mL/min and flotation 

was conducted for 1 min. The floated and non-floated material were dried and weighed to calculate 

recovery. Microflotation testwork was not performed on the synthetic fergusonite sample due to only 

having a limited amount of mineral sample at a very fine particle size (Table B.27). 

B.4.2.3 Ore Flotation 

Flotation experiments on the Nechalacho gravity tailings were carried out in a 3 L Denver flotation 

cell operated at 1200 rpm with an air flow rate of 5.5 L/min. A fresh batch of ore (500 g) was added to 

the flotation cell where the pulp level was adjusted to a set height by adding tap water. The collector 

(6 kg/t) was added to the slurry and conditioned for 1 min prior to turning the air on. Froth was then 

collected for 2 min. After 2 min, the air was turned off and 4 kg/t of collector was added and 

conditioned for 1 min. The air was then turned back on and the froth was collected for another 2 min, 

before a final reconditioning step (4 kg/t collector addition conditioned for 1 min). Following this 

reconditioning step, the froth was collected for 6 min. Throughout each flotation test the cell level and 

pH were continuously adjusted to ensure consistent conditions. Flotation tests were performed in 

triplicate and reproducibility was ensured through mass pulls. Concentrates from each test were then 

combined and analysed using inductively coupled plasma mass spectrometry (ICP-MS). To digest the 

samples, a homogenous melt was formed by mixing 0.1 g of sample with sodium peroxide which was 

then heated. The melt was then digested in hydrochloric acid. All digestions and ICP-MS analysis in 

this work were conducted by SGS Canada (Lakefield, Canada). 

B.4.3 Results and Discussion 

B.4.3.1 Zeta Potential Measurements 

B.4.3.1.1 Bastnäsite 

The zeta potential results of the two bastnäsite samples in the absence and presence of BHA and 

POH are shown in Figures B.25 and B.26. The results indicate an IEP at pH 6.4 and 6.8 for 

Bastnäsite 1 and Bastnäsite 2, respectively. This corresponds well to IEP values reported in 

literature, which as discussed earlier (Section B.4.1) generally range between pH 6 and 8. The 

similarities in zeta potential trends of the two mineral samples re-iterates that mineral origin plays 
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a much less significant role in the observed IEP variations than differences in the procedure 

followed or the measurement technique which is used.    

The zeta potential of the two bastnäsite samples in the presence of BHA indicates adsorption, 

particularly from pH 4 – 10 for Bastnäsite 1 and from pH 6 – 9 for Bastnäsite 2. These results 

correspond well to the findings of Jordens et al. (2014b), who found a similar positive shift in the 

zeta potential of bastnäsite when in the presence of BHA. Adsorption to the bastnäsite surface can 

also be suggested for POH, which resulted in a similar positive shift in zeta potential from pH 6 – 

10 and pH 8 – 10 for Bastnäsite 1 and Bastnäsite 2, respectively. The results for Bastnäsite 2 in 

the presence of POH may be indicative of electrical double layer compression (no change in IEP 

with a positive zeta potential shift at pH > IEP and a negative shift at pH < IEP). However, there 

is a great deal of work demonstrating this collector’s interaction with the surface of bastnäsite 

(Section B.4.1), therefore, the resultant changes are assumed to be from collector adsorption. 

Although both collectors have been reported to show a negative shift in zeta potential (Espiritu et 

al., 2018b; Pavez et al., 1996), both this work and the work of Jordens et al. (2014b) used long 

conditioning times (30 min), allowing for a greater degree of mineral dissolution. The resultant 

dissolved species are likely playing a role in the positive shift in the zeta potential of bastnäsite 

while in the presence of the hydroxamate collectors. Jordens et al. (2014c) suggested a possible 

mechanism is the adsorption of positively charged REE-hydroxamate complexes, produced from 

the reaction of the hydroxamic acid molecule and hydrolysed REE cations in the bulk solution, to 

the surface of bastnäsite (Jordens et al., 2014b). It is noted that the results suggest the interaction 

of BHA and POH with Bastnäsite 2 may be less than that of Bastnäsite 1 (less significant changes 

in zeta potential), which may result in different flotation responses. 
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Figure B.25 – Zeta potential trend of Bastnäsite 1 in the presence and absence of 

benzohydroxamic acid and k-octyl hydroxamate at a concentration of 40 mg/L (Error 

intervals shown are 99 % confidence intervals) 
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Figure B.26 – Zeta potential trend of Bastnäsite 2 in the presence and absence of 

benzohydroxamic acid and k-octyl hydroxamate at a concentration of 40 mg/L (Error 

intervals shown are 99 % confidence intervals) 

B.4.3.1.2 Monazite 

The zeta potential results of monazite in the absence and presence of BHA and POH is shown in 

Figure B.27. The results indicate an IEP at pH 5.1. This corresponds well to IEP values reported 

in literature, which as discussed earlier (Section B.4.1) generally range between pH 5 and 6. The 

results in the presence of BHA and POH indicate adsorption across the entire pH range 

investigated. Although these reagents have been previously shown to provide a negative shift in 

zeta potential following adsorption to the monazite surface (Espiritu et al., 2018b; Pavez et al., 

1996), much like the results for bastnäsite, a positive shift in zeta potential is observed from pH 3 

– 10 and pH 6 – 10 for BHA and POH, respectively. Although monazite is less soluble than 

bastnäsite, a similar explanation as was provided for bastnäsite (Section B.4.3.1.1) may explain 

the positive shift occurring after the addition of the anionic collectors.  
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Figure B.27 – Zeta potential trend of monazite in the presence and absence of 

benzohydroxamic acid and k-octyl hydroxamate at a concentration of 40 mg/L (Error 

intervals shown are 99 % confidence intervals) 

B.4.3.1.3 Allanite 

The zeta potential results of allanite in the absence and presence of BHA and POH is shown in 

Figure B.28. The results indicate an IEP at pH 3.5, which corresponds well to value reported by 

Jordens et al. (2014a) (pH 4.0). The results in the presence of BHA also correspond well to the 

finding of Jordens et al. (2014a); indicating the collector does not adsorb to the mineral surface. 

The results for POH, however, suggest adsorption across the entire pH investigated. This may 

indicate that while the aromatic hydroxamate collector BHA is incapable of rendering the allanite 

surface hydrophobic (Jordens et al., 2014a), using a less selective alkyl hydroxamate such as POH 

allanite may be recovered by flotation. The upward shift in zeta potential with the addition of the 

anionic POH collector is again noted. While the explanation provided for bastnäsite is possible 

here, the limited solubility of allanite may suggest a different mechanism. 
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Figure B.28 – Zeta potential trend of allanite in the presence and absence of 

benzohydroxamic acid and k-octyl hydroxamate at a concentration of 40 mg/L (Error 

intervals shown are 99 % confidence intervals) 

B.4.3.1.4 Parisite 

The zeta potential results of parisite in the absence and presence of BHA and POH is shown in 

Figure B.29. The results indicate an IEP at pH 7.2, which higher than the value reported by (Owens 

et al., 2018) of pH 5.3. Much like is observed for bastnäsite in literature, the difference is likely 

due to procedural differences. The measured IEP of parisite does correspond well to those 

measured for the bastnäsite samples tested (pH 6.4 and 6.8); which is expected due to the limited 

differences between the two minerals. However, it is interesting to note that while the zeta potential 

trends in the presence of BHA and POH suggest collector adsorption from pH 3 – 9 and pH 3 – 

10, respectively, they result in a negative shift in the zeta potential. As both reagents resulted in a 

positive shift in the zeta potential of bastnäsite, this may suggest that the differences in crystal 

structure between bastnäsite and parasite may play a role in the exact mechanism of collector 

adsorption.  
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Figure B.29 – Zeta potential trend of parisite in the presence and absence of 

benzohydroxamic acid and k-octyl hydroxamate at a concentration of 40 mg/L (Error 

intervals shown are 99 % confidence intervals) 

B.4.3.1.5 Fergusonite  

The zeta potential results of the natural fergusonite and synthetic YNbO4 in the absence and 

presence of BHA and POH is shown in Figure B.30 and Figure B.31, respectively. The results 

indicate an IEP < pH 3 for the natural sample and an IEP at pH 6.9 for the synthetic YNbO4 sample. 

The IEP of the natural sample corresponds well to the value reported by Fawzy (2018) (IEP at pH 

2.7); whereas, the IEP of the synthetic YNbO4 corresponds well with the value reported by Malas 

et al. (2013) (IEP at pH 6.3). It is interesting to note that the source of the natural fergusonite 

sample is the same as the sample used by Malas et al. (2013), and a similar procedure was followed 

in this study. However, the fergusonite sample tested by Malas et al. (2013) remained embedded 

in a matrix of magnesium and aluminum silicate, whereas the sample used here was of high purity 

(Figure B.9 and B.12), which likely explains the differences in IEP. The observed differences in 

the IEP for synthetic YNbO4 versus natural fergusonite should be noted. The synthesis of YNbO4 

uses reagent grade materials providing clean mineral surfaces, whereas the surface properties of 

the natural sample are likely affected by contamination of other minerals and lattice damage caused 
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by radiation due to the presence of uranium and thorium. Therefore, surface chemical studies on a 

synthetic sample may not represent a real-world situation, which should be acknowledged by any 

researchers performing such studies on synthetic specimens.  

Examining both the natural fergusonite and the synthetic YNbO4 sample in the presence of BHA 

and POH suggests adsorption. The natural sample indicates a negative shift in the zeta potential 

from pH 7 – 10 in the presence of BHA and from pH 5 – 9 in the presence of POH. The presence 

of the two collectors result in very similar zeta potential trends for the synthetic sample causing a 

positive shift from pH 6 – 10. Although adsorption is suggested in all cases, these results suggest 

that the difference in structure of the two samples may impact the exact mechanism of collector 

adsorption. 

 

 
Figure B.30 – Zeta potential trend of natural fergusonite in the presence and absence of 

benzohydroxamic acid and k-octyl hydroxamate at a concentration of 40 mg/L (Error 

intervals shown are 99 % confidence intervals) 
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Figure B.31 – Zeta potential trend of synthetic fergusonite (YNbO4) in the presence and 

absence of benzohydroxamic acid and k-octyl hydroxamate at a concentration of 40 mg/L 

(Error intervals shown are 99 % confidence intervals) 

B.4.3.1.6 Columbite 

The zeta potential results of columbite in the absence and presence of BHA and POH is shown in 

Figure B.32. The results indicate an IEP < pH 3, which is lower than the values reported by Harada 

et al. (1993) (pH 4.0 and 4.5). The observed differences in zeta potential caused by the presence 

of BHA are minimal and therefore inconclusive. The presence of POH causes more significant 

changes to the zeta potential of columbite, particularly from pH 4 – 8, which indicates adsorption. 

However, the much like BHA, the difference in zeta potential from pH 8 – 10 are minimal and 

may therefore suggest no adsorption within this pH range. This may suggest a different pH for 

optimal flotation conditions than those observed with other minerals, which generally occurs at 

pH 9.  
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Figure B.32 – Zeta potential trend of columbite in the presence and absence of 

benzohydroxamic acid and k-octyl hydroxamate at a concentration of 40 mg/L (Error 

intervals shown are 99 % confidence intervals) 

B.4.3.1.7 Zircon 

The zeta potential results of zircon in the absence and presence of BHA and POH is shown in 

Figure B.33. The results indicate an IEP at pH 5.5, which falls within the range of 2.3 – 6.0 reported 

by other authors (Table B.4). Examining the zeta potential trends in the presence of the collectors 

suggests limited interaction of BHA and adsorption of POH across the entire pH range observed. 

This may suggests that successful flotation is possible using the alkyl hydroxamate, whereas it will 

not be successful when using the aromatic BHA collector.   
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Figure B.33 – Zeta potential trend of zircon in the presence and absence of 

benzohydroxamic acid and k-octyl hydroxamate at a concentration of 40 mg/L (Error 

intervals shown are 99 % confidence intervals) 

B.4.3.2 Microflotation 

The results of microflotation using BHA (15 kg/t) and POH (600 g/t) at pH 9 are provided in 

Figures B.34 and B.35, respectively. The collector concentration for each reagent was determined 

by floating the Bastnäsite 1 sample with increasing dosage until a recovery of > 70 % was achieved. 

For BHA this dosage was determined to be 15 kg/t and for POH 600 g/t, which corresponds well 

to previous work that suggested much more elevated concentrations of the aromatic hydroxamic 

acid collector are required when compared to the C8 alkyl hydroxamate (Hart et al., 2014; Marion 

et al., 2017). However, the BHA dosage of 15 kg/t is much greater than the 2 kg/t dosage used by 

Jordens et al. (2014b) to obtain similar bastnäsite recoveries. The main difference between that 

study and this one is the flotation cell used (modified Hallimond tube versus modified Partridge-

Smith cell), the source of the bastnäsite samples (Gakara Mine, Burundi versus Mountain Pass, 

USA) and the frother concentration (1 drop 10 g/L F150 added to 170 mL suspension versus 2 

drop 20 g/L F150 added to 50 mL suspension). Based on the work of Jordens et al. (2014b), who 
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tested MIBC (a relatively weak frother) and F150 (a relatively strong frother) and found that the 

collecting ability of hydroxamate could only be achieved when using the strong frother, it is likely 

that the reason for requiring much higher collector dosages is due to significantly lower frother 

concentrations are used here. While outside the scope of this study, these findings re-iterate those 

from Jordens et al. (2014b), demonstrating that frother selection and concentration play a critical 

role in bastnäsite flotation when using BHA and should be investigated as hydroxamate use 

becomes more prevalent.  

Comparing the two bastnäsite samples demonstrates significantly different responses to both 

collectors, particularly with POH. While this does correspond to the suggested results from zeta 

potential measurements (Figures B.25 and B.26) which indicated greater interaction of both 

collectors with Bastnäsite 1 compared to Bastnäsite 2, the exact mechanism behind this remain 

unknown. One possibility may be that Bastnäsite 2 has much higher surface area (3.48 g/m2) 

compared to the Bastnäsite 1 sample (0.18 g/m2). This increased surface area is likely due to the 

high degree of micro-fracturing of the Bastnäsite 2 sample (Figure B.36), which is not present in 

for Bastnäsite 1 (Figure B.37). Collector may enter these fractures, and adsorb there, depleting 

collector available for surfaces able to contact air bubbles, thus reducing the flotation response.  

While this is one hypothesis, more work is required to determine the mechanism at play here.  

Monazite responds well to both BHA and POH with average recoveries of 60 % and 68 %, 

respectively. These results correspond well to the zeta potential results (Figure B.27) which 

indicate adsorption for both collectors, as well as those of other authors (Table B.6) who have 

demonstrated that monazite can be recovered with both collectors. Flotation recoveries and rates 

(visually observed during microflotation test) were lower than those for Bastnäsite 1, which 

corresponds well to the findings of Jordens et al. (2016a) who found greater recoveries and 

recovery rates of bastnäsite than monazite while floating the Nechalacho ore using BHA.  

The flotation results for allanite in the presence of BHA indicate limited floatability (< 20 %), 

corresponding well to zeta potential results (Figure B.28), which indicate limited collector 

interaction, and the work of Jordens et al. (2014a) who found little to no recovery when using this 

collector. The flotation of allanite with POH offers a completely different response, with an 

average recovery of 88 %. This corresponds well to the zeta potential results (Figure B.28) which 

indicate collector adsorption. These findings demonstrate the importance hydroxamate structure 



 
Appendix B: Flotation of Rare Earth Minerals 

B-109 
 

selection when trying to float different minerals. While BHA is not a collector which can be used 

alone for the recovery of allanite, POH seems to be a highly effective collector for its recovery.  

As expected, parisite responds favorably to both collectors, recovering 88 % when using BHA and 

99 % with POH. This corresponds well to the zeta potential results (Figure B.29), which indicate 

adsorption in both cases. These results suggest that the minerals of the polysomatic series of 

fluorocarbonate minerals, which consists of bastnӓsite, parisite, rӧntgenite and synchysite, are all 

likely to respond similarly to hydroxamic acid-based collectors. 

Fergusonite responds to both collectors; however, relative to the recovery of Bastnӓsite 1, POH is 

much more effective. When using BHA recoveries are much lower than those observed when 

floating Bastnӓsite 1 (46 % versus 74 %), whereas when using POH similar recoveries were 

obtained (84 % vs 79 %). The lower recoveries when using BHA do not correspond to the findings 

of Jordens et al. (2016a), who found fully liberated fergusonite had a greater flotation response 

compared to fully liberated bastnӓsite when floating the Nechalacho ore. This may suggest that the 

nature of the fergusonite sample plays a role in flotation or perhaps in the case of the Nechalacho 

ore fergusonite is being inadvertently activated causing it to float more readily.  

Columbite flotation using BHA and POH is poor. To the authors knowledge, there is no published 

work demonstrating the response of this mineral to hydroxamates; however, these results suggest 

that they are not effective. This again contradicts the findings of Jordens et al. (2016a), who was 

able to recover this mineral to a high degree while floating the Nechalacho ore with BHA. Much 

like fergusonite, this may suggest that the two niobate minerals are easily activated or that 

differences between the minerals’ chemistry and crystal structure from different locations may 

result in differences in a flotation response. 

The last mineral which was tested is zircon. This mineral does not respond to either collector, with 

an average recovery below 10 % in both cases. These findings suggest that REM deposits such as 

the Nechalacho, which contain zircon as a valuable mineral may have to utilize different flotation 

reagents or different beneficiation techniques if it is to be recovered. It should be noted that the 

zircon sample used here contains approximately 0.1 % REE (measured by ICP-MS) and perhaps 

more REE rich zircon would respond more favorably. For example, Jordens et al. (2016a) found 

zircon could be recovered (~60 % recovery) using BHA to float the Nechalacho ore. The observed 

recovery could be due to elevated REE content in zircon present in the ore, or inadvertent 

activation from dissolved species present during ore flotation. 



 
Appendix B: Flotation of Rare Earth Minerals 

B-110 
 

 

 

 

Figure B.34 – Microflotation results using benzohydroxamic acid at a concentration of 15 

kg/t at pH 9 (Error intervals shown are 95 % confidence intervals) 
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Figure B.35 – Microflotation results using benzohydroxamic acid at a concentration of 15 

kg/t at pH 9 (Error intervals shown are 95 % confidence intervals) 



 
Appendix B: Flotation of Rare Earth Minerals 

B-112 
 

 

Figure B.36 – BSE image of Bastnäsite 2 sample indicating particles with a high degree of 

micro-fracturing 
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Figure B.37 – BSE image of Bastnäsite 1 sample indicating limited micro-fracturing when 

compared to Bastnäsite 2 (Figure B.36) 

B.4.3.3 Ore Flotation 

Following zeta potential and microflotaion experiments, a Nechalacho feed sample was subjected 

to bench scale flotation using an industrial aromatic hydroxamic acid collector (Florrea 7510). The 

results of this are provided in Figure B.38. Following 10 min of flotation LREE, HREE and 

zirconium recoveries were 77 %, 52 % and 40 % respectively, with a mass pull of 27 %. The 

cumulative grades of LREE, HREE and zirconium in the flotation products were 4.4 %, 0.4 % and 

5.1 %, respectively; representing upgrade ratios of 2.8, 1.9 and 1.6. The product with the highest 

LREE grade was the first concentrate which had a grade of 7.2 % (upgrade ratio of 4.7) recovering 

21 % of LREEs. The third concentrate had the highest HREE and zirconium grades, 0.43 % 

(upgrade ratio of 2.0) and 5.8 % (upgrade ratio of 1.7) respectively. It is expected that the results 

for HREE and zirconium correspond with one another as the majority of HREE present in the ore 

are in zircon.  
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These findings correspond well to those of zeta potential and microflotation experiments. In the 

Nechalacho deposit LREE are primarily present in the minerals bastnäsite, synchysite, allanite and 

monazite. With the exception of allanite, all the LREE-bearing minerals were shown to float quite 

readily when using either hydroxamate collector; which is represented here with high recoveries 

and significant upgrading. It is interesting to compare these flotation results to those of Jordens et 

al. (2016a), who floated the concentrate produced from the gravity test work (Jordens et al., 2016b) 

of which the tailings became the feed for this work. Using BHA (addition of 5 kg/t followed by an 

additional 5 kg/t after 5 min of flotation), Jordens et al. (2016a) produced LREE grades slightly 

greater than 7 % after 0.5 min, approximately 6 % after 5 min of flotation, and 4.5 % following a 

second addition of collector and a total of 12 min. The respective cumulative recoveries at each of 

these points were approximately 25 %, 45 % and 75 %. These values correspond very well to the 

three flotation concentrates produced here. The feed used here is of much lower LREE grade (1.5 

% versus 3.7 %) and the particle size was much finer (d80 = 8 m versus 50 m), suggesting that, 

for this deposit, LREE can be successfully processed by flotation using hydroxamate collectors 

regardless of feed grade or particle size. 

In microflotation experiments, zircon did not respond well to either collector. However, zeta 

potential results did indicate POH adsorption, suggesting hydroxamic acid-based collectors can 

interact with zircon. This is evident by the results of bench scale flotation. After two stages of 

flotation (where 10 kg/t of collector had been added) zirconium recovery (13 %) remained low 

with minimal upgrading (1.2 times). However, after a third addition of collector (4 kg/t) and an 

additional 6 min of flotation 26 % of the zirconium was recovered with improved upgrading (1.7 

times). While these results are not as significant as those observed for LREE, they do suggest that 

prolonged flotation times and elevated collector dosages are beneficial to zircon recovery; which 

is a shared observation of Jordens et al. (2016a). 

From Figure B.38 (a) it can be observed that either HREE rich zircon is preferentially being 

recovered over zircon particles which contain no or lower proportions of REE, or there does exist 

some HREE recovery which is not associated with zircon. Microflotation results do suggest that 

fergusonite recovery is expected. The same results suggest columbite flotation to be low, however, 

results detailed in Jordens et al. (2016a) do suggest that both fergusonite and columbite are readily 

recovered using BHA. Therefore, in this case the elevated HREE recovery (52 %) compared to 

that of zirconium (40 %) is most likely due to the recovery of fergusonite and columbite.  
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Figure B.38 – Results of Nechalacho ore flotation using Florrea 7510 as collector: (a) 

Recovery versus time of mass, LREE, HREE and zirconium; and grade versus recovery of 

(b) LREE, (c) HREE, and (d) zirconium. The dashed line represents the feed grade. 

As the average particle of this feed sample is very fine (d50 = 8 m), it is expected that there would 

be some degree of recovery due to unselective entrainment. To evaluate this, the cumulative water 

recovery after each flotation stage is shown in Figure B.39. Multiple authors have clearly 

established the correlation between non-selective fine particle entrainment and water recovery 

(Johnson et al., 1974; Laplante et al., 1989; Trahar, 1981). Trahar (1981) found that the recovery 

of quartz with an average particle size of 9 m (which is similar to the average particle size of the 

flotation feed) was approximetely 59 % of that of the water. Using this correlation, the recovery 

of material via entrainment was estimated and plotted along with the water recovery and mass 

recovery in Figure B.39. The total estimated recovery from entrainment is 22 %, compared to a 

overall mass pull of 27 %. This suggests that the majority of the mass is recovered via non-selective 
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entrainment and the recovery of valuable minerals, particularily LREM, through true flotation is 

highly selective. Significant improvements could potentially be realized by limiting the recovery 

through entrainment, which could possibly be achieved through optimized hydrodynamic 

conditions, the use of wash water and/or using other flotation technologies which may be better 

suited for fine particle flotation, such as a jameson cell. 

 

 

Figure B.39– Recovery of mass, water and estimated entrainment. Error bars represent 95 

% confidence intervals 

B.4.4 Conclusions 

This work investigated the flotation of various REM using hydroxamic acid collectors. The 

investigation included zeta-potential measurements and microflotation experiments to understand 

the interaction of two different hydroxamate collectors (BHA and POH) with each REM. These 

results were then related to the bench scale flotation of the Nechalacho ore using an industrial 

hydroxamate (Florrea 7510). The conclusions are as follows: 
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1. The iso-electric points were determined for bastnäsite (Burundi) (6.4), bastnäsite 

(Madagascar) (6.8), monazite (5.1), allanite (3.5), parisite (7.2), fergusonite (< 3), synthetic 

YNbO4 (6.9), columbite (< 3) and zircon (5.5). 

2. Zeta potential measurements indicate the adsorption of BHA to the surface of bastnäsite 

(Burundi), bastnäsite (Madagascar), monazite, parisite, fergusonite and synthetic YNbO4. 

3. Zeta potential measurements indicate the adsorption of POH to all nine minerals 

investigated. 

4. Microflotation results suggested significantly higher concentrations of BHA compared to 

POH are required for successful flotation; and frother selection and concentration may play 

a significant role. 

5. Greater than 50 % mineral recoveries using 15 kg/t BHA for microflotation experiments 

were only observed for bastnäsite (Burundi), monazite and parisite. 

6. Greater than 50 % mineral recoveries using 600 g/t POH for microflotation experiments 

were observed for bastnäsite (Burundi), monazite, parisite, allanite and fergusonite. 

7. Bench scale flotation tests on the Nechalacho ore using Florrea 7510 was successful at 

concentrating LREE-bearing minerals and to a lesser extend zircon and other HREE-

bearing minerals. After three stages of flotation 77 % of LREE were recovered and 

upgraded 2.8 times, 52 % of HREE were recovered and upgraded 1.9 times and 40 % of 

the zirconium was recovered and upgraded 1.6 times. 

8. The best products in terms of grade for LREE was following the first stage of flotation 

where they were upgraded 4.7 times (recovery of 21 %). Zircon was much slower floating 

and was mostly recovered following the third flotation stage, where 67.5 % of the 

zirconium recovered reported with a grade of 5.8 % (upgrade ratio of 1.7) 
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