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Abstract 
Namakwa Sands is a mining company operating on the west coast of South Africa, producing zircon, rutile and 

ilmenite. Heavy mineral sands are extracted by wet gravity, magnetic and electrostatic separation. In order to 

maintain their zircon product specifications, particularly with respect to radioactivity, the reject streams may 

still contain significant grades of zircon but which is associated with penalty elements such as titanium dioxide 

(TiO2), uranium (U) and thorium (Th). The radioactive components U and Th are associated with the mineral 

monazite and cause issues in handling and disposal of the material. 

 

If monazite could be removed from the reject stream, the remaining material could potentially be sold as a low-

grade zircon product. Furthermore, monazite is a valuable mineral in itself due to its content of rare earth 

elements such as cerium and lanthanum, which are valued in the nuclear and wind-power industries. The 

separation of monazite from the zircon reject stream is therefore desirable to Namakwa Sands from both an 

economic and an environmental perspective, by reducing the amount of waste and increasing revenue. Flotation 

of heavy minerals is rarely practiced due to the effectiveness of gravity and electrostatic separation of coarse 

particles. However, the physical separation at Namakwa Sands is challenged by fine particle sizes and surface 

coating issues affecting the surface properties and thus the separation. Froth flotation, which operates within 

finer particle sizes, is a possible separation method that in combination with surface attrition could selectively 

separate monazite.  

 

The objective of this project is to investigate the use of reverse froth flotation to separate monazite from the 

final zircon reject stream to obtain a higher-grade zircon product that meets product specifications. The 

accompanying investigation of the mineralogy and surface coatings of the material will also be critical in 

understanding the effect of the flotation factors on the success of monazite flotation. 

 

This project is broadly divided into two phases of flotation experiments with an accompanying mineralogical 

investigation of the flotation products. In the first phase of the project, the aim was to find flotation conditions 

where monazite could selectively be removed from the pulp, i.e. by using reverse flotation. A statistical 

screening design in the statistical software MODDE (©Umetrics) was used to find the significant parameters 

and the optimum flotation settings. The investigated parameters were pH, collector type, collector dosage, 

depressant type, depressant dosage and ultrasonication. The most common monazite collectors in flotation were 

reported to be oleates, hydroxamates and amine based collectors. More specifically, oleate and hydroxamate 

collectors have been used for the separation of monazite and zircon, and were therefore the collectors that were 

used in the first phase. 

 

In the second phase of the project, fewer parameters, and narrower intervals were used. More intense 

mechanical attritioning was also applied in this phase using a custom-built mini pin mill. In two full factorial 

designs collector dosage, depressant dosage, pH and attritioning intensity were studied.  
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The hydroxamate collector was found not to be selective for any of the minerals, but the oleate collector could 

selectively recover monazite at a pH of 10 and a collector dosage of 180 g/ton. Further investigation showed 

that an oleate collector dosage of 315 g/ton resulted in a monazite recovery of 55.6%. The best monazite grade 

was 71.7% with the oleate collector at a dosage of 215 g/ton and a pH of 10, however the recovery was low with 

28.4%. Results showed that selectivity was highly dependent on pH. At a pH value of 9, no selectivity was 

obtained, and more than 50 % of the pulp was recovered to the concentrate in three minutes. An increase of pH 

to 11 resulted in only foam recovery. Monazite selectivity was obtained between these two extremes, at a pH of 

10. The flotation system was extremely pH-sensitive, which indicates that the point of zero charge for the 

Namakwa Sands zircon and monazite may lie within this narrow pH interval.  

 

The accompanying mineralogical study showed that the final zircon reject composed of mainly zircon, between 

70% and 83%. The rutile content was around 7% and the monazite grade varied between 3% and 6%. The 

mineralogy investigation included SEM, QEMSCAN and grain counting results, and besides the bulk 

mineralogy, surface coatings were studied. Surface coatings on both monazite and zircon were highly associated 

with SiO2, which has previously been detected as a common surface coating in the deposit in the form of opaline 

silica. SEM and QEMSCAN were used as tools to detect the degree of surface coatings before and after 

attritioning. It did not conclusively show any effect of the surface attritioning, which therefore remains 

unknown. Furthermore, the bulk mineralogy of flotation products was studied. It was shown that the 

concentrates from the tests with high monazite selectivity were enriched in garnets. The oleate collector may 

therefore be selective for both monazite and garnets at a pH of 10. 

 

The key finding of this project is that monazite can be successfully separated from zircon with an oleate 

collector at a pH of 10. A monazite recovery of 55.6% was possible; however further research into staged 

flotation to further improve the zircon-rich tail is needed. The results of surface attritioning are not entirely 

clear, which gives scope for further investigation into mechanical attritioning methods and intensities.  
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1. Introduction 

1.1 Background 
Namakwa Sands, operated by Tronox Limited, is a mining company processing heavy mineral sands on the 

South African west coast, 385 kilometres north of Cape Town (Figure 1). Rutile (TiO2), ilmenite (FeTiO3) and 

zircon (ZrSiO4) are processed and separated in a primary concentration plant (PCP), a secondary concentration 

plant (SCP) and a mineral separation plant (MSP) from open pit mines. The separation between the valuable 

minerals and the gangue minerals is based on gravity using wet tables and spirals, magnetic and electrostatic 

separation. According to Philander and Rozendaal (2013), the annual production capacity is 21 Mt run-of-mine 

ore.  

 

Settling of heavy mineral particles thousands of years ago on the strandlines of Brand-se-Baai, where a river met 

the sea, formed the Namakwa Sands ore deposit. The local wind conditions, which in modern time provide the 

area with power from wind turbines, further concentrated the heavy minerals into an ore deposit. 

 

 

Figure 1 Location of Namakwa Sands operation, South Africa (Philander & Rozendaal, 2013) 

The mineral beneficiation comprises gravity separation, screening, magnetic separation and electrostatic 

separation. There are two primary concentration plants, PCP East and PCP West, where slimes and oversize 

particles are removed before wet gravity concentration. The PCP product is further separated into magnetic and 
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non-magnetic concentrates at the SCP, where after the magnetic concentrate is further attritioned and cleaned to 

produce an ilmenite concentrate. Zircon, rutile and ilmenite are separated based on their magnetic and 

conducting properties, which are presented in Table 1 (Cloete, Personal comm. 2014). 

 

Two streams are fed from the SCP to the MSP, non-magnetic material and magnetic material. The circuit for the 

non-magnetic part, presented in Figure 2, upgrades the stream from 52% zircon and 9-12% rutile to 75% zircon 

and 18% rutile by hot acid leaching and wet gravity separation (Cloete, Personal comm. 2014). After filtration 

and drying, the wet gravity concentrate is separated into four products by electrostatic separation where one of 

the reject streams is the zircon reject (red in Figure 2). During a campaign at the MSP, the zircon reject stream 

was reintroduced into the plant resulting in the final zircon rejects, which is the sample that was studied 

throughout this project. 

Table 1 Properties of common minerals (Read 1946 from Isokangas 1996), (Augite data interpreted from: 

http://webmineral.com/ and http://faculty.uml.edu/) *Magnetic at 0.8 Ampere 

Mineral General formula Electrostatic 

property 

Magnetic 

property 

Hardness Specific 

gravity 

Zircon ZrSiO4 Non-conductor Non-magnetic 7.5 4.7 

Rutile TiO2 Conductor Non-magnetic 6.0 – 6.5 4.2 

Ilmenite FeO.TiO2 Conductor Magnetic 5.0 – 6.0 4.5 – 5.0 

Leucoxene TiO2.FexTiO2 Conductor Magnetic 5.0 – 5.5 3.5 – 4.0 

Monazite (Ce,La,Yt)PO4ThO2 Non-conductor Magnetic 5.5 5.3 

Kyanite Al2O3.SiO2 Non-conductor Non-magnetic 4.0 – 7.0 3.6 – 3.7 

Garnet (Ca3,Mg3,Mn3,Fe3)Al2(SiO4)3 Non-conductor Magnetic 6.0 – 7.6 3.6 – 4.3 

Augite (pyroxene) (Ca,Na)(Mg,Fe,Al,Ti)(Si,Al)2O6  Magnetic* 5.0 – 6.5 3.4 

 

 

 

Figure 2 Non-magnetic circuit flow sheet. IRMS=Induced Roll Magnetic Separator, HAL=Hot Acid Leaching, 

WG=Wet Gravity, Drymill=Electrostatic separation 
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Even though gravity separation techniques have improved, Burt (1999) reports that the slow rate of settling of 

fine particles is still a problem that causes decreased mineral recoveries. As illustrated in Figure 3, wet tables 

and spirals are most effective for particles >100 µm and neither dry magnets nor electrostatic separation is 

effective for smaller particle sizes, which causes loss of valuable heavy mineral particles in the fines. 

Furthermore, the grade requirements of the zircon product lead to high zircon losses in the cleaner zircon tail, 

called the zircon reject. Froth flotation operates well for finer particle sizes, hence it is of interest to consider 

upgrading the zircon reject stream by flotation. Sobieraj et al. (1991) state that flotation is a good separation 

method not only from an economic point of view, with low energy consumption, but also from a dust handling 

perspective in a region with a strong prevailing wind, which is of importance when handling material with traces 

of radioactivity such as the Namakwa Sands ore.  

 

 

Figure 3 Effective range of application of conventional mineral processing techniques (Wills and Napier-Munn, 2006) 

In preliminary studies within the Minerals to Metals Initiative at UCT, Naudé and Liu (2012) and Tilbury and 

Harley (2013) investigated the flotation of Namakwa Sands reject streams with the aim of recovering zircon and 

titanium minerals (Quartz reject stream in Figure 2). High recoveries of ZrO2
1 and TiO2 were obtained in both 

studies, which were carried out using oleate and amine collectors. However, the grades of the concentrates 

remained low, and there was no success in separating TiO2 from ZrO2. It should be noted that the two studies 

handled a reject stream from wet gravity separation with much lower ZrO2 content than in the current study. The 

current study is focused on the final zircon reject, which has a high content of radioactive species such as 

uranium and thorium.  

 

                                                             
1 Namakwa Sands’ targets are based on the elemental analysis by XRF, where ZrO2 is a measure of the ZrSiO4 content 
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The final zircon reject is the tail from a zircon cleaner circuit. The stream contains mainly zircon but also other 

minerals, the major ones being rutile and monazite ((Ce,La,Yt)PO4ThO2). To meet the grade requirements of a 

saleable zircon product, the TiO2 grade and radioactive content of this stream have to be decreased. Since 

monazite is the main mineral contributing to the radioactivity, this project aims to use reverse flotation to 

recover monazite to the flotation concentrate and zircon in the flotation tails product, to obtain a saleable 

product from the final zircon reject stream. 

1.2 Objectives 
The objectives of this project are to: 

• Use reverse zircon froth flotation to separate monazite from the final zircon reject stream to obtain a 

higher-grade zircon product that meets specifications; and 

• Investigate the mineralogy of the final zircon reject stream and characterize the surface coatings to 

understand their effect on flotation performance. 

1.3 Scope 
This project focuses on floating monazite from a reject stream at Namakwa Sands mineral separation plant, to 

produce a zircon concentrate. The Minerals to Metals Initiative on UCT focuses on finding value from waste, 

which agrees well with this project. The variables investigated are reagent regimes, pH and physical pre-

treatment (ultrasonication and physical attritioning). Due to time constraints, pulp potential and temperature 

were not investigated. The flotation response was studied in terms of P2O5
2 concentrate grade and recovery and 

ZrO2 tail grade. Elemental analysis by XRF was carried out for all flotation products and mineralogical analyses 

were performed with QEMSCAN on the feed and selected concentrates from the most promising tests. 

Concentrate and tail grades were estimated by grain counting.  

 

The project was divided into three phases; one phase where the final zircon reject was characterised and two 

flotation phases. The first flotation phase focused on determining the effect of monazite collector type, zircon 

depressant type, reagent dosages, pH and ultrasonication, i.e. surface cleaning. In the second flotation phase, 

only one collector and one depressant were used and the mineral surfaces were mechanically attritioned in a 

mini pin mill.  

 

Statistical experimental designs were used to determine the significant variables and to give the opportunity of 

studying variable cross-correlations. Three center points in each statistical design give the reproducibility or 

inner experimental error of all tests. 

 

A schematic of the scope is presented in Figure 4, where all factors or tools that are investigated or used are 

written inside the spherical areas. The equipment, minerals and expressions that are written in grey are all 

important for the discussion or background of this project, but are all outside the scope. The three topic inside 

                                                             
2 P2O5 is used as an measure of the monazite (Ce,La,Yt)PO4ThO2) content 
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the spheres are: the final zircon reject – which is the material that was used, flotation – which is the 

experimental separation method and surface characteristics – that are important to understand for flotation. The 

bold italic words are binding the topics together two by two and the surface charge, which is outside the scope, 

is what is binding the three topics together. 

 

 

Figure 4 Schematic of the project scope. What is inside the spherical areas are all tools or factors that are used or 

investigated and discussed in the report. Grey text is factors that are outside the scope of the project, but are 

discussed or mentioned because of its importance 
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2. Literature review 
This section reviews the relevant literature to inform which types of physical and chemical pre-treatment of the 

final zircon reject that will be needed to separate monazite from zircon and titanium minerals. This includes 

details of the ore deposit and mineralogy, a description of comminution and flotation processes, and a summary 

of previous research within monazite-, zircon- and titanium flotation. 

2.1 Namakwa Sands ore deposit 
The Namakwa Sands deposit consists of 8 weight-% heavy minerals (Philander & Rozendaal 2013), the major 

ones being ilmenite, rutile, zircon, leucoxene, garnet and pyroxene. The deposit is divided into two major ore 

bodies, Graauwduinen East and Graauwduinen West (Figure 5) and three geological units including a strandline 

deposit, orange feldspathic sand (OFS) and red aeolian sand (RAS). The west deposit is of a very different 

nature than the east deposit (Figure 6), which is more of a typical heavy mineral sands deposit where the sand is 

separated without any comminution. In the west deposit, the valuable heavy minerals are locked in cemented 

layers, as shown in Figure 7, and have to be liberated in a mill before further separation. Philander and 

Rozendaal (2009) reported the heavy mineral composition of the geological units as shown in Table 2. 

 

 

Figure 5 Schematic east-west geological cross section showing the Graauwduinen deposits that are mined by 

Namakwa Sands (Philander & Rozendaal 2013) 

 

Figure 6 Photos of the west and east ore deposits in Brand-se-baai 
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Figure 

7 The 

cemented hard layers (CHL) in the West deposit (left) and an example of red surface coatings and white cementing 

agent (right) (Philander & Rozendaal 2011) 

 

 

Table 2 Mineral compositions as percentage of total heavy minerals (Philander & Rozendaal 2009) 

Unit Zircon Ilmenite Rutile Leucoxene Garnet Pyroxene Others 

RAS 17.3 63.1 5.7 3.6 6.7 0.3 3.3 

OFSM 9.7 34.6 4.2 4.7 21.7 16.6 8.5 

Strandlines 3.8 24.9 1.4 1.9 25.2 40.4 2.4 

2.2 Mineralogy of the Namakwa Sands ore deposit 
To evaluate and optimise the froth flotation process, the surface properties, and thus the mineralogy of the 

minerals are important. The mineralogy of the major minerals present in the Namakwa Sands ore deposit is 

presented in this section. 

2.2.1 Zircon 

The Namakwa Sands deposit contains three types of zircon: clear zircon, coloured zircon and metamict zircon. 

The trace elements in zircon are many, hafnium being the most common due to coupled substitution of 

zirconium for hafnium (Philander & Rozendaal 2009). Coloured zircon, which according to Philander and 

Rozendaal (2013) has lower quality, contain penalty elements such as Fe, Ti, U and Th. Surface coatings was 

reported to be the primary reason for iron contamination and most of the iron can thus be removed by hot acid 

leaching and attritioning. Other surface coatings that cannot be removed with hot acid leaching are most 

commonly sepiolite clay, calcite, apatite and opaline silica (Theron, Personal comm. 2014). 

2.2.2 Titanium minerals 

Two main types of titanium minerals exist in the ore body: iron-titanium (Fe-Ti) minerals and rutile. Philander 

and Rozendaal (2009) report the most common Fe-Ti oxides in the deposit to be ilmenite-haematite and 

magnetite-ulvöspinel solid solutions. Due to the weathered state of the deposit, the Fe-Ti oxides may vary in 

composition. Philander and Rozendaal (2013) found that a fifth of the ilmenite in the Namakwa Sands deposit is 
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affected by alteration (Figure 8), which complicates the ore. Even higher Fe-Ti alterations, such as leucoxene, 

are present in the ore deposit. Rutile contains wide ranges of trace elements as reported by Philander and 

Rozendaal (2009). Red rutile contains higher amounts of vanadium, chromium and zircon while yellow rutile is 

enriched in iron and niobium.  

2.2.3 Gangue minerals 

Major gangue minerals in the deposit are pyroxene and garnet. However, the deposit is very complex with more 

than 32 minerals and phases as identified by Philander and Rozendaal (2009). Monazite is one of the gangue 

minerals and varies between 0.08 % and 0.36 % of the total heavy mineral content of the deposits. The monazite 

composition is presented with other gangue mineral compositions in Table 3. The monazite in the Namakwa 

Sands deposit contains light rare earth elements such as lanthanum and neodymium, even though the content is 

small. The monazite is radioactive due to its thorium content. 

 

Figure 8 Classification of the Namakwa Sands Fe-Ti oxides (Philander & Rozendaal 2013) 
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Table 3 Average major oxide chemistry (%) of chosen gangue minerals in the Namakwa Sands deposit (Philander & 

Rozendaal 2009) 

 Garnet Pyroxene Kyanite Monazite 

SiO2 39.00 52.58 37.42 8.72 

TiO2 0.04 0.39 0.04  

Al2O3 22.47 2.14 62.48  

Cr2O3 0.03 0.38 0.02  

Fe2O3 1.36 0.01 0.09  

FeO 28.28 11.37   

MnO 1.08 0.27   

MgO 6.92 18.19   

CaO 3.21 14.65  2.66 

P2O5    32.03 

La2O3    15.15 

Ce2O3    32.20 

Nd2O3    9.10 

ThO2    2.07 

 

2.2.4 Final zircon reject stream 

The final zircon reject consists of three main chemical components; ZrO2, TiO2 and SiO2 (Cloete, Personal 

comm. 2014). ZrO2 and the major part of SiO2 is related to zircon (ZrSiO4). The specifications for the zircon 

products that are sold by Namakwa Sands are presented in Table 4. The main penalties of the final zircon reject 

stream (re-treatment of the stream that is shown in red in Figure 2) are TiO2 and the high amounts of radioactive 

components (U and Th). Monazite is the mineral responsible for most of the radioactive components, thus if 

most of the monazite could be removed from the final zircon reject, it could potentially be sold as a zircon 

product. Removing monazite would therefore benefit Namakwa Sands from a economic point of view and also 

from an environmental point of view, reducing waste product.   

Table 4 Zircon product specifications (Cloete, Personal comm. 2014) 

  Product specifications 

Element Unit Zircon Premium Zirkwa 

ZrO2+HfO2 % 66.0 64.0 

Fe2O3 % 0.06 0.25 

TiO2 % 0.12 0.50 

Al2O3 % 0.35 - 

U and Th  ppm 500 1000 

 

2.3 Separation plant challenges 
Challenges come with every separation plant and Philander and Rozendaal (2013) summarized the main 

separation challenges in the PCP, SCP and MSP. One of the challenges is the variation of the heavy mineral 

composition in the two ore bodies. This affects the density profiles in wet gravity separation, and thus impacting 

the gravity separation circuit by recovering gangue minerals or losses of valuable heavy minerals.  
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The oversize, which is the fraction >1 mm, was reported to possibly interfere with spiral separation processes 

(Philander & Rozendaal 2013, Wills & Napier-Munn 2006). Philander and Rozendaal (2013) reported that 35 

weight-% of the deposit is locked in oversize particles. The median particle sizes for heavy minerals are 

presented in Table 5. 

 

Liberation of heavy minerals is an important parameter in wet gravity separation, as locked heavy mineral 

particles may be lost due to decreased densities. According to Philander and Rozendaal (2013), the liberation3 of 

zircon is above 80 % and ilmenite liberation varies between 50 and 80 %. The high liberation of zircon indicates 

that poor recovery of zircon is not due to a liberation issue.  

Table 5 Median particle sizes for ziron, ilmenite, rutile and garnet in the Namakwa Sands deposit (Philander & 

Rozendaal 2013) 

 zircon ilmenite rutile garnet 

d50 (µm) 105 110 115 130 

 

According to Burt (1999), smaller and lighter particles are more likely to report to the spiral tail than large and 

heavy particles. By studying the particle sizes in Table 5, zircon loss would be expected to be higher than rutile 

and ilmenite loss. However, the size and density difference is small and considering other factors it might not 

affect recovery.  Particle shapes in the deposit are mostly round and spherical, and so Philander and Rozendaal 

(2013) did not consider shape to be a processing issue. However, although shape is not considered an issue in 

the present process, namely gravity, magnetic and electrostatic separation, it might affect flotation performance 

(see section 2.4.2).  

 

Philander and Rozendaal (2013) state that mineral surface coatings are common for the Namakwa Sands 

deposit, following its consolidated state in the west ore deposit. As mentioned earlier in section 2.1.1 above, 

attritioning and hot acid leaching are utilized to remove surface coatings and increase heavy mineral recovery. 

The most common surface coatings in the operation are clay colloidal coatings: sepiolite, sepiolite + calcite, 

calcite, apatite and opaline silica (Theron, Personal comm. 2014). The coatings can be very thin, and attrition 

may be necessary to prevent the coatings from influencing the mineral surface properties, which are very 

important in the froth flotation process. Ulusoy and Yekeler (2005) studied the correlation between particle 

surface roughness and wettability. They found that the smoother the mineral surface was, the higher the degree 

of hydrophobicity. Therefore, surface attrition could benefit the flotation performance both by exposing a clean 

surface for collector adsorption, and due to smoothening of the mineral surfaces. 

 

                                                             
3 The definition of a liberated particle was that it contained more than 90 weight-% of a mineral in the <1 mm fraction 
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2.2 Ore preparation and liberation 
Comminution is particle size reduction of an ore to enable separation of valuable and gangue minerals. The 

main objective of comminution is to liberate valuable mineral particles to optimize mineral recovery and 

concentrate grade. As shown in Figure 9 the theoretical recovery increases with free surface area and degree of 

liberation. For example, a 100% liberated particle should theoretically give 100% recovery and grade4. This type 

of information is usually obtained through auto-SEM mineralogical analysis (e.g. QEMSCAN, MLA, TIMA, 

Mineralogic Oxford Inca etc.). 

 

Ideal flotation conditions, which vary with mineral type, should recover particles that are fully liberated and 

have a free surface area. However, the flotation system is very complex and therefore both the physical and 

chemical environments are important to obtain good mineral recovery and grade. 

 

 

Figure 9 Liberation classes and free surface area classes illustrating ease of recovery (http://www.minassist.com.au) 

2.2.2 Removal of surface coatings 

Surface coatings on mineral surfaces are an issue in the mineral processing industry, because they vary the 

surface properties that can affect separation processes. Thus, the simple reason for attrition or leaching is to 

obtain a fresh mineral surface to enhance separation efficiency. The issues of surface coatings in the Namakwa 

Sand deposit are mainly a result of the cemented west ore deposit. Even though grinding is utilized, very thin 

coatings remain, and therefore there is a need of further treatment with leaching and/or attritioning. Leaching is 

a chemical approach that aims to dissolve the coatings, whereafter the ore is washed to remove the dissolved 

species. Mechanical attritioning is a physical method where the particles are scrubbed against each other in 

order to “polish” the surface of the particles. Attritioning can also be carried out with power ultrasound (Farmer 

et al. 2000), which has been proved to be more efficient, thus less time consuming, than mechanical attritioning 

(Zhao et al. 2007). The combination of leaching and attritioning has also been studied. For instance, as an 

example, Du et al. (2011) used power ultrasound to accelerate the leaching kinetics of silica.  
                                                             
4 the standard definition of liberation is not linked to particle size 
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Donskoi et al. (2012) used ultrasonic treatment to increase iron grade in hematitic/goethitic ores. It was 

concluded that ultrasonic treatment without stirring is not efficient and the effect of the treatment was higher in 

less concentrated pulps. It was shown that very short treatment may be sufficient to improve the iron grade and 

that the power should be evenly distributed in the pulp to increase efficiency. Zhao et al. (2007) as well as 

Donskoi et al. (2012) commented on the fact that the ore should be washed after attritioning to make sure that 

no re-attachment of surface coatings takes place; alternatively a dispersant should be added.  

 

Stirred mills are widely used for fine grinding (Jankovic 2003, Sinnott et al. 2006), but may also be used for 

surface cleaning purposes (Ye et al. 2010). Sinnott et al. (2006) concluded that the comminution in tower mills 

and pin mills is dominated by attrition and abrasion in dry grinding simulations (Discrete Element Modelling). 

Jankovic (2003) found that the effect of grinding media characteristics, mill speed and slurry properties all 

effected the grinding efficiency, and that there was an interaction between the variables. Hence it becomes 

important to ensure that the stirred mill is operated by means of attritioning, and not for fine grinding.  

2.4 Flotation 
Froth flotation is a widely used separation method within the mining industry. The technique is a physio-

chemical separation that utilizes the difference in surface properties between minerals. By bubbling air though a 

stirred mineral pulp, hydrophobic particles can attach to the air bubbles and be collected as froth. The separation 

method is based on the different surface properties (hydrophobicity) of valuable minerals and gangue minerals. 

Particles can be collected to the flotation concentrate by selective air bubble attachment, also called true 

flotation, by entrainment in the water or entrapment between particles (Figure 10). The selective air bubble 

attachment of valuable minerals is the most important mechanism to obtain a good recovery (Wills & Napier-

Munn 2006).  

 

 

Figure 10 a) Flotation froth, b) true flotation (RF) of hydrophobic particles and entrainment (RE) of hydrophilic 

particles (Schubert 2008) 
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The flotation system consists of three interfaces: solid-liquid, solid-gas and liquid-gas. For the valuable particles 

to be able to attach to the air bubbles and transfer to the froth, the particle surfaces have to be hydrophobic. A 

hydrophobic surface increases the contact angle and the work of adhesion between the air bubble and particle 

thus making the attachment more stable (Wills & Napier-Munn 2006).  

2.4.1 Surfactant adsorption on mineral surfaces 

Collectors, frothers, depressants and activators are all flotation reagents that influence the interfacial chemistry. 

Frothers, which are the foaming reagents, interact primarily at the liquid-air interface to reduce surface tension. 

Collectors, depressants and activators adsorb at the solid-liquid interface to modify mineral surface properties. 

The mechanism of adsorption can be chemical, charge-induced, non-specific or a combination of the three. 

Reagents can be classified by the charge of the functional group as anionic, cationic or amphoteric reagents. 

Depending on the pH, amphoteric reagents can have either anionic or cationic functional groups. Cationic 

reagents are most commonly amines and the dominant adsorption mechanism is charge-induced. Examples of 

anionic reagents are fatty acids and hydroxamates, where a combination of electrostatic and chemical adsorption 

takes place (Day et al. 2002). 

 

Fatty acid collectors are known to be less selective than hydroxamate collectors despite the structural 

similarities (Figure 11). Hydroxamate collectors have one nitrogen atom that affects the electron density on the 

oxygen atom, which makes it weaker and thus more selective (Day et al. 2002).  

 

 

Figure 11 Structure of fatty acid and hydroxamate collectors and their metal chelate (Day et al. 2002) 

2.4.2 Factors affecting flotation performance 

According to Day et al. (2002) the physical factors affecting flotation are, among others, mineralogy, particle 

size, feed rate, pulp density and cell design. The effects of some of the physical as well as the chemical factors 

has an effect on flotation performance are presented below. 

Effect of pH on flotation performance 

During flotation, the pH is not only important from a selectivity point of view, even though it is the primary 

concern, but also from a corrosion point of view. Wills and Napier-Munn (2006) pointed out that mining 

companies, if possible, prefer alkaline flotation over acidic flotation to avoid equipment wear and neutralisation. 

 

Structure 5-XIII  

Alkyl Hydroxamic Acid 

Structure  

Structure 5-IXV 

Metal chelate 

Metal chelate 

Structure 5-XV  

Fatty Acid 

Structure 5-XVI 

Metal chelate 
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The pH, solution ionic composition and strength are properties affecting the electrical double layer of a mineral 

particle. This in turn affects the floatability of the particle. King (1982) described the electrical double layer as 

‘a separation of electrical charge at an interface’. It was stated that the effects of the electrical double layer on 

flotation are flocculation and dispersion properties, slime coatings and the control of physical adsorption and 

chemisorption. The adsorption density of the potential-determining cation or anion determines the surface 

charge of a mineral particle. At a certain pH, the measurable electrical double layer potential is equal to zero and 

the electrophoretic mobility is zero (point of zero charge - PZC). PZC is important for flotation from an 

adsorption perspective. When the pH is below PZC, the mineral surface is positively charged, attracting anions, 

and vice versa for cations. The pH is thus a very important flotation parameter, influencing the adsorption of 

anionic and cationic flotation reagents on mineral surfaces. The PZC’s for monazite and zircon are presented in 

Table 6. 

Table 6 Point of zero charge for monazite and zircon according to literature 

Reference Point of zero charge  

 Monazite Zircon 

Cheng (1999) 1.1 to 9  

Mao et al. (1994)  5.9 to 6.1 

 

Effect of particle size and shape on flotation performance 

Although Philander and Rozendaal (2013) did not consider particle shape an issue of the Namakwa Sands 

deposit, it might affect flotation performance. Verelli et al. (2014) found that particle shape has an impact on the 

induction time, i.e., the critical time of attachment between air bubble and particle. Angular particles had a 

shorter induction time compared to spherical particles. Vizcarra et al. (2011) studied the effect of particle shape 

on the floatability of chalcopyrite and found that the particle shape only influences flotation performance of 

minerals with slow flotation kinetics. 

 

Particle size has been reported to affect flotation results (Jameson 2012; Pease et al. 2006; Schubert 2008). 

Jameson (2012) explained the decreased recovery of coarse particles with the hydrodynamic conditions in the 

cell. Coarse particles could remain in the bottom of the cell due to their density, and thus never come in contact 

with the froth. The poor flotation behaviour of fine particles, as discussed by Pease et al. (2006), was considered 

to be a result of high surface area consuming more reagents, less energy for bubble attachment, lower flotation 

rates, higher degree of surface coatings and higher sensitivity to water quality. Schubert (2008) explained low 

recovery of fine particles with insufficient collision rates. Another reason might be that fine particles, due to 

their hydrodynamic conditions, follow the water split in the process. Pease et al. (2006) proposed a staged 

flotation approach with narrower size intervals to could improve the fine particle recoveries in flotation (Figure 

12). 

Effect of froth stability on flotation performance 

Froth is the solid-air-water phase in flotation where the valuable minerals are collected, thus froth stability is 

important for valuable mineral grade and recovery. An unstable froth may not be able to recover valuable 
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minerals while a very stable froth may favour entrainment of gangue minerals. Farrokhpay (2011) summarized 

the important factors affecting froth stability and the definition used was ‘the ability of bubbles in froth to resist 

coalescence and bursting’. Concentration of frother, mineral particle size, conditioning time, salt concentration 

and temperature were all factors considered to be important to froth stability. Additionally Farrokhpay and 

Zanin (2012) observed a more stable froth at low pH indicating that froth stability is a function of pH. However, 

this is likely to be mineral and reagent specific. 

 

 

Figure 12 The conventional view on fine particle flotation (left) and a conceptual staged flotation with narrower size 

ranges (Pease et al. 2006). 1) liberated fines: high surface area, need high collector and low depressant. 2) 

intermediate: fast floating, lower collector need, composites need depressant. 3) coarse particles, low liberation. 4) 

fines performance when treted by themselves. 5) fines performance when treated with coarse particles. 6) 

intermediate and coarse behaviour 

Effect of water quality on flotation performance  

The effect of water quality on flotation performance has been studied by Bicak et al. (2012) and Farrokhpay and 

Zanin (2012) among others. Due to the lack of freshwater supplies, recycling of plant water is common in the 

mining industry, which results in the accumulation of metal ions. Froth stability is reported to increase with ion 

concentration, and increased froth stability resulted in higher degrees of entrainment (Bicak et al. 2011).  

 

Namakwa Sands are using seawater in the primary and secondary separation plants to decrease freshwater 

consumption. It was shown that the pH level was the most important variable for recovery in copper-

molybdenum seawater flotation, which was studied by Ramos et al. (2013). The seawater affected copper 

recovery less than molybdenum recovery. This shows that each mineral must be studied to determine its 

recovery response to seawater. Since the lack of freshwater is a serious issue at Namakwa Sands, seawater 

flotation may be an alternative, depending on the flotation response. 

 

One of the non-sulfide ore flotation challenges stated in Cytec Mining Chemicals Handbook by Day et al. 

(2002) is water quality. Fatty acid collectors, as well as dispersants, can react with process water ions and cause 

increased collector consumption. The ions in the water can thus influence mineral surface chemistry (reducing 

the selectivity), compete with collector adsorption and cause activation of gangue minerals. 
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2.5 Monazite flotation 
Successful flotation of monazite has been reported by several authors (Ren et al. 2000; Cheng et al. 1993; 

Cuthbertson 1951; Pavez & Peres 1993; Bruckard et al. 1999).  Cuthbertson (1951) secured a patent for 

monazite flotation from heavy minerals such as wolframite, rutile and cassiterite using boiled starch as the 

depressant and an amine collector. Abeidu (1972) more specifically studied the separation of monazite from 

zircon. The experiments were carried out in a Hallimond tube and oleic acid, with Na2S present as an activator 

for monazite. 

 

Pavez and Peres (1993) more specifically studied the monazite-zircon-rutile flotation system. Sodium oleate and 

hydroxamate collectors were used, with metasilicate to depress zircon and rutile. Both collectors showed 

promising results in the Hallimond tube experiments. The best reagent regimes were repeated in bench scale 

flotation by Pavez and Peres (1994) and the recovery of monazite was high, successfully depressing rutile and 

zircon.  

 

Flotation of monazite from a zircon flotation tail was performed by Bruckard et al. (1999) and reverse flotation 

of titanium-rich product was studied by Bruckard et al. (2001) by floating monazite and zircon. However, no 

attempts to separate monazite from zircon were made in either of the studies. Table 7 presents a summary of 

monazite flotation reagent regimes reported in the literature.  

  

Table 7 Summary of authors who have studied monazite flotation, reagent regimes and results. G=grade, 

R=recovery, - = no information/not used. Grade and recovery refers to monazite or Re2O3+ThO2* 

Author Collector type pH Activator Depressant G R 

Dixit and Biswas (1969) Sodium oleate 8.1-8.3 - - - >90 

Ren et al. (2000) Benzonic acid 5 - - - 70 

Abeidu (1972) Oleic acid 8.5 Na2S - - 90 

Cuthbertson (1951) Amine - - Boiled starch  - - 

Bruckard et al. (1999) Sulphosuccinamate - - - 8 84 

Bruckard et al. (2001) Amine 3 - - Low 89 

Pavez and Peres (1993,1994) Sodium oleate 

Hydroxamate 

10 

10 

- Metasilicate 50* 

58* 

95* 

90* 

Pavez et al. (1996) Sodium oleate 

Hydroxamate 

3, 6-10 

5-10 

- 

- 

- 

- 

- 

- 

>90 

>70 

 

2.5.1 Collector adsorption mechanism on monazite mineral surfaces 

By studying monazite micro-flotation with the aid of zeta potential measurements and infrared spectroscopy, 

Pavez et al. (1996) suggested that the adsorption mechanism for sodium oleate on the monazite surface was 

physical adsorption at pH 3 and 8. For potassium octyl hydroxamate at pH 9, chemisorption was found to be the 

adsorption mechanism. Abeidu (1972) suggested oleate ions were fixated to sulphide sites after Na2S-activation 

of monazite.   
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2.6 Zircon flotation 
Research on zircon flotation is sparse and the most commonly used collectors are fatty acid and amine based. 

Table 8 presents a brief summary of the existing literature of zircon flotation.  

 

Table 8 Summary of authors who have studied zircon flotation, reagent regimes and results. G=grade, R=recovery, - 

= no information/not used. Grade and recovery refers to ZrO2 or zircon* 

Author Collector pH Activator Depressant G R 

Dixit and Biswas (1969) Sodium oleate 8.3-8.5 - - - >90 

Sobieraj et al. (1991) Phosphonic acid 3 - Na2SiO3 64 78 

Gül (2006) Sodium alkyl sulfosuccinamate 4 - - 64 90 

Hosten (2001) Sodium oleate, Amine 6-10 - - - 90 

Bruckard et al. (1999) Hot soap - - - 90* 98.5* 

Schmidt and Denham (1992) Amine 2.5 F-1 Starch (Ti) 72*  

Oxenford and Coward (2001) Amine - - Corn starch (Ti) 25-30  

 

Hosten (2001) and Gül (2004) used micro flotation to investigate the floatability of zircon from a calcined 

zircon mineral sample and zircon-microlite5 concentrate respectively. Both studies showed selectivity for zircon, 

which indicates that flotation of zircon is possible. Gül (2006) repeated the flotation regimes from his 

microflotation research, still finding sodium alkyl succinamate to be a selective collector for zircon. Sobieraj et 

al. (1991) tried to upgrade a commercial grade zircon product and found that it was possible to clean the 

concentrate of Al2O3. However the TiO2, P2O5 and Fe2O3 content in the concentrate remained unchanged.  

 

Schmidt and Denham (1992) and Oxenford and Coward (2001) both floated zircon with amine based collectors. 

In both studies, starch was added as a TiO2 depressant. Oxenford and Coward (2001) studied several types of 

starch trying to find a good TiO2 depressant. It was shown that the depressant performance varied with starch 

type, corn starch being the most effective. 

2.7 Titanium minerals flotation 
The discussion of titanium minerals flotation in this section focuses on rutile and ilmenite, which are the 

titanium minerals of highest grades in the Namakwa Sands deposit. A wider variety of collectors are found in 

the literature for titanium flotation than for zircon and a summary of the reagents and flotation responses found 

in the literature is presented in Table 9.  

 

Historically, arsenic based collectors (Song & Tsai 1989) have been used for titanium flotation. Due to 

environmental issues Liu and Peng (1999) studied a wide range of collectors to replace benzyl arsenic acid in a 

rutile mine in China. It was found that the only effective collector was styryl phosphonic acid. It was reported 

that sodium oleate and amino acid collectors were not effective.  

 

                                                             
5 Microlite: (Na,Ca)2Ta2O6(O,OH,F) 
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Microflotation research by Hosten (2001) contradicts the finding that sodium oleate would not be selective for 

rutile. Sodium oleate collector used with Pb(NO3)2-activation was also proven successful by Fan and Rowson 

(2000) for high-grade massive ilmenite and beach sand ilmenite samples. Succinamate, phosphoric acid ester 

and combinations of the two have been used for rutile flotation by Bruckard et al. (1999), Bulatovic and 

Wyslouzil (1999) and Oxenford and Coward (2001). 

 

Table 9 Summary of authors who have studied titanium flotation, reagent regimes and results. G=grade, R=recovery, 

- = no information/not used. Grade and recovery refers to TiO2 

Author Collector pH Activator Depressant G R 

Song and Tsai (1989) Benzyl arsonic acid 4 - Sodium silicate, sulphuric acid 

(gangue) 

27 78 

Liu and Peng (1999) Styryl phosphonic 

acid 

4-6.5 - Na2SiF6 72 90 

Hosten (2001) Sodium oleate 

Amine 

6 

6-9 

- - 97 90 

Fan and Rowson (2000) Sodium oleate 5-6 Pb(NO3)2 - 37 83 

Bulatovic and Wyslouzil (1999) Modified phosphoric 

acid ester 

3-6 - - 85 >80 

Oxenford and Coward (2001) Phosphoric ester and 

succinamate 

- - H2SiF6, oxalic acid, sodium 

silicate 

56 >80 

Bruckard et al. (1999) Sulphosuccinamate - - - 72 92 

 

2.7 Discussion of previous research on Namakwa Sands waste streams 
Naudé and Liu (2012) carried out flotation experiments on two waste streams from Namakwa Sands; the quartz 

reject and the slimes stream. After a preliminary test, the slimes stream was not investigated further due to the 

high reagent consumption, thought to be caused by colloidal particles. However, it was possible to recover 82% 

TiO2 and 71% of ZrO2 from the feed (quartz reject) with a fatty acid collector added in one stage. Multistage 

addition of collector was also investigated by Naudé and Liu (2012), and they found that the recovery of TiO2 

was 80% and ZrO2 recovery improved to 84%.  

 

Tilbury and Harley (2013) continued to study a reject stream from Namakwa Sands. The composition of the 

final wet reject stream was different compared to the sample investigated by Naudé and Liu (2012), with higher 

grades of TiO2 and ZrO2. The study focused on optimizing flotation conditions, investigating the influence of 

particle size on flotation performance. Repeating the conditions reported by Naudé and Liu (2012), Tilbury and 

Harley (2013) obtained similar grades but lower recoveries of TiO2 and ZrO2. The lower recoveries were 

thought to be due to the higher grade of TiO2 and ZrO2 in the feed material (final wet rejects), since the same 

collector dosages were used. 

 

Tilbury and Harley (2013) found the optimum flotation conditions were a fatty acid collector (Aero 727) dosage 

of 750 g/ton feed, aeration rate of 5 L/min, and a pH of 9. The recoveries of TiO2 and ZrO2 were higher in lower 
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pH-ranges, but Tilbury and Harley rejected these results due to an increase of SiO2 grade and recovery. 

However, it was not taken into account that zircon is a silicate (ZrSiO4), which is why lower pH ranges may 

give better results. The effect of attritioning and milling were also investigated, as well as the use of a 

scavenger-cleaner circuit (Tilbury&Harley 2013). However these results were not included in the report due to 

time constraints.  

 

Both Naudé and Liu (2012) and Tilbury and Harley (2013) used an amine collector at low pH with promising 

results. Naudé and Liu (2012) reported recoveries of more than 80% for ZrO2 and 90% for TiO2 at a pH of 2.5 

with Aeromine 3030C. Tilbury and Harley (2013) used the same collector combined with NaF activator 

resulting in a ZrO2 recovery of almost 60% and grades higher than 30% for both TiO2 and ZrO2. Taking into 

account that part of the SiO2 relates to zircon, the zircon grade was as high as 48%.  

 

Both studies from 2012 and 2013 were successful in achieving high heavy mineral recoveries, but not grades, 

and a summary of the results is presented in Table 10. No conditions were found to selectively collect zircon, 

rutile and ilmenite. However, zircon and titanium minerals were proven to be floatable with Aero 727, Aero 704 

and Aeromine 3030C. No liberation size analysis was made in the preliminary studies, and therefore it is not 

known if the grade and recovery could have been improved further.  

Table 10 A summary of results from test work by Naudé and Liu (2012) and Tilbury and Harley (2013) 

Year 

(Experimental 

number) 

Collector Collector 

dosage 

pH ZrO2  

grade (%) 

ZrO2 

recovery 

(%) 

TiO2  

grade (%) 

TiO2 

recovery 

(%) 

2012 (11) Aero 3030C 500 5 26 62 32 48 

2012 (12) Aero 704 500 6 27 74 33 58 

2012 (15) Aero 727 500 9 15 50 27 83 

2012 (17) Aero 3030C 500 2.5 20 57 37 98 

2013 (2) Aero 727 500 9 24 41 35 56 

2013 (6) Aero 3030C 500 2.5 32 38 35 39 

2013 (9) Aero 727 500 7 20 58 31 84 

2013 (11) Aero 727 750 9 23 52 35 76 

2.8 Critical review 
This project is a continuation of the studies by Naudé and Liu (2012) and Tilbury and Harley (2013) and the key 

findings on flotation conditions from the two studies are applied. It should be kept in mind however that the two 

streams that were the subject of investigation in 2012 and 2013 had a different composition to the final zircon 

rejects stream (see Table 11). In addition, the aim of this thesis is not to float zircon, but monazite. The ZrO2 

and HfO grade in the final zircon reject stream is much higher and the SiO2 grade lower, due to less gangue 

minerals. The final zircon reject is enriched in monazite, and that is why the P2O5-content is higher. In the 

previous studies by Naudé and Liu (2012) and Tilbury and Harley (2013), there was a lack of mineralogical 

understanding in the interpretation. 
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Table 11 Comparison of the zircon reject composition with the quartz reject stream and wet reject stream from 

studies 2012 and 2013. Partly interpreted from Tilbury and Harley (2013) 

 Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Other 

2012 – Quartz reject 3.24 2.12 1.07 0.10 0.30 0.03 0.23 77.28 7.73 4.70 3.20 

2013 – Final wet reject 4.55 3.44 4.09 0.38 1.10 0.28 0.28 36.54 28.22 18.22 2.90 

2014 – Final zircon reject 0.63 0.52 0.58 1.09 0.49 0.08 0.86 29.60 7.90 58.90 0.46 

 

Some of the flotation studies mentioned in the literature were carried out in a Hallimond tube and may not 

represent an industrial flotation result, since no froth phase is present (Wills & Napier-Munn 2006). Therefore 

direct advice from research made by Hosten (2001) should be viewed with circumspection. Research by Gül 

(2004) and Pavez and Peres (1993) was also based on microflotation, but the results were also evaluated with 

bench scale flotation (Gül 2006; Pavez & Peres 1994), and so the results may be considered to be worthy of 

further investigation.  

 

Only two studies, those of Pavez and Peres (1993, 1994), aimed to separate monazite from zircon and rutile. 

One of the challenges of floating monazite from zircon is that zircon has a wider optimum pH range than 

monazite, according to the literature (Dixit & Biswas 1969). The reviewed flotation research papers did not 

emphasise surface coatings, which indicates that previous monazite flotation research was made on 

unconsolidated heavy mineral sands. As mentioned in section 2, the surface properties are extremely important 

in flotation, hence the reviewed flotation conditions may not be effective for the final zircon reject. 

2.9 Problem statement 
The effective operating size range of the Namakwa Sands separation process along with the influence of surface 

coatings on the mineral surface properties, results in a loss of valuable heavy minerals to reject streams. The 

final zircon reject, from the zircon cleaner circuit, contains a high grade of zircon contaminated with monazite. 

The monazite must be removed to reduce the radioactivity of the final zircon reject sample to enable usage of 

the zircon content. 

2.10 Objectives 
• Use reverse zircon froth flotation to separate monazite from the final zircon reject stream to obtain a 

higher-grade zircon product; and 

• Investigate the mineralogy of the final zircon reject stream and characterize the surface coatings to 

understand their effect on flotation performance. 

2.11 Key Questions 
1. Under what conditions is it possible to separate monazite from zircon by flotation and what might the 

separating mechanism be?  

2. What are the mineral surface coatings, and do the surface coatings affect flotation performance? 

3. Is there a correlation between surface attritioning and mineral recovery? 
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3. Experimental methodology 
All equipment and experimental methods that were used are presented in this section. Furthermore, details on 

the experimental program and the statistical design are explained. 

3.1 Overview 
Within this project, there were three main tasks: sampling and sample preparation, flotation and analysis. The 

sample preparation included the splitting of material to obtain representative samples for flotation test work. 

Flotation, which is the main part of the project, involved physical and chemical pulp preparation, concentrate 

collecting, weighing, filtering and drying. After flotation, the concentrates and tails were analysed with XRF 

and a few of the samples were also analysed in terms of mineralogy with QEMSCAN, SEM and grain counting 

using an optical microscope.  

 

All experimental work was conducted in the MSP lab at Namakwa Sands, which is licenced to handle and 

process radioactive material. The staff at the MSP lab carried out XRF elemental analysis and graincounting and 

Exxaro Services did the mineralogical analysis (QEMSCAN). The SEM analysis was carried out at UCT. The 

project was divided into three phases, all summarized in Table 12. 

 

Table 12 Summary of the focus in each phase. Phase 0 is the mineralogy study of the final zircon reject and Phase 1, 

Phase 2:1 and Phase 2:2 are all part of the statistical design 

Phase Focus Constant variables 

0 Mineral liberation 

Mineral composition 

Surface coatings 

- 

1 Effect of oleate (Aero704) and hydroxamate (Aero6494) collectors 

Effect of collector dosage 

Effect of depressants (Metasilicate and Cyquest4000) 

Effect of depressant dosage 

Effect of pH 

Effect of ultrasonic attritioning 

Agitation speed 

Air flow 

Pulp density 

Froth height 

2:1 Effect of collector dosage (Aero704) 

Effect of depressant dosage (Cyquest4000) 

Effect of pH 

Mechanical attritioning intensity 

Agitation speed 

Air flow  

Pulp density 

Froth height 

2:2 Effect of collector dosage (Aero704) 

Effect of attritioning intensity 

Agitation speed 

Air flow 

Pulp density 

Depressant dosage (Cyquest4000) 
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3.2 Sampling and sample preparation 
The sample used in the experimental program was of the final zircon reject, a stream produced in a campaign at 

the Mineral Separation Plant. The zircon reject was temporarily re-introduced to the process, to produce a 

saleable product and a final zircon reject that was deposited in a stockpile. A sample was taken from this 

stockpile for use in this thesis. Grab sampling was applied to obtain a sample of approximately 36 kilograms. 

The sample was split using a rotary splitter in the MSP lab. Each sample was split in eight cups and the two 

opposite cups were combined, resulting in the sampling method presented in Table 13. 36.3 kilograms were split 

into 425-gram samples that were used for flotation. 

 

Table 13 Sample splitting information with flotation sample size (425 g) 

Sample (g) Number of samples Split into Samples combined 

36300 1 4 

 9075 4 4 

 2269 16 4 

 570 64 4 3 

425 85 

   

3.3 Flotation 
The equipment, flotation method and physical and chemical preparation is described in this section. A summary 

of the flotation procedure is presented, and the detailed procedure can be found in Appendix III. 

3.3.1 Flotation procedure 

The flotation cell that was used in this project was a 3L top-stirred modified Leeds cell. pH was measured with a 

pH-meter, which was calibrated daily in the MSP lab.  

 

Prior to each experiment, the flotation cell (Figure 13) was cleaned with water. Tap water and sample were 

mixed in the flotation cell, and agitation was kept constant for all the floats. Prior to adding any reagents, the 

eventual physical treatment was carried out. pH was modified, where after the reagents were added, collector 

first followed by depressant and frother. Conditioning times for collectors and depressants were 5 minutes, and 

the conditioning time for the frother was 1 minute. The air was turned on, and four concentrates were collected 

after 1, 3, 7 and 13 minutes. The used wash water and the wet concentrates were measured to keep track of the 

water recovery. All concentrates and the tail were vacuum filtered and dried in an oven at 100oC. The dry 

samples were weighed and given to the MSP lab personnel for elemental analysis. 

Ultrasonication and mechanical attritioning 

Two pieces of equipment were used for surface cleaning in this project. The ultrasonic probe (Figure 13) was a 

Sonic Rupture 400 and it was used at 80% of its capacity in Phase 1. The attrition mill (pin mill), used in Phase 
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2, that was manufactured specifically for this project was consisting of a 1.1 L stainless steel sampling cup6 and 

a mechanical stirrer modified with six pins (Figure 14). 1.5 mm zirconia beads were used for attritioning. 

 

 

Figure 13 Setup of the flotation cell (left) and ultrasonic probe (right) in the MSP lab 

 

Figure 14 Schematic picture of a pin mill used for attritioning 

3.3.2 Flotation reagents 

Table 14 summarises the reagents that were used in this study. As suggested by literature (Pavez & Peres, 1993, 

1994), hydroxamate and oleate collectors were used as a monazite collector. Aero6494© is a hydroxamate 

                                                             
6 Internal diameter: 100 mm, internal height: 135 mm 

Ceramic(beads(
Ore(par.cles(

Water(
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collector and Aero704© is a oleate collector; both anionic collectors that were provided by Cytec. The 

depressant recommended by Pavez and Peres (1993, 1994) was metasilicate, which is also known as waterglass 

with dispersing properties. The corresponding recommendation by Cytec was the dispersant and depressant 

called Cyquest4000©.  

 

Oreprep515© was used as a frother except for flotation tests using collectors with natural frothing properties 

(i.e. hydroxamate). The pH was adjusted by the use of hydrochloric acid and 1M sodium hydroxide solution. 

 

Table 14 Collectors, depressants, frothers and pH modifiers used in the project 

Reagent Name Type Provider 

Collectors Aero6494© Hydroxamate Cytec 

 Aero704© Oleate Cytec 

Depressants Metasilicate  UCT 

 Cyquest4000©  Cytec 

Frother Oreprep 515©  Cytec 

pH modifiers Hydrochloric acid Acid Namakwa Sands 

 Sodium hydroxide Base Namakwa Sands 

 

Reagent preparation and addition 

Aero6494©, Aero704©, Cyquest4000© and Oreprep515© were added to the flotation cell without dilution with 

a microsyringe (amounts <0.1 mL) or a pipette (amounts >0.1 mL). As all reagents were added based on the 

weight of the solid material in the flotation cell, the density of the reagent on the MSDS was used to calculate 

the required volume. A balance was used to measure the correct amount of metasilicate (dry) before it was 

dissolved in tap water and added to the pulp. 

3.3.3 Analysis of flotation products 

The flotation products were analysed with various methods: by chemical assay (XRF), grain counting (optical 

microscopy), point EDS analysis (SEM) and modal mineralogy and surface coating categorizing (QEMSCAN). 

The XRF was an ALR 9800 XRF Spectrometer, and the samples were prepared with the fusion technique. Grain 

counting was made for 363 grains, i.e. 3 fields, per sample and only the grains that intersected the grid were 

counted. The SEM that was used was a FEI Nova NanoSEM 230 with a field emission gun and the element 

analysis was done using INCA software, with an Oxford X-Max detector. The QEMSCAN was on a ZEISS Evo 

50 SEM platform and four light element Bruker Xflash Silicon Drift energy dispersive X-ray detectors were 

used.  

3.4 Statistical design 
A statistical experimental design was used to ensure no cross-correlations between variables were overlooked. 

The software used for statistical design was MODDE© (UMETRICS AB, 2013). Three center points were used 

for each design to ensure reproducibility and determine the experimental error.  
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3.4.1 Phase 1 

A statistical screening design was used to investigate the importance of 6 factors, namely collector type, 

collector dosage, depressant type, depressant dosage, pH and the effect of surface cleaning. The chosen settings 

are presented in Table 15. The statistical software MODDE© was used to create an experimental program, 

which is presented in Table 25, Appendix I.  

 

Table 15 Factors, type of factor and settings used in the experimental screening design for Phase 1. The number of 

tests was 35 

Factor Abbreviation Unit Type Settings 

Collector Col   Qualitative Hydroxamate, SodiumOleate 

Collector dosage CDo g/ton Quantitative 180 to 500 

Depressant Dep   Qualitative Metasilicate, Cyquest4000 

Depressant dosage DDo g/ton Quantitative 100 to 1200 

pH pH   Quantitative 5.5 to 10 

Ultrasonication Att   Qualitative Yes, No 

Constant factors     

Air flowrate  L/min  5 

Conditioning impeller speed  RPM  1800 

Flotation impeller speed  RPM  1800 

Conditioning pulp density  weight-% solids  ~13 

Flotation pulp density  weight-% solids  ~13 

Froth height  cm  2 

Collector addition    Single stage 

Ultrasonication time  seconds  40 

Factor settings 

The optimal aeration rate of 5 L/min reported by Tilbury and Harley (2013) was used in the first phase of the 

study. The agitation rate, froth height and water quality were fixed for all tests within the same experimental 

program. The factor settings presented in Table 15 were decided on the basis of the literature reviews and 

recommendations by Cytec. Collectors and dosages were used as in Pavez and Peres (1994). The upper limit of 

depressant dosage for metasilicate is also similar to that suggested by Pavez and Peres (1994), and the lower 

limit was recommended by Cytec. pH 5.5 is the neutral pulp pH of the final zircon reject and pH 10 was the pH 

recommended by Pavez and Peres (1994). The attrition was carried out for 40 seconds, to avoid particle size 

reduction (Donskoi et al. 2012). 
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3.4.2 Phase 2 

The second phase was focused on investigating collector dosage, depressant dosage and more intense 

attritioning in a narrower pH interval. The statistical program and the factor settings are presented in this 

section. The second phase was divided into two experimental designs, phase 2:1 and phase 2:2 presented below 

and the full experimental programs can be found in Table 26 and Table 27, Appendix I. 

Phase 2:1 

In the first full factorial design, the importance of oleate collector dosage, depressant (Cyquest4000) dosage and 

pH was studied. Three center points were used to evaluate the reproducibility of the system. The factor settings 

are presented in Table 16. 

 

Table 16 Factors, type of factor and settings used in the full factorial design in Phase 2:1. The number of tests was 11 

Factor Abbreviation Unit Type Settings 

Collector dosage (oleate) CDo g/ton Quantitative 180 to 250 

Depressant dosage (Cyquest4000) DDo g/ton Quantitative 800 to 1200 

pH pH   Quantitative 9 to 11 

Constant factors     

Attritioning intensity  RPM  400 

Attritioning time  minutes  20 

Air flowrate  L/min  4 

Conditioning impeller speed  RPM  1400 

Flotation impeller speed  RPM  1800 

Conditioning pulp density  weight-% solids  35 

Flotation pulp density  weight-% solids  ~13 

Froth height  cm  2 

Collector addition    Multi-stage 

Phase 2:2 

To further investigate the floatability of monazite at pH 10 at various attrition intensities, a second full factorial 

design was applied, presented in Table 17.  
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Table 17 Factors, type of factor and settings used in the second full factorial design in Phase 2:2. The number of tests 

was 7 

Factor Abbreviation Unit Type Settings 

Collector dosage (oleate) CDo g/ton Quantitative 215 to 315 

Attritioning intensity AttI RPM  Quantitative 400 to 600 

Constant factors     

Attritioning time  minutes  20 

Air flowrate  L/min  4 

Conditioning impeller speed  RPM  1400 

Flotation impeller speed  RPM  1800 

Conditioning pulp density  weight-% solids  35 

Flotation pulp density  weight-% solids  ~13 

Froth height  cm  1 

pH    10 

Depressant dosage (Cyquest4000)  g/ton  800 

Collector addition    Multi-stage 

Factor settings 

The aeration rate was decreased in Phase 2 to avoid uncontrolled frothing. The collector dosage, depressant 

dosage and pH settings in Phase 2:1 were chosen based on the results of Phase 1. Collector type and mechanical 

attritioning were kept constant for all tests in Phase 2:1 and 2:2. The settings in Phase 2:2, presented in Table 

17, were chosen on the base of the result from Phase 2:1 and depressant dosage and pH were kept constant 

throughout all tests.  

3.5 Safety 
The main risks in this project were radiation, dust, noise, electricity connected to the equipment, moving 

machinery and the chemical reagents used during flotation. Appropriate personal protective equipment was used 

at all times to prevent injuries. Radiation training and equipment training was completed on-site before the 

experiments. Furthermore, a hazard investigation and risk assessment was completed together with the lab 

managers and the senior metallurgist at Namakwa Sands. A summary of the hazard identification and risk 

assessment is presented in Appendix II. 
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4. Results and discussion 
The composition of the final zircon rejects and the results from the two flotation phases are presented and 

discussed in this section. All numbered experiments refers to the Run order (or sample name) as presented in 

Appendix I. To give a better understanding of the final zircon reject properties, the material was chemically and 

mineralogically characterised. Flotation results, mineralogy and results from the statistical designs are presented 

in this section. 

4.1 Characterisation of the final zircon reject stream 
The characterisation of the flotation feed was made with sizing, size by size analysis (XRF), optical microscopy 

and QEMSCAN.  

4.1.1 Particle size distribution 

The particle size distribution of the final zircon rejects is presented in Figure 15. The material has a relatively 

narrow particle size distribution (PSD) with small proportions of coarse and fine material. The d50 of the final 

zircon reject was 106.3 µm and the d80 was 132.9 µm, as marked in the figure. 

 

 

Figure 15 Particle size distribution of the final zircon rejects presented with mass retained in oversize and cumulative 

mass passing  

4.1.2 Elemental characterisation 

The elemental composition, reported as oxides, of the final zircon reject is presented in Table 18. ZrO2 is the 

main component, followed by SiO2, both oxides that are related to zircon. TiO2 is the third largest component, 

representing mainly rutile but also ilmenite and their alteration products. P2O5 is used as an indicator of the 
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amount of monazite, which is a phosphate mineral. Grain counting and QEMSCAN analyses were used to 

obtain a direct measurement of monazite grade. 

Table 18 Final zircon reject composition by weight 

Element Amount (%) 

Al2O3 1.02 

CaO 0.79 

Fe2O3 1.07 

HfO2 1.12 

MgO 0.49 

MnO 0.11 

P2O5 1.01 

SiO2 29.19 

TiO2 9.17 

ZrO2 55.23 

 

Particle size distribution and composition were combined to quantify the distribution of important elements to 

various size classes, shown in Figure 16. In the +150 µm fraction, the P2O5 content is high compared with other 

elements. Since monazite is associated with phosphorous, it may be an indication of large monazite particles. 

The majority of zircon and rutile are found in the middle fractions, following the particle size distribution in 

Figure 15. Screening to remove the larger size fractions would remove some of the monazite, and therefore also 

lower the radioactivity of the sample, but the large size fractions does not contain enough mass to make it 

efficient. The product requirements would therefore not be met. 

 

Figure 16 Size by size distributions of ZrO2, TiO2 and P2O5 (retained on screen size) 

0	  

5	  

10	  

15	  

20	  

25	  

30	  

35	  

40	  

45	  

+	  0	  microns	   +	  75	  microns	   +	  90	  microns	   +	  106	  microns	   +	  125	  microns	   +150	  microns	  

D
is
tr
ib
ut
io
n	  
(%

)	  

ZrO2	   TiO2	   P2O5	  



 

 

30 

4.1.2 Mineralogical characterisation 

The mineralogical analysis is presented as mineral mass composition in Figure 17. The table clearly shows that 

the main component of the final zircon reject is zircon, agreeing with the elemental analysis in Figure 17. Rutile 

and various alterations of titanium minerals (TiO2) such as anatase and leucoxene compose the second largest 

mineral group, followed by monazite.  

 

 

Figure 17 Mineralogical composition of the final zircon reject in mass-% as determined by QEMSCAN. Others 

comprises of barren, sphene, corundum, kyanite, staurolite, tourmaline, other TiO2 and quartz. Detailed analysis can 

be found in Table 29, Appendix IV 

An optical microscopy picture of the final zircon reject is shown in Figure 18. As suspected by studying the 

size-by-size distribution (Figure 16), the monazite particle seen in the picture is large compared to the other 

minerals. Furthermore, the particles in the picture seem to be very well liberated. Slightly larger monazite grains 

were observed in the particle size distribution graph of zircon, rutile and monazite that is presented in Figure 19. 

The figure shows that the distribution of fine grain sizes is almost identical between the three minerals, but 

monazite has a wider distribution of large grains than zircon and rutile.  

 

A comparison of the final zircon reject composition according to the three analysis methods is presented in 

Table 19. The highest monazite grade was observed in the optical microscope and the lowest monazite grade 

was obtained from a re-calculation of the elemental analysis and is based on the weight-ratio between P2O5 and 

monazite. This might be the least accurate estimate since P2O5 is a minor element. Grain counting results are 

given greater significance in this study compared to QEMSCAN data, given that they were performed on more 

of the concentrate samples, and also Namakwa Sands has greater confidence in these numbers. 
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Figure 18 Optical microscopy picture of the final zircon reject 

 

 

Figure 19 Cumulative grain size distribution for zircon, rutile and monazite in the final zircon reject, determined by 

QEMSCAN 
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Table 19 Composition of the final zircon reject in terms of zircon, rutile and monazite from grain counting, 

mineralogical analysis and a re-calculation from the elemental analysis. Zircon was recalculated from ZrO2-content, 

monazite from P2O5-content and all TiO2 was considered rutile 

Mineral 

Grade (%) 

Grain counting Mineralogical analysis Re-calculated from elemental analysis 

Zircon 71.4 82.49 82.2 

Rutile 7.1 6.96 9.2 

Monazite 6.1 3.28 1.65 

Other 15.4 7.27 7.0 

 

4.2 Phase 1 
Phase 1 aimed to recover monazite from the final zircon rejects by flotation. Factors that were investigated were 

collector and depressant type and dosage, pH and the effect of surface cleaning by ultrasonication.  

4.2.1 Statistical analysis of the full screening design 

Three responses were analysed in the statistical software (MODDE©), namely P2O5 recovery, P2O5 grade and 

ZrO2 tail grade. A summary of the results is presented in this section. 

 

The summary of fit for the first phase model is presented in Figure 20. Four bars show R2, Q2, Model validity 

and Reproducibility for each response. R2, the coefficient of determination, is a measure of how well the 

response is explained by the model, thus a large R2 indicates a good model. Q2 explains the variation of 

response that is predicted by the model, and it tells how well the model will predict future data. Model validity, 

as the name indicates, measures the validity of the model. The last bar shows the reproducibility, which is the 

pure error compared to the total variation of the response. High reproducibility means that the response will be 

identical in repeats under the same conditions. 

 

From the explanation above, Figure 20 shows that the response matches the predicted data fairly well for all 

responses. The poor Q2 is probably a case of poor model validity, or due to an over-fitted model. To improve 

the model, i.e. increasing Q2 and Model validity, non-significant factors and cross-correlations could be 

removed from the model.  

 

To detect experiments that show odd responses and might have to be repeated or removed from the model 

(outliers) the normal probability plot in Figure 21 is studied. The residuals should lie on a straight line if they 

are random and normally distributed; possible outliers are found outside -4 and +4 standard deviations. 

According to Figure 21, no outliers are detected; thus none of the experiments have to be removed from the 

dataset or repeated to assure that the response is valid. However, the plots of P2O5 grade and recovery have an 

S-shaped pattern, which further indicates an over-fitted model that has to be modified to improve the validity. 
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Figure 20 Full screening design summary of fit for the three responses; P2O5 grade, P2O5 recovery and ZrO2 tail 

grade for Phase 1 

 

 

Figure 21 Normal probability plots for the standardised residuals for the three responses P2O5 Grade, P2O5 Recovery 

and ZrO2 Tail grade for Phase 1 

As both the summary of fit plot and the normal probability plots indicate that the model has to be adjusted to 

improve the model validity, the effects of the process factors and their interactions are studied, to determine 

their level of significance (Figure 22). In the effects plot, the effects are sorted according to size for each 

response, both main effects and interactions.  An interaction is defined as when the response of one factor 

depends on the level of another factor. The bar in the diagram represents the change in response when the factor 

varies from its low to high level and all other factors are held constant at their averages. The non-significant 

effects are the ones where the confidence interval includes zero. These effects can be removed from the model.  

 

In Figure 22, only a few factors and interactions are significant for the three responses. Details on how non-

significant effects were removed are presented in Table 31 (Appendix V). Figure 23 shows the result (summary 

of fit) of reducing the model according to Table 31. By removing non-significant effects, Q2 has increased for 

all three responses. The reproducibility is constant for all responses and R2 has decreased. The model validity 
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has increased for the ZrO2 tail grade, but is still negative for P2O5 grade and recovery. The poor model validity 

might be caused by the good reproducibility and the fact that some of the responses are 0 (0% mass recovery 

and thus 0% P2O5 grade in the concentrate).  

 

 

Figure 22 Effect plot for process factors and their interactions for the three responses; P2O5 Grade, P2O5 Recovery 

and ZrO2 Tail grade for Phase 1 

 

 

Figure 23 Summary of fit after removing the effects presented in Table 31 

 

The S-shaped patterns for P2O5 grade and P2O5 recovery can no longer be seen in Figure 24, comparing it to 

Figure 21. The residuals are now more or less random and normally distributed, which indicates that the model 

has been improved. 
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Figure 24 Normal probability plots for the standardized residuals for the three responses in the reduced model for 

Phase 1 

The effects that were not removed from the model are shown in Figure 25. Two interactions are still significant 

for all three responses, namely collector type with collector dosage and collector type with pH. The significant 

main effects are collector dosage, collector type and pH. Surface cleaning, depressant type and dosage were not 

significant for any of the responses, but these are all kept in the model since they are main effects.  

 
 

Figure 25 Effects plot for the reduced model for Phase 1 

The important effects can be studied more closely in the main effect and interaction plots presented below. As 

shown in Figure 26, the P2O5 grade and recovery in the concentrate increase with increased collector dosage, 

independently of which collector that was used. The same applies for the ZrO2 grade in the flotation tail. Worth 

noting is that the increase in P2O5 grade and ZrO2 tail grade is very small. The increase in recovery with 

collector dosage is what would normally be expected in flotation, but the small increases in grade indicate a low 

selectivity. 

 

The main effect for collector type is presented in Figure 27. It shows that the oleate collector is more selective 

towards minerals other than zircon, since the ZrO2 grade in the flotation tail is higher when using the oleate 

collector compared to the hydroxamate. The recovery of P2O5 is higher with the hydroxamate collector, but a 
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low selectivity is obtained due to the low ZrO2 grade in the flotation tail. The target is high ZrO2 grade in 

flotation tail combined with high P2O5 recovery. As with collector dosage (Figure 26), the increase of P2O5 

grade in the concentrate is very small with the hydroxamate collector.  

 

 

Figure 26 Main effect for collector dosage, reduced model for Phase 1 

 

 

Figure 27 Main effect for collector type, reduced model for Phase 1 

The recovery of P2O5 in the flotation concentrate increases with pH from 30% to more than 45% according to 

Figure 28. However, neither P2O5 grade nor ZrO2 grade in the flotation tail are changed much with pH, which 

again is an indication of poor selectivity of the collectors. 

 

The main effects for depressant type, depressant dosage and surface cleaning are all presented in Figure 59 to 

Figure 61 (Appendix V). None of these affects any of the responses significantly as suggested in the effects plot 

(Figure 25). 
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The interaction plots, presented in Figure 29, show when one factor at its low or high level is influenced by 

another factor. If both lines in the plots have the same slope, there is no interaction between the factors. The 

interactions presented are the two that were shown to be significant in the model (Figure 25).  

 

 

Figure 28 Main effect of pH, reduced model for Phase 1 

The lines in the collector and pH interaction plot (top plot) more or less have the same slope for P2O5 grade and 

ZrO2 tail grade. That might be explained by the small differences in the response. However, there is an 

interaction for P2O5 recovery. The recovery using the oleate collector does not vary with pH, while for the 

hydroxamate collector it does. Figure 29 also presents the interaction between collector and collector dosage 

(bottom plot). This time, the response of the oleate collector varies more with dosage than for the hydroxamate 

collector, for P2O5 recovery. In flotation, interactions between collector type and pH would be expected, since 

the mineral selectivity of collectors depends on pH and finding the critical pH often optimizes separations.  

 

There was no selectivity for P2O5 and surface cleaning did not seem to improve the selectivity of the collectors. 

This suggests that either, the collectors were not selective enough to recover monazite from zircon and rutile, or, 

a more intense surface scrubbing was needed to create fresh mineral surfaces. Since the ore deposit is known to 

have surface coating issues due to the cemented layers in the west ore deposit, it is likely that a more intense 

physical preparation would benefit the monazite selectivity. 
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Figure 29 Interaction plots for collector and pH, and collector and collector dosage for Phase 1 

4.2.2 Flotation results 

The flotation results from Phase 1 are discussed in more detail in this section. Results shown here are typical for 

all flotation test conditions in Phase 1, and the full datasets are presented in Table 32 and Table 33 and an 

example of a products balance is presented in Table 34 and Table 35, Appendix VI. 

 

As shown in Figure 30 for run 1, the recoveries of ZrO2 and P2O5 were almost identical in the four concentrates, 

resulting in no selectivity between the two species. The pattern in Figure 30 was repeated in all of the 

experiments, with recovery only varying along the diagonal line. This confirms the low selectivity that was 

suggested by the statistical analysis in section 4.2.1.  

 

Figure 31 shows the overall concentrate grades of ZrO2, TiO2 and P2O5 in all the tests. Most of the tests follow 

the same trend, with the exception of five experiments, in which very low mass recovery was observed. These 

samples were not large enough to analyse, which is why the grade is 0%. Four of these experiments have three 

factors in common: collector type, collector dosage and pH.  
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Figure 30 Selectivity curve for run 1. The red line represents no selectivity, and the relation between ZrO2 and P2O5 

recovery is represented by the blue data points 

 

The mass recoveries are compared against the water recoveries for all experiments at pH 5.5 and 10 in Figure 

32. Two groups can be seen in the plot. One group has lower mass and water recoveries, and the other has 

higher water recoveries and slightly higher mass recoveries. The groupings can be related to pH. Low pH, which 

are the curves with thin lines, gave lower mass and water recoveries than high pH, represented by the curves 

with thick lines.  

 

Figure 32 also gives information about entrainment and true flotation. If entrainment was the major cause of 

mass recovery, a straight line from the origin through the data points would be expected. With the high mass 

recoveries, some entrainment was expected. However, in most of the experiments this is not what was observed, 

indicating that true flotation was the major recovery mechanism.  
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Figure 31 Column chart for all 35 flotation tests, showing ZrO2 grade, TiO2 grade and P2O5 grade in the flotation 

concentrates 

 

 

 

Figure 32 Cumulative mass and water recovery curves for all concentrates for all experiments operated at pH 5.5 

(thin lines) and pH 10 (thick lines). Two groupings are formed from the influence of pH as shown in the chart. Index 

can be found in Figure 62, Appendix VI 
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Mass and water recoveries are also presented in Figure 33 for experiments in which the hydroxamate collector 

was used, and in Figure 34 for experiments where oleate collector was used. As pH was shown to be an 

important factor for mass and water recovery in Figure 32, the experiments are sorted primarily by pH, 

secondarily by surface cleaning and finally by collector dosage (Figure 63 and Figure 64 in Appendix VI).  

 

What can be noticed by comparing the two graphs is that the mass recovery generally is higher using the 

hydroxamate collector. In Figure 33, the proportion between mass and water recovery is more or less constant 

over all experiments, while it is varying more using the oleate collector in Figure 34. Again, the effect of pH can 

clearly be seen, with higher mass and water recoveries with increased pH in both graphs. In both graphs, no 

clear difference can be seen between the experiments with surface cleaning and the experiments where no 

physical preparation was used, confirming the statistical hypothesis that surface cleaning was not a significant 

effect. 

 

At low pH, increased hydroxamate dosage (Figure 33) gives higher mass recovery and water recovery. At high 

pH, the trend is not as clear. For the oleate collector (Figure 34), the response is the opposite – at low pH the 

collector dosage did not increase mass and water recovery, but at high pH the low oleate dosage gave no mass 

recovery at all.  

 

Two of the tests where very low mass recovery was obtained (run 16 and run 26) were analysed by grain 

counting at the MSP lab. The mineral grades by grain counting are presented in (Table 32, Appendix VI). Run 

26 had a monazite grade of 19% and run 16 had a grade of 76%. Comparing these grades with the other runs in 

which monazite grade varied between 5% and 11%, it seems like some monazite selectivity has been obtained at 

a low oleate dosage at pH 10. 
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Figure 33 Mass recoveries and water recoveries for experiments with hydroxamate collector for different values of 

pH, surface cleaning and collector dosage (180, 360 and 500). Error bars (90% confidence interval) are based on 

three center points using hydroxamate at 360 g/t, Cyquest4000 at 650 g/t, a pH of 7.75 and attrition before pulp 

conditioning 

 

 

Figure 34 Mass recoveries and water recoveries for experiments with oleate collector for different values of pH, 

surface cleaning and collector dosage (180 to 500 g/t). The experimental error for the oleate collector was not 

estimated specifically. From the center points the error is estimated to be equal to the error in Figure 33 
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4.3 Phase 2 
Further investigation of the floatability of monazite was carried out in the second phase. Full factorial statistical 

designs were used to find optimal conditions. Phase 2 was divided into two separate experimental programs, 

Phase 2:1 and Phase 2:2, to first investigate a narrower pH interval, where after the pH optimum was used in 

Phase 2:2 where the effect of attritioning intensity and collector dosage was studied. 

 

Trying to improve the selectivity of the collectors, more intense attritioning was applied. A pin mill, as 

illustrated in Figure 14 (section 3.3.1), was used to scrub the mineral surfaces and remove possible surface 

coatings without reducing particle size significantly. Creating fresh mineral surfaces to which the collectors 

could attach to was expected to increase the selectivity of the collectors.  

 

To reduce the amount of work in the second phase, due to time constraints, the number of factors had to be 

fewer than in the first phase. Therefore, only one depressant/dispersant was used at a fixed dosage. The chosen 

depressant was Cyquest4000, because of the promising results in the first phase as explained in section 4.2.2. 

Mechanical attrition was used in all experiments, so the effect of attrition was not part of the statistical design.  

The remaining factors were collector type, collector dosage and pH. Only the oleate collector was further 

investigated; however, the high dosage in the first phase was shown to recover the majority of the feed to the 

concentrate during the first minute. Therefore, the collector dosages were reduced in the second phase. The pH 

interval was narrower in the second phase and focused around the successful pH from phase 1.  

 

4.3.1 Phase 2:1 

The statistical analysis and the flotation results from Phase 2:1 are presented in this section.  

Statistical analysis of the full factorial design 

A summary of the experimental conditions is presented in Table 20 (for more details, see Table 16, section 

3.4.1). Figure 35 presents the summary of fit. As may be seen, the model does not predict future data well, 

resulting in poor model validities. The responses are well explained by the model for monazite recovery, but not 

for monazite grade nor ZrO2 tail grade.  

Table 20 The factors that are investigated in Phase 2:1 

Factor Abbreviation Unit Type Settings 

Collector dosage (oleate) CDo g/ton Quantitative 180 to 250 

Depressant dosage (Cyquest4000) DDo g/ton Quantitative 800 to 1200 

pH pH   Quantitative 9 to 11 
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Figure 35 Summary of fit for monazite grade, monazite recovery and ZrO2 tail grade for the phase 2:1 model 

The normal probability plot in Figure 65 (Appendix VII), further indicates a poor model, as there are patterns in 

all three plots for each response. However, none of the residuals are located outside the ±4 standard deviation 

interval, confirming no odd data points (outliers). Figure 36, the effects plot for the model for Phase 2:1, shows 

that none of the factors are significant for monazite grade or ZrO2 tail grade. However, pH is affecting the 

monazite recovery. To try to improve the model, all cross correlations between the factors may be removed 

from the model: the model ability to predict future data, Q2, is improved for all three responses, but still remains 

very low (Table 38, Appendix VII). The accuracy of how well the monazite grade and ZrO2 tail grade responses 

are explained by the reduced model, R2, was not improved. Therefore, the model is not valid for explaining 

monazite grade and ZrO2 tail grade. This might be explained by the results from pH 11, where no mass was 

recovered and therefore no monazite grade was reported. The reason why the model is not valid for the ZrO2 tail 

grade might be that the variation in the response is very low. However, the model is still valid for monazite 

recovery, and so this response is further studied in the reduced model.  

 

The only significant factor was pH, according to the effects plot for the reduced model (Figure 66, Appendix 

VII). The effect of pH is presented in the main effect plot in Figure 37, showing that monazite recovery 

increases with decreasing pH. All three center points are located above the line in the graph, which indicates that 

the experimental space does not follow a linear relationship, but contain some curvature. It might also be an 

indication of that pH 10 (the center point) is an experimental plateau. The high monazite recovery at pH 9 was a 

result of a high mass recovery that is further discussed in flotation results. The main effect plots for collector 

dosage and depressant dosage are presented in Figure 68 and Figure 69 (Appendix VII). 

 



 

 

45 

 

Figure 36 Effects plot for process factors in the model for phase 2:1 

 

 

Figure 37 Main effect plot for pH in the Phase 2:1 reduced model 

Flotation results 

The mass and water recoveries for the 11 tests in phase 2:1 are presented in Figure 38 (see raw data in Table 40 

and Table 41, Appendix VIII). True flotation seems to be the main flotation mechanism for all three pH 

conditions as no signs of entrainment can be seen (i.e. equal mass and water recoveries). Three groups are seen 

in the graph, with mass and water recoveries depending on the operating pH. At pH 9, the mass recovery was 

high, with more than 50% of the total mass. At a pH of 10, very low mass recoveries were obtained, and as seen 

in Figure 39, the colour of the recovered mass is a brighter yellow. When pH was increased to 11, the mass 

recovery was negligible, but the water recovery was high. The appearance of the froth phase at pH 9, 10 and 11 
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is presented as pictures in Figure 39, where a clear difference can be seen, which explains the three groups of 

data points in Figure 38. The influence of pH is further illustrated in Figure 40, together with the influence of 

collector and depressant dosage. Neither collector nor depressant dosage appears to affect the mass and water 

recoveries.  

 

 

Figure 38 Mass and water recoveries (Table 32, Appendix VI) for the 11 tests in phase 2.1. The three groupings are 

all influenced by pH as marked in the chart (the total mass in flotation cell was ~425 g) 

 

 

Figure 39 Froth pictures at pH 9, pH 10 and pH 11 during phase 2.1 
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Figure 40 Mass (purple) and water (blue) recoveries for all experiments in phase 2.1 sorted, from bottom to top, by 

pH, collector dosage (180 to 250 g/t) and depressant dosage (800 to 1200 g/t). Error bars are based on a 90% 

confidence interval from three center points in the statistical design (the total mass in the flotation cell was ~425 g) 

The statistical design, which was only valid for monazite recovery, would suggest that the optimal pH would 

have been 9. However, since the mass recovery (Table 40, Appendix VIII) was up to 75% of the total mass at 

pH 9 (runs 1, 4, 7 and 10), the monazite recovery was expected to be high. The monazite grades and recoveries 

are presented in Table 21, and the highlighted results at pH 10 may be seen as the most successful due to a high 

monazite recovery combined with a high monazite grade in the concentrate.  

Table 21 Monazite recovery and grade (based on grain counting results) and conditions for the 11 experiments in 

phase 2:1. Best conditions at pH 10, which was the centre point, are shaded with grey. For more grain counting 

results, see Table 44, Appendix VIII 

Run order 

Monazite recovery 

(%) Monazite grade (%) Collector dosage (g/ton) 

Depressant dosage 

(g/ton) pH 

1 7.1 4.2  180   1 200   9  

2 0.0 4.3  250   1 200   11  

3 0.0 4.8  180   800   11  

4 31.1 2.8  250   800   9  

5 27.6 66.4  215   1 000   10  

6 0.6 5.3  250   800   11  

7 45.2 3.9  180   800   9  

8 31.8 57.2  215   1 000   10  

9 0.0 4.0  280   1 200   11  

10 45.7 4.3  250   1 200   9  

11 21.7 51.5  215   1 000   10  
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4.3.2 Phase 2:2  

The focus of Phase 2:2 was to further investigating the influence of attrition using various attrition intensities. A 

summary of the experimental conditions of Phase 2:2 is presented in Table 22 (for more details, see Table 17, 

section 3.4.2). 

Table 22 The factors that are investigated in Phase 2:2 

Factor Abbreviation Unit Type Settings 

Collector dosage (oleate) CDo g/ton Quantitative 215 to 315 

Attritioning intensity AttI RPM  Quantitative 400 to 600 

Statistical analysis of a full factorial design 

The summary of fit for the statistical full factorial design for the 7 runs, with collector dosage and attritioning 

intensity as factors, is presented in Figure 41. The R2, representing how well the response is explained by the 

model, is high for both monazite grade and monazite recovery. The R2 for ZrO2 tail grade is lower, but still 

acceptable. The reproducibility for all three responses is more than 0.5, which indicate good reproducibility. The 

model validity is good but the Q2, which is a measure of how well the model can predict future data, is low for 

monazite grade and ZrO2 grade. This suggests that the model can still be improved further. 

 

 

Figure 41 Full screening design summary of fit for the three responses; Monazite grade, Monazite recovery and ZrO2 

tail grade in Phase 2:2 

The normal probability plots in Figure 70 (Appendix VII) also indicate that the model has to be improved since 

the patterns do not follow a straight line. No outliers were detected outside the ±4 intervals, hence why no 

experiments have to be repeated. To determine which factors and interactions are of significance, the bars of 

each factor and their confidence levels are studied in the effect plot in Figure 42. Collector dosage is the only 

significant factor for monazite grade and recovery. Not one of the factors is significant for ZrO2 tail grade, since 
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all error bars cross 0. According to the statistical results, mechanical attritioning intensity does not have any 

effect on monazite grade or recovery. 

 

Figure 42 Effect plot for process factors and their interactions for the three responses; Monazite grade, Monazite 

recovery and ZrO2 tail grade for Phase 2:2 

The main effect of collector dosage on monazite grade, recovery and ZrO2 tail grade is presented in Figure 43. 

Monazite grade varies from approximately 65% to 45%, on-going from low to high collector dosage. The 

monazite recovery increases with increasing collector dosage, from 27% to almost 55% (see Figure 44). The 

ZrO2 tail grade does not vary much, since such small amounts are removed. Highest ZrO2 grade is however 

obtained at low collector dosage. Combining the information from grade and recovery in the main effect plot, 

Figure 43, high collector dosage results in higher mass recovery, recovering more monazite, but with a result of 

lower concentrate monazite grade. The main effect for attritioning intensity is presented in Figure 71. 

 

  

Figure 43 Main effect for collector dosage, reduced model for Phase 2:2 
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Flotation results 

At a fixed pH of 10 and depressant dosage of 1000 g/t (Cyquest4000), the influence of oleate collector dosage 

on mass and water recovery is presented in Figure 45 (see raw data in Table 42 and Table 43, Appendix VIII). 

The general trend is that mass recovery increases with dosage, and to some extent also water recovery. As in 

phase 2:1, no signs of heavy entrainment indicate that true flotation is the main recovery mechanism. 

 

Figure 44 Selectivity plot showing monazite and zircon recovery in Phase 2:2 determined using grain counting results 

(Table 45, Appendix VIII) 

 

 

Figure 45 Mass and water recoveries for all experiments in phase 2:2, grouped by low, medium and high collector 

dosage as noted in the figure 
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Figure 46 Mass and water recoveries for phase 2.2 with experiments sorted by pH, collector dosage (215 to 315 g/t) 

and attritioning intensity. Error bars are based a 90% confidence interval on three center points in the statistical 

design.  

The influence of collector dosage and attritioning intensity is presented in Figure 46. As illustrated in Figure 45, 

the mass and water recoveries tend to increase in accordance with increased collector dosage. The effect of 

attritioning intensity is not as clear, but at the low collector dosage the water recovery increases. With greater 

attritioning, it can be argued that slime particles that were not removed in the de-sliming step are stabilising the 

froth and thus increasing the water recovery. At high collector dosage, the mass recovery has increased, but the 

water recovery is more or less stable. This could be a result of the scrubbing particle surfaces with greater 

attitioning, which improves the utilization of the collector. However, since the mass recovery only increased 

with attritioning intensity at high collector dosage, one may not be sure of the effect. Even though the 

attritioning intensity might not have an effect on the monazite recovery, it seems that mechanical attritioning 

compared to no attritioning does have an effect. The monazite recovery from the most successful run (number 

16) from Phase 1, where the monazite recovery was 5.7 % (Table 37), may be compared with the monazite 

recoveries in Phase 2:2 (Table 23). Even though the conditions are slightly different, the monazite recovery has 

increased sufficiently to indicate that it could be due to the fresh mineral surfaces caused by attritioning.  
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Table 23 Concentrate monazite recovery and grade calculated from grain counting with the experimental conditions 

for phase 2:2 (for more grain counting results, see Table 45, Appendix VIII) 

Run order 

Monazite recovery 

(%) Monazite grade (%) Collector dosage (g/ton) 

Attritioning intensity 

(RPM) 

1 23.7 62.2 215 400 

2 28.4 71.1 215 600 

3 50.7 53.8 315 400 

4 41.8 50.7 265 500 

5 35.1 47.4 265 500 

6 55.6 39.1 315 600 

7 48.1 53.7 265 500 

 

Cyquest4000 was used as a depressant during Phase 2. No effect could be seen varying dosage in Phase 2:1, and 

thus a fixed dosage was used in Phase 2:2. The lack of effect with varied dosages may indicate that the reagent 

is not acting as a depressant. Cyquest4000 can also be used as a dispersant to control colloidal and fine particles 

during flotation. The activity of Cyquest4000 could not be determined in this project as it might act as a 

dispersant.  

4.3.3 Characterisation of flotation products 

SEM micrographs of the final zircon reject are presented in Figure 47, alongside micrographs of material 

attritioned at low and high intensity (Figure 48 and Figure 49). The colour of the particles in the pictures is an 

indication of the density: the brighter the colour, the higher the density. The white particles are heavy and, in 

these pictures, mainly zircon. The darker patches are less heavy minerals such as silicates and carbonates. These 

dark fields represent the surface coatings on the particles. It can be seen that the particles that have been 

attritioned have less dark areas on the surfaces. This suggests that the surfaces are polished during attritioning, 

and that surface coatings are removed.  

 

No difference is seen between the low and high attritioning intensities. However, studying such a small area 

might not give a representative view of the material; it is nevertheless an indication. Concentrates from phase 

2:2 were also studied in the SEM. Pictures of the concentrate from run 1 (Figure 54) and from run 2 (Figure 55 

and Figure 56) are presented in Appendix IV. Point EDS analysis was used to infer their mineralogy. Most 

grains in the concentrates are monazite, which confirms the high grades that were seen in the grain counting 

results. However, the optical microscopy failed to see the coatings on the monazite grains, probably due to their 

thin nature. In the SEM, small patches of silica can be seen on many of the grains. These coatings agree with the 

opaline silica coatings that have been observed in the process before (Theron, Personal comm. 2014). 
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Figure 47 Final zircon reject feed without attritioning 

 

 

Figure 48 Final zircon reject feed after attritioning for 20 minutes at 400 RPM in a mini pin mill 
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Figure 49 Final zircon reject feed after attritioning for 20 minutes at 600 RPM in a mini pin mill 

QEMSCAN characterisation of surface coatings 

The critical review of the literature in Chapter 2 indicated that surface coatings are present within the Namakwa 

Sands ore, primarily in the West deposit as a result of its cemented character, as was shown in Figure 7. 

QEMSCAN analysis was therefore used to try and quantify the effect of the attritioning on the surface coatings 

as was initially observed via standard SEM imaging. Selected samples were therefore chosen for analysis using 

QEMSCAN, and specifically run at an increased resolution to be able to measure the nature of the coatings. The 

analysed samples were one feed (head) sample, three concentrates and six tailing products from Phase 2. The 

bulk mineralogy for the analysed samples is presented in Figure 50. Two samples are visibly very different from 

the others, and these are two of the concentrates from Phase 2:2. The grain counting results support these 

QEMSCAN results (see Table 23). P223T and P226T both contain slightly less total phosphates, including 

monazite, than the other tail samples. Test number P21 was previously shown to not be selective for monazite 

by both QEMSCAN and grain counting results. P223 and P226 both contain more phosphates (monazite) than 

the other samples, which prove the monazite selectivity. However, these samples also contain much more silica 

gangue in proportion to the other components. Almandine and grossular, both garnets, were much higher in 

these two concentrates according to Table 30, Appendix IV. The oleate collector, at a pH of 10, was selective 

for monazite, but also for almandine and grossular. Grain counting results from Phase 2:1 (Table 44) and Phase 

2:2 (Table 45), confirm that a garnet had high recoveries when monazite was selectively recovered.  

 

To investigate the effect of attritioning on removing surface coatings, the degrees of coating were determined. 

Figure 51 present the coating data for premium zircon (which was the most occurring zircon quality). More than 

80% of the zircon is clean or minimum coated for all samples, with the feed sample being the least clean, and 
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one of the concentrates attritioned at low intensity being the cleanest. However, the variation between the 

samples is small. It was also shown in the analyses that quartz was the main coating on the particles (almost 

100% in all samples). The QEMSCAN detects SiO2 and cannot distinguish crystallinity. The attritioning may 

not have been efficient enough to remove the stubborn SiO2 coatings. The particle characterization is shown in 

Figure 52 (index: Figure 57, Appendix IV). It shows where the coatings are located and what the coatings are. 

Again, it can be seen that most coatings are quartz or opaline silica (pink colour), which agrees with the results 

from the SEM characterisation. 

 

 

Figure 50 Mineralogical composition for the final zircon reject head sample and flotation fractions (mass-%)7  

 

                                                             
7 Total Ti-oxides: rutile, ilmenorutile. Total oxide gangue: gahnite, chromite, corundum, pervoskite, casserite. Total other silicate gangue: 

sphene, K-feldspar, plagioclase(Ca), pyroxene/amphibole, mica, chlorite, sepiolite/clay, kaolinite/clay, almandine, kyanite, spessartine, 

staurolite, tourmaline, grossular. Total phosphates: monazite, apatite, florencite. Total carbonates: calcite, dolomite/ankerite 
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Figure 51 Coating data for the premium, and most common zircon type. Sorted by attritioning intensity and type of 

sample 

 

 

Figure 52 Particle categorizer for the feed sample, legend is presented in Figure 57, Appendix IV 
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The minerals that are associated with monazite are presented in Figure 53. The most common minerals 

associated with monazite were shown to be zircon, kaolinite and quartz. The figure also illustrate that the degree 

of liberation for monazite is higher in the flotation concentrates than in the tail samples, which could be 

expected as the liberated monazite particles should be more easily recovered than non-liberated monazite 

particles. The three tail samples with the lowest degree of liberation, P223T, P226T and P227T, were shown to 

be from the tests where the highest monazite recovery to the concentrates were obtained (Table 23), and thus 

leaving the lower quality monazite in the tail. 

 

Figure 53 Monazite surface association minerals (quantifies the characteristics of the 2D particle perimeter) for the 

final zircon reject and flotation concentrate and tail samples. Background represents the degree of liberation. All 

minerals that are associated with monazite over 1% are presented in the figure 

4.4 Summary 
In this section, a summary of the results and conclusions of the two phases is presented. 

4.4.1 Phase 1 

The results from MODDE (©Umetrics AB, 2013) show good reproducibility and the model explains the 

responses and can predict future data. It suggests that the significant factors are collector type and dosage, pH 

and the cross-correlations between collector type and dosage, and collector type and pH. The attritioning, which 

was initially was thought to affect the flotation results by removing slime coatings, and the depressant, which 

was meant to depress zircon, were both shown not to be statistically significant to the model for all three 

responses. All influencing factors affected P2O5 recovery, but not P2O5 grade nor ZrO2 tail grade, therefore 

indicating a poor selectivity of the collectors. 
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The flotation results confirmed what was shown in the statistical analyses, i.e. that the selectivity of both the 

collectors was very poor. This suggests that either the collectors are not selective at all, or the collectors cannot 

“see” any difference between the mineral surfaces due to surface coatings. Since the ore was known to contain 

surface coatings, these are suspected to cause the poor selectivity. The only sign of selectivity was shown at low 

oleate collector dosage at high pH. However, the mass recoveries of these tests were extremely low. 

4.4.2 Phase 2 

The second phase focused on the oleate collector at low dosage and high pH. The results from the first phase 

indicated that more intense attritioning was needed; consequently, the final zircon rejects were treated with 

mechanical attritioning before all floats in phase 2. In phase 2:1 it was found that the mass recovery, and also 

the monazite recovery, varied with pH. At pH 9, no monazite selectivity was obtained, but very high mass 

recoveries. Increasing pH to 10 resulted in monazite selectivity, with low mass recovery. At pH 11, no 

floatability at all was obtained. Since pH had such a high influence, neither collector dosage nor depressant 

dosage had a significant effect on the results. 

 

The experiments in Phase 2:2 were carried out at a fixed pH of 10 and depressant dosage of 1000 g/ton 

throughout, varying attritioning intensity and collector dosage. Mass and monazite recovery increased with 

increased collector dosage. No significance of the attritioning intensity could be verified in the statistical design, 

nor by studying data and graphs. However, comparing the no attritioning of run 16 in phase 1 with the 

attritioned experiments in phase 2, an increase of monazite recovery was clear. However, there is no guarantee 

that this increase is a result of attritioning since none of these experiments have the exact same reagent regime.  

 

The aim of this project was to recover monazite from the final zircon reject stream, to reduce radiation and 

possibly other impurities to meet Zircon Premium or Zirkwa product specifications. P223 and P226 in Phase 2:2 

were the tests with the highest monazite recovery. The product specifications are compared with grades of the 

tailing samples of these tests in Table 24. Aiming for the lower grade Zirkwa product, only Al2O3 grades are 

below the specification limits. Since U and Th are trace elements, these numbers are not reliable, even though 

they are shown to be below the limit. The TiO2 grade is especially high in these samples, which reduces the 

ZrO2 +HfO2 grade. 

Table 24 The Zircon Premium and Zirkwa product specifications (from Table 4), compared with two tailing samples 

from Phase 2:2 (from Table 42). Specifications that are not met are presented in red font 

 ZrO2 + HfO2 Fe2O3 TiO2 Al2O3 U and Th 

 % ppm 

Zircon Premium 66.0 0.06 0.12 0.35 500 

Zirkwa 64.0 0.25 0.50 - 1000 

P223T 56.0 0.88 9.32 0.76 666 

P226T 56.6 0.6 9.32 0.36 528 

4.4.3 Discussion  

The surface properties of a mineral are very important in the flotation process. Since the collectors and 

depressants only “see” the surface of the mineral, a surface coating can cause an unwanted particle to be 
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collected, or depressing of valuable particles. This is why it is crucial to do a mineralogy study, to characterize 

all the minerals in the flotation feed, the liberation size, and evaluate eventual surface coatings.  

 

In this study, pH was shown to be one of the most important parameters for flotation performance. By changing 

pH, the surface charges of the minerals are varied. Since anionic and cationic collectors “see” the surfaces by 

charge, it is clear that choosing the optimum pH is very important. An explanation for the distinct influence of 

pH could be the point of zero charge of monazite and zircon. Aero704 is an anionic collector, collecting 

minerals with positive surface charge. If the points of zero charge were 9.5 for zircon and 10.5 for monazite, 

both minerals would be positively charged at pH 9 and Aero704 would collect both minerals. Increasing pH to 

10, only monazite would be positively charged, and would thus be the only floating mineral. At pH 11, none of 

the minerals would be positively charged, and no floatability would be obtained. Monazite has been reported to 

have a point of zero charge between pH 1 and 9 (Cheng 1999) and the point of zero charge for zircon is around 

pH 6 (Mao et al. 1994). This information does not agree with the hypothesis of the critical pH being the reason 

for the varying floatability between pH 9 and 11. However, since every ore body is different, surface coatings or 

the unique mineral composition might affect the point of zero charge of a mineral. This is worth of further 

investigation.  

 

The hydroxamate collector did not show any mineral selectivity as presented in the results, but it has to be kept 

in mind that this collector never was used at a pH of 10. If point of zero charge is the separating mechanism, as 

discussed above, any anionic collector could be used. Therefore, the hydroxamate collector should not be 

excluded without further investigation at a pH of 10. 

 

The QEMSCAN analysis did not conclusively show surface coating removal with increased attritioning 

intensity. It therefore remains unknown whether the mechanical attritioning actually had any impact on the 

flotation performance. The speed of the mini pin mill that was used, varied from time to time, and therefore the 

attritioning results may not be reliable. The mechanical attritioning was more qualitative than quantitative and it 

would be worth to investigate whether it is possible to use a stronger and more reliable agitator for the pin mill, 

and thereby ensure the repeatability of the tests.  

 

Even though monazite could be successfully separated from the final zircon reject, the grade specifications of 

TiO2 and ZrO2 + HfO2 could not be met. An additional flotation stage, where rutile is removed could possibly 

also improve the ZrO2 grade to match the Zirkwa specifications. 
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5. Conclusions 
The conclusion from this project can be summarised by answering the key questions.   

1. Under what conditions is it possible to separate monazite from zircon and what might the separating 

mechanism be?  

Monazite can be separated from zircon with an oleate collector at a pH of 10. The separating 

mechanism is likely to be dependent on surface charge since the variation of mineral floatability has 

been proven to vary with pH. 

2. What are the mineral surface coatings, and do the surface coatings affect flotation performance? 

The mineral surface coatings that were found by SEM analysis were SiO2, which most probably 

corresponds to opaline silica coatings. This was also supported by the QEMSCAN surface coating 

analyses. No main effect could be seen in flotation performance. The monazite recovery was improved, 

but since collector dosage was changed, it is not statistically proven that the increase in recovery was 

due to the attritioned surfaces.  

3. Is there a correlation between surface attritioning and mineral recovery? 

Ultrasonic attritioning was not improving mineral recovery, but mechanical attritioning might have, 

although it is not yet statistically proven. However, mechanical attritioning intensity did not have an 

effect on mineral recovery or on the degree of coatings in this study. 
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6. Recommendations 

Surface charge 

Future projects on the monazite recovery from Namakwa Sands reject streams should preferably include zeta 

potential measurements to verify the separating mechanism between monazite and zircon. Furthermore, the 

point of zero charge of the zircon product from Namakwa Sands and, if possible, the monazite from Namakwa 

Sands ore bodies should be measured. It would also be of interest to evaluate pH in narrower intervals (9, 9.5, 

10, 10.5, 11) to see whether the monazite recovery could be increased further. If possible, pH could be 

controlled throughout the flotation test, to make sure it is constant. 

Physical preparation 

More studies on the surface coatings are needed, to characterise their nature and evaluate how large surface area 

they cover, and to be able to optimise attritioning. Furthermore, the relation between monazite recovery and 

attritioning/no attritioning should be evaluated. It should be ensured that the attritioning method is accurate and 

does not vary from time to time. The configuration of the impeller of the mini pin mill could be varied, as well 

as the bead type and size and the ratio between ore/beads/water. High intensity attritioning, for instance in the 

flotation cell, could be compared with pin mill attritioning. Depending on the surface coating characterisation, it 

might be worth investigating to attrition the material at acidic pH to dissolve the coatings. Even grinding could 

be an option to create fresh mineral surfaces if the surface coatings are stubborn. 

Chemical preparation 

Evaluate if monazite recovery continues to increase at even higher collector dosages, and does other anionic 

collectors collect monazite equally good? In this project, the effect of Cyquest4000 was not known. In the 

future, it would be interesting to know if the reagent acts as activator, depressant or dispersant. If the reagent is 

acting as a dispersant, much lower dosages might be as effective, and thus more economically and 

environmentally sustainable. 

 

Since fresh water is a scarce resource at Namakwa Sands, research on how monazite flotation is affected by the 

water quality could be important. Flotation response should be studied for various water qualities; fresh water, 

industrial water and seawater.  
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Appendix 

I. Experimental program 

Phase 1 

Table 25 Statistical experimental design with experimental names, run order, center points and the 

qualitative and quantitative factors for phase 1 

Experimental 

Name 

Run 

Order 

Collector 

Collector 

Dosage 

(g/ton) Depressant 

Depressant 

Dosage (g/ton) pH Attrition 

Qualitative Quantitative Qualitative Quantitative Quantitative Qualitative 

1 1 SodiumOleate 180 Cyquest4000 100 5.5 Yes 

2 2 SodiumOleate 500 Metasilicate 1200 10 No 

3 3 Hydroxamate 180 Metasilicate 100 10 Yes 

4 4 SodiumOleate 180 Metasilicate 1200 10 Yes 

5 5 Hydroxamate 180 Metasilicate 1200 10 No 

6 6 Hydroxamate 180 Cyquest4000 1200 5.5 Yes 

7 (Center) 7 Hydroxamate 340 Cyquest4000 650 7.75 Yes 

8 8 Hydroxamate 500 Metasilicate 100 10 No 

9 9 SodiumOleate 180 Metasilicate 100 5.5 No 

10 10 SodiumOleate 500 Cyquest4000 100 5.5 No 

11 11 SodiumOleate 180 Metasilicate 1200 5.5 Yes 

12 12 SodiumOleate 500 Metasilicate 1200 5.5 No 

13 (Center) 13 Hydroxamate 340 Cyquest4000 650 7.75 Yes 

14 14 Hydroxamate 500 Cyquest4000 1200 10 No 

15 15 Hydroxamate 180 Cyquest4000 100 5.5 No 

16 16 SodiumOleate 180 Cyquest4000 1200 10 No 

17 17 SodiumOleate 180 Cyquest4000 100 10 Yes 

18 18 SodiumOleate 180 Cyquest4000 1200 5.5 No 

19 19 Hydroxamate 180 Metasilicate 1200 5.5 No 

20 20 Hydroxamate 500 Metasilicate 1200 10 Yes 

21 21 Hydroxamate 180 Metasilicate 100 5.5 Yes 

22 22 SodiumOleate 500 Metasilicate 100 5.5 Yes 

23 23 Hydroxamate 180 Cyquest4000 1200 10 Yes 

24 24 Hydroxamate 500 Cyquest4000 100 10 Yes 

25 25 Hydroxamate 500 Metasilicate 100 5.5 No 

26 26 SodiumOleate 180 Metasilicate 100 10 No 

27 27 SodiumOleate 500 Cyquest4000 1200 10 Yes 



 

 

II 

Experimental 

Name 

Run 

Order Collector 

Collector 

Dosage 

(g/ton) Depressant 

Depressant 

Dosage (g/ton) pH Attrition 

  Qualitative Quantitative Qualitative Quantitative Quantitative Qualitative 

28 28 SodiumOleate 500 Metasilicate 100 10 Yes 

29 29 Hydroxamate 180 Cyquest4000 100 10 No 

30 30 SodiumOleate 500 Cyquest4000 100 10 No 

31 31 Hydroxamate 500 Cyquest4000 100 5.5 Yes 

32 32 SodiumOleate 500 Cyquest4000 1200 5.5 Yes 

33 (Center) 33 Hydroxamate 340 Cyquest4000 650 7.75 Yes 

34 34 Hydroxamate 500 Cyquest4000 1200 5.5 No 

35 35 Hydroxamate 500 Metasilicate 1200 5.5 Yes 

 

  



 

 

III 

Phase 2.1 

Table 26 Statistical experimental design with experimental names, run order, center points and the 

qualitative and quantitative factors for phase 2.1 

Experimental 

Name Run Order 

Collector Dosage 

(g/t) 

Depressant 

Dosage (g/t) pH 

Quantitative Quantitative Quantitative 

P21 1 180 1200 9 

P22 2 250 1200 11 

P23 3 180 800 11 

P24 4 250 800 9 

P25 (Center) 5 215 1000 10 

P26 6 250 800 11 

P27 7 180 800 9 

P28 (Center) 8 215 1000 10 

P29 9 180 1200 11 

P210 10 250 1200 9 

P211 (Center) 11 215 1000 10 

 

Phase 2.2 

Table 27 Statistical experimental design with experimental names, run order, center points and the 

qualitative and quantitative factors for phase 2.2 

Experimental 

name Run Order 

Collector dosage (g/t) Attritioning intensity (RPM) 

Quantitative Quantitative 

P221 1 215 1.5  

P222 2 215 3 

P223 3 315 1.5 

P224 (Center) 4 265 2.25 

P225 (Center) 5 265 2.25 

P226 6 315 3 

P227 (Center) 7 265 2.25 
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II. Hazard identification and risk assessment 

Table 28 Sample, equipment and reagents used in the project and the risks, consequences, precautions and 

actions 

Sample Risk Consequence Precautions Action 

Final zircon 

rejects 

1) Radiation 

 

2) Dust 

1) Cell mutations 

 

2) May cause 

silicosis if 

inhaled and 

contain 

radioactive 

components 

 

1) Radiation 

training, PPE 

2) Use dust mask 

and eye 

protection 

1) – 

 

2) Seek medical 

attention if 

experiencing 

problems 

Equipment Risk Consequence Precautions Action 

Flotation cell 1) High 

pressure of 

compressed 

air 

 

 

 

 

2) Mechanical 

rotor 

 

 

3) Prolonged 

standing 

4) Repeating 

movements 

1) Eye and skin 

damage 

 

 

 

 

 

 

2) Pinching of 

fingers, hair 

can be tied 

around rotor 

3) Back pain, 

blood clogging 

4) Shoulder/elbo

w pain 

1) Check hose is 

secure before 

turning on 

compressed air, 

wear safety 

glasses and lab 

coat 

 

2) Wear hair tied, 

do not touch 

rotor 

 

3) Move around 

between tests 

4) Rest if feeling 

pain 

1) Turn off air 

immediately and seek 

medical attention if 

needed 

 

 

 

 

2) Turn off power on 

cell/power outlet 

 

 

3) Consult 

physician/doctor 

4) Consult physician 

 

 

Vacuum filtering 1) Splashing of 

pulp 

 

2) High 

pressure of 

compressed 

air 

1) Eye irritation 

 

 

2) Eye and skin 

damage 

 

 

1) Wear safety 

glasses and lab 

coat 

2) Check hose is 

secure before 

turning on 

compressed air, 

wear safety 

glasses and lab 

coat 

1) Wash with soap and 

water if skin contact 

occurs 

2) Turn off air 

immediately and seek 

medical attention if 

needed 

 

Sample drying 1) Hot inside 

oven and hot 

dishes 

1) May cause 

skin burns 

1) Wear heat 

protective gloves 

1) Wash with cool water 

for 15 minutes and 

seek medical 

attention 
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Equipment Risk Consequence Precautions Action 

Splitting 1) Dust 

 

 

 

 

 

2) Heavy 

lifting 

 

 

 

3) Rotating 

equipment 

1) May cause 

silicosis if 

inhaled and 

contain 

radioactive 

components 

2) Back strains 

 

 

 

3) Pinching of 

fingers 

1) Wear a dust 

mask when 

splitting samples 

 

 

 

2) Bend knees 

when lifting 

heavy buckets, 

ask for help if 

needed 

3) Keep clear of 

rotating 

equipment 

1) Seek medical 

attention if 

experiencing 

problems 

 

 

2) Consult physician 

 

 

 

 

3) Seek medical 

attention if needed 

Ultrasonic probe 1) Touching 

ultrasonic 

probe while 

in use 

1) Prolonged 

exposure can 

lead to bone 

fractures 

1) Turn on when in 

pulp and turn off 

before 

withdrawing it 

from the pulp 

1) Seek medical 

attention  

Reagents Risk Consequence Precautions Action 

Aero704 1) Splashing 

(skin or eye 

contact) 

 

 

 

 

2) Inhalation 

 

 

3) Spill 

1) Irritating to 

skin and eyes 

 

 

 

 

 

2) Not expected 

to be harmful 

 

3) May cause 

slipping 

1) Use eye 

protection, 

gloves, lab coat 

and safety boots 

 

 

 

2) Avoid inhalation 

and work in well 

ventilated area 

3) Keep container 

closed while 

moving 

1) Rinse eyes 

immediately for 15 

minutes and seek 

medical attention, 

wash exposed skin 

thoroughly with soap 

and water 

2) Move to fresh air and 

seek medical attention 

if experiencing 

problems 

3) Cover spill with inert 

absorbent material and 

place in waste disposal 

container. Flush with 

water 
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Reagents Risk Consequence Precautions Action 

Aero6494 1) Flammable 

 

 

 

 

 

2) Splashing 

(skin or eye 

contact) 

 

 

 

 

3) Inhalation 

 

 

4) Spill 

1) May cause fire 

 

 

 

 

 

2) Irritating to 

skin and 

harmful to 

eyes 

 

 

 

3) Irritating to 

respiratory 

system 

4) May cause 

fire, slipping, 

overexposure 

to respiratory 

system 

1) Store in safe 

place and keep 

away from heat. 

Do not smoke 

close to the 

reagent 

2) Use eye 

protection, 

impermeable 

gloves, lab coat 

and safety boots 

 

 

3) Avoid inhalation 

and work in well 

ventilated area 

4) Keep container 

closed while 

moving 

1) In case of fire, use 

water, alcohol foam, 

carbon dioxide or dry 

chemical to 

extinguish fire 

 

2) Rinse eyes 

immediately for 15 

minutes and seek 

medical attention, 

wash exposed skin 

thoroughly with 

water. Remove 

contaminated 

clothing immediately. 

3) Move to fresh air and 

seek medical 

attention if 

experiencing 

problems 

4) Remove source of 

ignition, cover spill 

with inert absorbent 

material and place in 

waste disposal 

container. Flush with 

water 

Aeromine3030C 1) Splashing 

(skin or eye 

contact) 

 

 

 

 

 

 

2) Inhalation 

 

 

 

 

3) Spill 

1) Causes skin 

irritation and 

serious eye 

damage 

 

 

 

 

 

2) May cause 

respiratory 

irritation 

 

 

3) Slipping, 

overexposure 

to respiratory 

system, toxic 

to aquatic 

organisms 

1) Use eye 

protection, 

impermeable 

gloves, lab coat 

and safety boots 

 

 

 

 

2) Avoid inhalation, 

work in well 

ventilated areas 

 

 

3) Keep container 

closed while 

moving 

1) Rinse eyes 

immediately for 15 

minutes and seek 

medical attention, 

wash exposed skin 

thoroughly with 

water. Remove 

contaminated 

clothing immediately. 

2) Move to fresh air and 

seek medical 

attention if 

experiencing 

problems 

3) Cover spill with inert 

absorbent material 

and place in waste 

disposal container. 

Flush with water 
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Reagents Risk Consequence Precautions Action 

Cyquest4000 1) Splashing 

(skin or eye 

contact) 

 

 

 

 

2) Inhalation 

 

 

3) Spill 

1) Causes skin 

burns and 

serious eye 

damage 

 

 

 

2) May cause 

respiratory 

irritation 

3) Slipping, 

overexposure 

to respiratory 

system 

1) Use eye 

protection, 

impermeable 

gloves, lab coat 

and safety boots 

 

 

2) Avoid inhalation, 

work in well 

ventilated area 

3) Keep container 

closed while 

moving 

1) Rinse eyes 

immediately for 15 

minutes and seek 

medical attention, 

wash exposed skin 

thoroughly with 

water and soap. 

Remove 

contaminated 

clothing immediately. 

2) Move to fresh air and 

seek medical 

attention if 

experiencing 

problems 

3) Cover spill with inert 

absorbent material 

and place in waste 

disposal container. 

Flush with water 

Sodium 

metasilicate 

pentahydrate 

1) Inhalation 

 

 

 

 

2) Spill 

 

 

3) Skin contact 

1) Hazardous if 

inhaled 

 

 

 

2) May cause 

slips 

 

3) Hazardous if 

in contact with 

skin 

1) Use dust mask 

while handling 

the chemical, 

work in well 

ventilated area 

2) Keep container 

closed while not 

in use 

3) Use eye 

protection, 

gloves, lab coat 

and impermeable 

boots 

1) Stay in well 

ventilated area, seek 

medical attention 

 

 

2) Immediately clean up 

eventual spills 

 

3) Wash with plenty of 

water, and non-

abrasive soap. Cover 

irritated area with 

emollient and seek 

medical attention if 

irritation persists 
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Reagents Risk Consequence Precautions Action 

Oreprep F515 1) Splashing 

(skin or eye 

contact) 

 

 

 

 

 

 

2) Inhalation 

 

 

 

 

3) Spill 

1) Causes severe 

eye and skin 

irritation 

 

 

 

 

 

 

2) May cause 

respiratory 

irritation, and 

central nervous 

system effects 

3) Slipping, 

overexposure 

to respiratory 

system, toxic 

to aquatic 

organisms 

1) Use eye 

protection, 

impermeable 

gloves, lab coat 

and safety boots 

 

 

 

 

2) Avoid inhalation, 

work in well 

ventilated area 

 

 

3) Keep container 

closed while 

moving 

1) Rinse eyes 

immediately for 15 

minutes and seek 

medical attention, 

wash exposed skin 

thoroughly with 

water. Remove 

contaminated 

clothing immediately. 

2) Move to fresh air and 

seek medical 

attention if 

experiencing 

problems 

3) Cover spill with inert 

absorbent material 

and place in waste 

disposal container. 

Flush with water 

NaOH  1) Skin 

contact/eye 

contact 

 

 

 

 

 

 

 

 

2) Inhalation 

 

 

 

 

 

 

 

 

 

 

3) Spill 

1) May cause 

skin burns, 

inflammation 

and 

blistering/Eye 

contact can 

cause 

irritation, 

corneal 

damage or 

blindness 

2) Can cause 

gastro-

intestinal or 

respiratory 

tract, 

overexposure 

can cause lung 

damage, 

choking, 

unconsciousne

ss or death 

3) Can cause 

slips 

1) Use impermeable 

gloves, eye 

protection, lab 

coat and safety 

boots 

 

 

 

 

 

 

2) Use dust mask 

while handling 

material, work in 

well ventilated 

area 

 

 

 

 

 

 

3) Keep container 

closed while not 

in use 

1) Flush eyes with water 

for 15 minutes and 

seek medical 

attention. Wash 

exposed skin for 15 

minutes with water, 

remove contaminated 

clothes, cover skin 

with emollient, seek 

medical attention 

 

2) Remove to fresh air, 

seek medical 

attention 

 

 

 

 

 

 

 

 

3) Immediately clean up 

spills, if necessary 

neutralize with weak 

acid 
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Reagents Risk Consequence Precautions Action 

HCl 1) Splashing 

(skin contact 

or eye 

contact) 

 

 

 

 

 

 

 

 

2) Inhalation 

 

 

 

 

 

 

 

3) Spill 

1) Skin contact 

may produce 

burns. May 

cause eye 

damage 

 

 

 

 

 

 

 

2) May cause 

severe 

irritation of 

respiratory 

tract, severe 

over exposure 

may cause 

death 

3) May cause 

slips 

1) Gloves, boots, 

eye protection, 

lab coat 

 

 

 

 

 

 

 

 

 

2) Avoid inhalation, 

work in a well 

ventilated area 

 

 

 

 

 

3) Keep container 

closed while not 

used 

1) In case of skin 

contact, wash with 

plenty of water, 

remove contaminated 

clothing, cover with 

emollient. seek 

medical attention 

immediately. In case 

of eye contact flush 

with water for 15 

minutes and seek 

medical attention 

2) Remove to fresh air 

and seek medical 

attention 

 

 

 

 

 

3) Dilute with water and 

mop up immediately 

 

 

  



 

 

X 

III. Flotation procedure 

Phase 1 

The physical and chemical preparation of the pulp in phase 1 was carried out as follows: 

1) Mixing of water and sample in the cell and adjusting pulp height to the 2 cm froth mark 

2) Ultrasonication with ultrasonic probe for 40 seconds at 80% of full capacity 

3) pH adjustment with 1 M sodium hydroxide solution or 1 M hydrochloric acid 

4) Collector addition followed by 5 minutes conditioning 

5) Depressant addition followed by 5 minutes conditioning 

6) Frother addition followed by 1 minute conditioning (only when using Aero704) 

7) Air addition at 5 L/min 

8) Flotation for 13 minutes, collecting froth every 15 seconds into four concentrates after 1, 3, 7 

and 13 minutes 

Phase 2 

The physical and chemical preparation of the pulp in phase 2 was carried out as follows: 

1) Attritioning with the mini pin mill at 400, 500 or 600 RPM 

2) Screening for removal of zirconia beads and decanting to de-slime sample 

3) pH adjustment with 1 M sodium hydroxide solution or 1 M hydrochloric acid at 35 weight-% 

solids 

4) Addition of 2/3 of total collector amount followed by 5 minutes conditioning 

5) Depressant addition followed by conditioning for 2 minutes  

6) Water addition up to the 2 or 1 cm froth mark as well as pH adjustment during 3 minutes 

conditioning 

7) Air addition at 4 L/min 

8) After 1 minute of flotation, the air was turned off and the remaining 1/3 of the total collector 

amount was added to the pulp followed by conditioning for 3 minutes and 20 seconds (2/3 of 

initial collector conditioning time) before the air was turned on again at 4 L/min 

9) Flotation for 12 minutes, collecting froth every 15 seconds into four concentrates after 2, 6 

and 12 minutes 
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IV. Mineralogy results 

Table 29 Distribution (mass-%) across particle categories for the final zircon reject from QEMSCAN data 

(by Exxaro) 

Particle Categoriser Description Final Zircon Rejects  

                                                                     Mass% in Fraction 100 

Barren No Target Phases/Elements (See below) 0.11 

Almandine (≥90 mass% Almandine Garnets) 0.74 

Grossular (≥90 mass% Grossular Garnets) 0.62 

Spessartine (≥90 mass% Spessartine Garnets) 0.00 

Mixed Garnets (≥90mass% Mixed Garnets) 0.00 

Garnets >50 (≥50<90mass% Mixed Garnets) 0.24 

Fe-oxides (≥70 mass% FeOx); <5 % TiO2 & ≤15 mass% Gg 0.04 

Fe-oxides(Ti)  (≥ 50 mass% FeOx + Fe(HiTi); >5≤45 % TiO2;Ox & ≤15 mass% Gg 0.02 

Chromite I (≥90 mass% Chromite) 0.05 

Chromite II (≥50<90 mass% Chromite) 0.00 

Zircon I (≥98 mass% Zircon) "Prime" ≥66% ZrO2 58.44 

Zircon II (≥92 mass% Zircon) ≥62% ZrO2 20.08 

Zircon III (≥77 mass% Zircon) ≥52% ZrO2 3.69 

Zircon IV (≥17 mass% Zircon) ≥25% ZrO2 0.29 

Mn-Ilmenite I (≥50 mass% Mn-Ilmenite);  >45≤69 % TiO2 & ≥5% MnO. 0.00 

Mn-Ilmenite II (≥30<50 mass% Mn-limenite); >45≤69 % TiO2 & ≥2<5% MnO. 0.00 

Ilmenite I (TiO2≥45<55 mass%); Ilm-Alt Ilm≥50 mass% & <5 mass% Gg 0.19 

Ilmenite II (TiO2≥45<55 mass%);Ilm-Alt Ilm≥50 mass% & <15 mass% Gg 0.02 

Altered Ilmenite I (TiO2≥55<65 mass%);Ilm-Alt Ilm≥50 mass% & <15 mass% Gg 0.40 

Altered Ilmenite I&II (TiO2≥65<69 mass%);Ilm-Alt Ilm≥50 mass% & <15 mass% Gg 0.06 

Altered Ilmenite II (TiO2≥69<80 mass%) <15 mass% Gg 0.16 

Ilmenorutile (≥50 mass% Ilmenorutile) 0.00 

Rutile (TiO2≥95 mass%) 6.43 

Anatase (TiO2≥85<95 mass%) 2.27 

Leucoxene (TiO2≥80<85 mass%) 0.37 

Sphene  (≥70 mass% Sphene) 0.49 

Corundum (≥75 mass% Corundum) 0.01 

Kyanite (≥75 mass% Kyanite) 0.17 

Pyroxene (≥80 mass% Pyroxene) 0.57 

Alt Pyroxene (≥80 mass% Pyroxene + Sepiolite/Clay) 0.18 

Staurolite (≥80 mass% Staurolite) 0.07 

Tourmaline (≥80 mass% Tourmaline) 0.06 

TiO2 Other I (TiO2≥30<45); ≤10 mass% FeOx +Fe(HiTi) 0.04 

TiO2 Other II (TiO2≥5<30) 0.03 

Ti-Sil Intergrowths I (TiO2≥65<80); ≥15 mass% Gg (incl. FeOx) 0.36 

Ti-Sil Intergrowths II (TiO2≥45<65);  ≥15 mass% Gg (incl. FeOx) 0.20 

Apatite (≥75 mass% Apatite) 0.00 

Monazite (≥75 mass% Monazite + Florencite) 3.19 

Cassiterite (≥75 mass% Cassiterite) 0.00 



 

 

XII 

Particle Categoriser Description Final Zircon Rejects  

                                                                     Mass% in Fraction 100 

Quartz (≥75 mass% Quartz) 0.19 

Other Not matching any of the above criteria 0.23 

Total   100.00 

 

 

 

Figure 54 SEM picture from P221 flotation concentrate 
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Figure 55 SEM picture from P222 concentrate 

 

Figure 56 SEM picture from P222 concentrate 
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Table 30 Modal mineralogy for final zircon reject head sample and flotation products 

Sample Name Head P21 P223 P226 P3T P221T P222T P223T P226T P227T 

Fe-oxides 0.06 0.09 0.04 0.01 0.06 0.05 0.04 0.11 0.06 0.02 

Fe(HiTi)-oxides 0.01 0.01 0.01 0.00 0.02 0.01 0.02 0.04 0.05 0.00 

Total Fe-oxides 0.07 0.10 0.04 0.01 0.09 0.05 0.07 0.15 0.11 0.02 

Ilmenite (TiO2 50%) 0.29 0.28 0.03 0.09 0.31 0.49 0.39 0.34 0.39 0.35 

Alt-Ilmenite I (TiO2 62%) 0.34 0.16 0.00 0.03 0.39 0.54 0.42 0.21 0.31 0.22 

Alt-Ilmenite II (TiO2 74%) 0.16 0.10 0.00 0.01 0.17 0.15 0.14 0.10 0.14 0.20 

Mn-Ilmenite 0.04 0.02 0.00 0.00 0.04 0.05 0.05 0.03 0.03 0.03 

Total Ti-Fe-oxides 0.83 0.57 0.04 0.14 0.90 1.23 1.00 0.68 0.87 0.81 

Rutile (TiO2 96%) 9.10 8.30 0.70 2.03 8.98 8.49 9.47 9.22 8.87 9.34 

Ilmenorutile 0.00 0.01 0.01 0.00 0.01 0.03 0.00 0.01 0.03 0.01 

Total Ti-oxides 9.10 8.32 0.71 2.04 8.99 8.52 9.47 9.24 8.90 9.34 

Gahnite 0.10 0.01 0.19 0.23 0.04 0.00 0.02 0.00 0.00 0.00 

Chromite 0.05 0.02 0.00 0.03 0.00 0.00 0.00 0.02 0.01 0.00 

Corundum 0.01 0.06 0.26 0.22 0.05 0.00 0.01 0.00 0.00 0.01 

Perovskite 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Cassiterite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.01 

Total Oxide Gangue 0.16 0.13 0.45 0.48 0.08 0.00 0.03 0.11 0.01 0.02 

Zircon 81.25 81.97 16.68 37.70 81.15 82.88 82.14 84.55 86.24 85.09 

Quartz 1.60 1.17 0.75 0.60 1.92 1.53 1.27 1.69 1.46 1.21 

Sphene 0.48 0.31 0.04 0.04 0.42 0.47 0.60 0.50 0.32 0.44 

K-feldspar 0.02 0.02 0.02 0.02 0.03 0.03 0.04 0.03 0.02 0.03 

Plagioclase(Ca) 0.07 0.09 0.46 0.29 0.08 0.09 0.06 0.06 0.06 0.06 

Pyroxene/Amphibole 0.66 0.13 0.18 0.17 0.97 0.71 0.64 0.85 0.55 0.70 

Mica 0.07 0.07 0.09 0.07 0.07 0.07 0.08 0.08 0.07 0.08 

Chlorite 0.01 0.01 0.09 0.07 0.01 0.01 0.01 0.01 0.01 0.01 

Sepiolite/Clay 0.11 0.03 0.03 0.03 0.13 0.09 0.08 0.12 0.08 0.11 

Kaolinite/Clay 0.30 0.29 0.48 0.48 0.34 0.31 0.34 0.33 0.28 0.32 

Almandine 0.80 1.16 17.84 13.41 1.32 0.90 0.73 0.13 0.14 0.18 

Kyanite 0.23 0.28 1.08 1.07 0.30 0.25 0.26 0.26 0.27 0.26 

Spessartine 0.02 0.02 0.34 0.57 0.06 0.02 0.00 0.00 0.00 0.06 

Staurolite 0.08 0.28 2.10 1.39 0.16 0.21 0.23 0.36 0.09 0.16 

Tourmaline 0.10 0.14 0.56 0.47 0.09 0.14 0.12 0.07 0.05 0.08 

Grossular 0.69 1.15 13.17 9.12 0.68 0.50 0.67 0.26 0.25 0.38 

Total Other Silicate Gangue 3.62 3.99 36.48 27.20 4.66 3.81 3.86 3.06 2.18 2.86 

Monazite 3.17 3.48 43.70 29.88 1.92 1.72 1.92 0.27 0.15 0.44 

Apatite 0.06 0.05 0.06 0.06 0.06 0.05 0.06 0.06 0.05 0.06 

Florencite - CeAlP(OH) 0.11 0.18 1.04 1.82 0.16 0.19 0.17 0.19 0.00 0.10 

Total Phosphates  3.34 3.71 44.81 31.76 2.13 1.96 2.15 0.51 0.20 0.60 

Calcite 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Dolomite/Ankerite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
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Sample Name Head P21 P223 P226 P3T P221T P222T P223T P226T P227T 

Total Carbonates 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Barite 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 

Pyrite 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 

Others 0.01 0.03 0.03 0.06 0.07 0.01 0.01 0.01 0.01 0.03 

Total  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

 

 

 

Figure 57 Colour index for Figure 52 and Figure 58 
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Figure 58 Monazite particle view for the final zircon reject. Legend is presented in Figure 57 
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V. Phase 1: statistical results from MODDE  

Table 31 Variation of R2 and Q2 with effect exclusion for P2O5 grade, P2O5 recovery and ZrO2 Tail grade 

 

P2O5 grade P2O5 recovery ZrO2 tail grade 

Excluded effect R2 Q2 R2 Q2 R2 Q2 

None 0.81 -0.87 0.77 -1.13 0.76 -0.55 

Dep*Ddo 0.80 -0.61 0.77 -0.78 0.76 0.42 

Col*Ddo 0.79 -0.43 0.76 -0.51 0.76 -0.14 

pH*Att 0.79 -0.26 0.76 -0.29 0.76 -0.01 

Cdo*Ddo 0.78 -0.11 0.75 -0.17 0.76 0.11 

Dep*Att 0.77 -0.02 0.73 -0.12 0.75 0.17 

Cdo*Att 0.76 0.08 0.73 0.01 0.75 0.24 

Cdo*Dep 0.76 0.15 0.72 0.08 0.75 030 

Ddo*pH 0.75 0.24 0.72 0.18 0.74 0.34 

Col*Att 0.75 0.30 0.71 0.25 0.72 0.35 

Ddo*Att 0.74 0.35 0.71 0.30 0.71 0.39 

Dep*pH 0.73 0.38 0.68 0.31 0.70 0.41 

Cdo*pH 0.70 0.37 0.66 0.31 0.70 0.44 

Col*Dep 0.69 0.41 0.65 0.36 0.65 0.41 

 

 

 

 

 

Figure 59 Main effect for depressant dosage 
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Figure 60 Main effect for depressant type 

 

Figure 61 Main effect for attrition 
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VI. Phase 1: flotation results 

Table 32 Experimental data from phase 1 

Experimental 

number 

Mass recovery (g) Water recovery (g) 

C1 C2 C3 C4 Total C1 C2 C3 C4 

1 90.4 12.4 7.8 5.2 422.2 29.8 0.8 0.4 0.6 

2 211.2 1.6 0 0 428.4 229.8 4.2 0 0 

3 249.8 15.4 10.4 11.2 424.2 114.2 2 0.6 0.6 

4 0 0.2 0 0 425 16.2 5.2 0 0 

5 254.2 13 10.4 5 426.4 118.2 1.6 0.8 0.2 

6 123.4 15.2 15.6 10.4 424.4 36 0.6 0.4 0.2 

7 176 48.2 35.4 20.4 426.6 82.4 18.6 9.8 1.6 

8 162 13.2 15 22.8 426.8 106.8 1.2 5.2 0.6 

9 142.4 15.8 10.2 14.2 426.6 54.4 3 0.8 0.4 

10 14.8 19.2 28.4 24 425 2.6 0.4 5 2 

11 157 1.6 0 0 427.8 81.6 0.2 0 0 

12 131 9.8 13.2 21.8 421.6 65.6 2 2 2 

13 192.2 42.6 26 16.6 428.4 92.4 18.2 7.8 2 

14 227.6 11.6 9 11.8 428.6 227.8 3 0.8 0.8 

15 63 20.6 10.2 6.2 425.7 16.2 1.2 0.8 0.4 

16 1.6 0.4 0 0 424.6 41.8 17.8 0 0 

17 0 0 0 0 421.4 0 0 0 0 

18 0 0 0 0 427.8 0 0 0 0 

19 116.4 9.4 3.8 0.6 424.6 34 0.8 0.8 0.2 

20 219.6 15.8 9.6 10.6 422.4 179 6.4 0.4 1 

21 98.2 16.6 15 7.8 423.8 26.8 1.6 0.4 0.4 

22 23.6 20 20.8 28.4 430.8 8.2 5.4 5.4 3.2 

23 252.6 10 7.6 8.4 424 161.6 3.6 0.4 1 

24 204 21.2 10.6 8.4 427 135.8 7 0 0.8 

25 102.2 18.2 13.2 20.2 426.4 41.2 4.2 1 0 

26 0.1 0 0 0 427.2 0.6 0 0 0 

27 292.4 22.8 0 0 427.6 247.2 16.4 0 0 

28 193.6 5 3.8 0.8 423.4 176.6 0.4 0.8 1 

29 227.8 14 10.2 4 427.4 87 0.6 0.2 0.2 

30 218.8 3.2 0.8 0 424.2 136.2 0.8 0.4  0 

31 122.4 19.8 9.6 10.6 429.2 43.6 3 0.8 0.6 

32 35.6 19.6 32.6 33.2 425.8 10 5.8 13.4 5.4 

33 205.2 38.2 23.4 14.8 424.6 109.8 18.2 7.4 0.8 

34 118.4 14.6 13.4 13.8 424.4 49.2 2.8 0 0.8 

35 157.4 15 13.4 19.4 426.8 92.8 3.8 0.6 0.2 

          



 

 

XX 

Table 33 Chemical assays for Phase 1 

Run Sample Weight (g) 

Assay (%) Assay (ppm) 

Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Tot U Th 

1 C1 90.4 0.97 0.74 1.01 1.08 0.46 0.10 0.97 28.09 8.62 53.70 96.36 317 491 

  C2 12.4 0.87 0.62 0.95 1.10 0.42 0.10 0.95 28.35 8.10 55.24 97.29 317 487 

  C3 7.8 0.60 0.41 0.74 1.15 0.36 0.08 0.68 28.42 6.13 57.25 96.41 315 358 

  C4 5.2 0.60 0.41 0.74 1.15 0.36 0.08 0.68 28.42 6.13 57.25 96.41 315 358 

  Tail 289.6 0.97 0.79 1.01 1.07 0.47 0.10 0.98 28.31 8.84 53.60 96.74 312 498 

2 C1 211.2 0.98 0.77 1.03 1.07 0.48 0.11 0.97 28.24 8.92 53.68 96.85 313 493 

  C2 1.6 0.98 0.77 1.03 1.07 0.48 0.11 0.97 28.24 8.92 53.68 96.85 313 493 

  Tail 199.8 1.01 0.79 1.02 1.09 0.48 0.11 0.97 28.30 8.77 53.34 96.48 317 502 

                

3 C1 249.8 0.98 0.76 0.98 1.05 0.45 0.10 0.95 27.50 8.44 52.27 94.07 299 473 

  C2 15.4 0.93 0.72 0.98 1.08 0.46 0.10 0.96 28.24 8.55 54.41 97.03 316 486 

  C3 10.4 0.91 0.64 0.97 1.11 0.41 0.10 0.90 28.05 7.78 55.11 96.57 318 459 

  C4 11.2 0.81 0.52 0.90 1.15 0.40 0.09 0.85 28.61 6.20 57.02 97.15 321 439 

  Tail 121 1.01 0.83 1.01 1.08 0.49 0.11 0.97 28.25 9.16 52.92 96.42 311 490 

4 C1 and C2 0.2  - -  -  -  -  -  -  -  -  -  -  -  -  

  Tail 407.8 1.00 0.78 1.00 1.06 0.49 0.11 0.99 28.75 9.00 54.37 98.13 307 484 

5 C1 254.2 0.99 0.76 1.01 1.08 0.46 0.11 0.97 28.27 8.88 53.69 96.82 320 497 

  C2 13 0.90 0.63 1.05 1.11 0.42 0.10 0.92 28.05 7.81 54.94 96.52 316 470 

  C3 10.4 0.78 0.54 0.93 1.14 0.41 0.10 0.83 28.71 5.44 57.50 96.97 318 432 

  C4 5 0.78 0.54 0.93 1.14 0.41 0.10 0.83 28.71 5.44 57.50 96.97 318 432 

  Tail 127.6 1.03 0.85 1.06 1.04 0.51 0.10 0.96 27.83 9.79 51.03 94.81 302 490 

6 C1 123.4 0.88 0.60 0.94 1.11 0.45 0.10 0.79 28.82 8.39 55.22 97.91 325 416 

  C2 15.2 0.68 0.42 0.82 1.15 0.39 0.08 0.57 28.48 6.55 56.94 96.66 315 299 

  C3 15.6 0.57 0.32 0.75 1.20 0.40 0.07 0.49 29.83 5.17 60.20 99.58 333 270 

  C4 10.4 0.43 0.24 0.81 1.21 0.38 0.06 0.42 29.76 3.35 61.28 98.52 323 241 

  Tail 247.8 1.16 0.95 1.14 1.05 0.52 0.12 1.13 27.90 9.83 51.32 95.74 313 566 

7 C1 176 0.98 0.78 1.03 1.08 0.47 0.11 0.96 28.07 8.80 53.34 96.19 314 486 

  C2 48.2 0.94 0.75 0.98 1.04 0.44 0.10 0.94 27.43 8.44 51.98 93.64 294 468 

  C3 35.4 0.99 0.78 1.01 1.07 0.47 0.11 0.96 28.07 8.69 53.23 95.97 315 488 

  C4 20.4 0.99 0.76 1.03 1.08 0.47 0.11 0.96 27.96 8.50 52.82 95.28 309 489 

  Tail 132.4 0.97 0.77 1.02 1.08 0.46 0.11 0.97 28.24 8.80 53.65 96.66 312 492 

8 C1 162 0.98 0.76 0.98 1.06 0.45 0.10 0.95 27.49 8.55 52.10 94.02 301 474 

  C2 13.2 0.92 0.74 0.94 1.05 0.44 0.10 0.91 26.93 8.23 51.35 92.19 299 470 

  C3 15 0.96 0.77 1.00 1.08 0.46 0.10 0.96 28.03 8.53 52.89 95.38 310 490 

  C4 22.8 0.97 0.75 1.00 1.08 0.46 0.11 0.96 27.99 8.42 53.31 95.65 309 485 

  Tail 193.2 0.98 0.77 0.99 1.08 0.47 0.10 0.96 28.07 8.85 52.99 95.86 314 491 

                

 

 

             

 

 

 

 

 

 

 

 

 



 

 

XXI 

Run Sample Weight (g) 

Assay (%) 

Assay 

 (ppm) 

Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Tot U Th 

9 C1 142.4 0.97 0.76 1.01 1.08 0.47 0.10 0.96 28.08 8.88 53.30 96.22 311 487 

  C2 15.8 0.99 0.77 0.99 1.08 0.48 0.10 0.98 28.44 8.61 53.84 96.88 314 491 

  C3 10.2 0.99 0.77 0.99 1.08 0.48 0.10 0.98 28.44 8.61 53.84 96.88 314 491 

  C4 14.2 0.95 0.68 0.95 1.10 0.44 0.10 0.95 28.07 8.03 54.16 96.02 309 479 

  Tail 229.2 0.94 0.77 0.98 1.07 0.46 0.10 0.96 27.88 8.75 52.79 95.30 312 488 

10 C1 14.8 0.93 0.67 0.93 1.07 0.39 0.10 0.96 27.33 8.16 52.92 94.07 305 488 

  C2 19.2 0.93 0.67 0.93 1.07 0.39 0.10 0.96 27.33 8.16 52.92 94.07 305 488 

  C3 28.4 0.93 0.65 0.92 1.10 0.42 0.10 0.95 27.92 8.06 54.40 96.04 314 484 

  C4 24 0.83 0.54 0.89 1.11 0.38 0.09 0.86 28.02 7.37 55.52 96.21 319 443 

  Tail 321.2 0.96 0.78 0.98 1.07 0.48 0.10 0.95 27.79 8.73 52.41 94.85 311 485 

11 C1 157 0.98 0.77 0.99 1.08 0.47 0.10 0.98 28.03 9.01 53.19 96.20 313 493 

  C2 1.6 0.98 0.77 0.99 1.08 0.47 0.10 0.98 28.03 9.01 53.19 96.20 313 493 

  Tail 253.4 0.94 0.75 0.97 1.08 0.46 0.10 0.93 28.08 8.51 53.38 95.80 309 474 

12 C1 131 0.96 0.77 1.00 1.09 0.45 0.10 0.96 28.12 8.81 53.37 96.23 311 490 

  C2 9.8 0.96 0.69 0.96 1.09 0.42 0.11 1.00 27.67 8.26 53.53 95.29 311 507 

  C3 13.2 0.96 0.69 0.96 1.09 0.42 0.11 1.00 27.67 8.26 53.53 95.29 311 507 

  C4 21.8 0.91 0.64 0.93 1.09 0.43 0.10 1.03 27.74 7.72 54.37 95.56 315 522 

  Tail 233.8 1.00 0.81 1.03 1.07 0.48 0.11 0.95 28.14 8.87 53.10 96.14 316 487 

13 C1 192.2 0.97 0.77 0.99 1.08 0.46 0.11 0.95 28.02 8.69 53.26 95.90 312 491 

  C2 42.6 0.96 0.76 0.98 1.08 0.48 0.11 0.96 28.14 8.69 53.45 96.20 316 485 

  C3 26 0.93 0.73 0.93 1.05 0.45 0.10 0.94 27.18 8.28 51.81 93.00 299 475 

  C4 16.6 0.93 0.73 0.93 1.05 0.45 0.10 0.94 27.18 8.28 51.81 93.00 299 475 

  Tail 133.4 0.94 0.75 0.96 1.08 0.44 0.10 0.96 27.73 8.54 52.78 94.87 307 481 

14 C1 227.6 0.97 0.77 1.00 1.08 0.47 0.10 0.96 28.17 8.68 53.41 96.21 312 483 

  C2 11.6 0.97 0.77 0.98 1.08 0.47 0.11 0.97 28.00 8.72 53.28 95.93 314 495 

  C3 9 0.97 0.77 0.98 1.08 0.47 0.11 0.97 28.00 8.72 53.28 95.93 314 495 

  C4 11.8 0.97 0.77 0.98 1.08 0.47 0.11 0.97 28.00 8.72 53.28 95.93 314 495 

  Tail 152.4 0.96 0.76 0.98 1.07 0.46 0.10 0.96 28.11 8.70 53.54 96.24 314 490 

15 C1 63 0.72 0.48 0.80 1.14 0.39 0.09 0.64 28.62 7.03 56.60 97.09 316 337 

  C2 20.6 0.48 0.31 0.59 1.19 0.39 0.07 0.48 29.50 4.29 60.24 98.12 320 265 

  C3 10.2 0.48 0.31 0.59 1.19 0.39 0.07 0.48 29.50 4.29 60.24 98.12 320 265 

  C4 6.2 0.48 0.31 0.59 1.19 0.39 0.07 0.48 29.50 4.29 60.24 98.12 320 265 

  Tail 311.2 1.14 0.91 1.13 1.07 0.51 0.12 1.10 27.85 9.64 51.76 95.83 310 553 

16 C1 and C2 2  -  -  -  -  -  -  -  -  -  -  -  -  - 

  Tail 411.4 1.01 0.79 1.04 1.08 0.48 0.11 0.90 28.04 8.89 53.27 96.21 312 468 

17 Tail 408.4 0.98 0.79 1.02 1.09 0.47 0.11 0.97 27.97 8.81 53.11 95.92 313 496 

18 Tail 411 0.95 0.78 0.98 1.08 0.48 0.10 0.99 28.02 8.77 53.17 95.92 319 503 

19 C1 116.4 0.78 0.56 0.83 1.13 0.38 0.09 0.80 28.20 7.20 55.77 96.35 309 411 

  C2 9.4 0.61 0.40 0.71 1.19 0.38 0.08 0.52 28.66 4.05 58.29 95.46 312 290 

  C3 3.8 0.61 0.40 0.71 1.19 0.38 0.08 0.52 28.66 4.05 58.29 95.46 312 290 

  C4 0.6 0.61 0.40 0.71 1.19 0.38 0.08 0.52 28.66 4.05 58.29 95.46 312 290 



 

 

XXII 

  Tail 277.2 1.06 0.89 1.06 1.05 0.48 0.11 1.05 28.00 9.62 52.05 95.98 314 530 

Run Sample Weight (g) 

Assay (%) Assay (ppm) 

Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Tot U Th 

20 C1 219.6 0.97 0.76 0.99 1.07 0.47 0.10 0.97 27.98 8.69 53.58 96.19 315 490 

  C2 15.8 1.00 0.76 1.00 1.07 0.46 0.10 0.98 27.91 8.67 52.91 95.45 311 494 

  C3 9.6 1.00 0.76 1.00 1.07 0.46 0.10 0.98 27.91 8.67 52.91 95.45 311 494 

  C4 10.6 1.00 0.76 1.00 1.07 0.46 0.10 0.98 27.91 8.67 52.91 95.45 311 494 

  Tail 149.2 0.98 0.78 0.99 1.08 0.49 0.11 0.98 28.10 8.72 53.34 96.16 317 494 

21 C1 98.2 0.78 0.55 0.84 1.13 0.39 0.09 0.72 28.24 7.22 55.72 96.26 319 377 

  C2 16.6 0.70 0.45 0.78 1.17 0.40 0.09 0.53 28.99 5.62 58.29 97.58 321 286 

  C3 15 0.56 0.33 0.66 1.21 0.41 0.08 0.40 29.58 3.38 60.28 97.44 318 235 

  C4 7.8 0.56 0.33 0.66 1.21 0.41 0.08 0.40 29.58 3.38 60.28 97.44 318 235 

  Tail 258.4 1.07 0.90 1.09 1.04 0.49 0.11 1.15 27.76 9.91 51.60 95.73 309 574 

22 C1 23.6 0.98 0.74 0.97 1.08 0.46 0.11 0.98 27.99 8.59 53.61 96.11 314 497 

  C2 20 0.96 0.73 0.98 1.08 0.45 0.11 0.97 27.84 8.48 53.50 95.71 314 496 

  C3 20.8 0.96 0.72 0.96 1.09 0.42 0.10 0.98 27.91 8.36 53.74 95.83 315 498 

  C4 28.4 0.96 0.72 0.97 1.08 0.44 0.11 0.98 27.89 8.30 53.74 95.78 316 491 

  Tail 314.6 1.00 0.79 1.00 1.07 0.49 0.10 0.97 28.28 8.97 53.14 96.41 313 494 

23 C1 252.6 0.96 0.76 0.99 1.07 0.47 0.10 0.96 28.00 8.76 53.19 95.86 319 491 

  C2 10 0.86 0.63 0.87 1.08 0.40 0.10 0.93 27.18 7.50 52.86 92.99 301 474 

  C3 7.6 0.86 0.63 0.87 1.08 0.40 0.10 0.93 27.18 7.50 52.86 92.99 301 474 

  C4 8.4 0.86 0.63 0.87 1.08 0.40 0.10 0.93 27.18 7.50 52.86 92.99 301 474 

  Tail 126.8 0.97 0.78 1.00 1.08 0.47 0.11 0.97 28.12 8.80 53.20 96.09 310 491 

24 C1 204 0.98 0.79 1.01 1.07 0.48 0.11 0.97 27.83 8.71 52.63 95.18 308 491 

  C2 21.2 0.95 0.76 0.96 1.06 0.45 0.10 0.94 27.36 8.48 51.99 93.65 299 478 

  C3 10.6 0.95 0.73 0.95 1.09 0.45 0.10 0.96 27.94 8.37 53.60 95.75 312 486 

  C4 8.4 0.95 0.73 0.95 1.09 0.45 0.10 0.96 27.94 8.37 53.60 95.75 312 486 

  Tail 171.8 0.97 0.77 1.01 1.07 0.47 0.11 0.97 27.95 8.79 52.71 95.42 315 490 

25 C1 102.2 0.98 0.79 1.01 1.07 0.48 0.11 0.97 28.11 8.76 53.18 96.06 313 488 

  C2 18.2 0.97 0.74 0.99 1.08 0.49 0.11 0.94 28.06 8.47 53.21 95.65 318 477 

  C3 13.2 0.91 0.60 0.90 1.12 0.41 0.10 0.76 28.46 7.40 55.48 96.74 315 393 

  C4 20.2 0.91 0.60 0.90 1.12 0.41 0.10 0.76 28.46 7.40 55.48 96.74 315 393 

  Tail 254.8 1.01 0.80 1.03 1.06 0.48 0.11 0.97 28.01 8.84 52.72 95.62 304 490 

26 Tail 411.4 0.88 0.74 0.93 1.07 0.45 0.10 0.94 27.72 8.70 52.98 95.12 312 483 

27 C1 292.4 0.97 0.77 0.99 1.06 0.47 0.11 0.97 27.87 8.64 52.78 95.21 308 491 

  C2 22.8 1.02 0.69 1.03 1.08 0.44 0.11 1.14 27.75 6.75 53.95 94.58 306 578 

  Tail 98 0.95 0.80 0.96 1.07 0.50 0.10 0.90 28.32 9.38 53.01 96.58 317 451 

28 C1 193.6 1.01 0.80 0.97 1.07 0.48 0.11 0.97 28.12 8.80 53.10 96.01 311 494 

  C2 5 1.02 0.67 1.02 1.08 0.42 0.11 1.17 27.63 7.40 53.83 94.96 304 593 

  C3 3.8 1.02 0.67 1.02 1.08 0.42 0.11 1.17 27.63 7.40 53.83 94.96 304 593 

  C4 0.8 1.02 0.67 1.02 1.08 0.42 0.11 1.17 27.63 7.40 53.83 94.96 304 593 

  Tail 204.4 0.97 0.77 0.97 1.08 0.46 0.11 0.97 27.86 8.60 52.84 95.24 309 500 

 

                



 

 

XXIII 

 

Run Sample Weight (g) 

Assay (%) Assay (ppm) 

Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Tot U Th 

29 C1 227.8 1.00 0.78 1.02 1.06 0.48 0.11 0.96 27.73 8.58 52.57 94.88 309 487 

  C2 14 0.84 0.58 0.88 1.12 0.43 0.10 0.87 28.33 6.89 55.62 96.25 315 451 

  C3 10.2 0.84 0.58 0.88 1.12 0.43 0.10 0.87 28.33 6.89 55.62 96.25 315 451 

  C4 4 0.84 0.58 0.88 1.12 0.43 0.10 0.87 28.33 6.89 55.62 96.25 315 451 

  Tail 158.8 0.98 0.80 1.00 1.06 0.49 0.11 0.98 27.70 8.98 52.12 94.82 308 494 

30 C1 218.8 0.96 0.75 0.97 1.07 0.45 0.10 0.96 27.82 8.60 52.85 95.14 312 486 

  C2 3.2 0.97 0.64 0.96 1.09 0.43 0.10 1.08 27.89 6.91 54.58 95.25 304 540 

  C3 0.8 0.97 0.64 0.96 1.09 0.43 0.10 1.08 27.89 6.91 54.58 95.25 304 540 

  Tail 188.8 0.98 0.76 0.99 1.05 0.46 0.11 0.97 27.63 8.54 52.20 94.29 302 492 

31 C1 122.4 0.95 0.73 0.97 1.08 0.46 0.10 0.95 27.87 8.50 53.17 95.38 311 485 

  C2 19.8 0.96 0.73 0.98 1.07 0.45 0.10 0.97 27.76 8.61 52.94 95.16 306 488 

  C3 9.6 0.78 0.54 0.83 1.14 0.41 0.09 0.66 28.75 7.02 56.67 97.47 317 345 

  C4 10.6 0.78 0.54 0.83 1.14 0.41 0.09 0.66 28.75 7.02 56.67 97.47 317 345 

  Tail 251.8 1.00 0.80 1.03 1.06 0.48 0.11 0.97 27.70 8.77 52.12 94.63 305 488 

32 C1 35.6 0.97 0.75 1.01 1.08 0.44 0.10 0.98 28.00 8.73 53.20 95.87 315 494 

  C2 19.6 0.91 0.72 0.94 1.07 0.43 0.10 0.89 27.47 8.11 52.52 93.75 302 457 

  C3 32.6 0.96 0.75 1.00 1.08 0.45 0.11 0.99 27.94 8.68 53.35 95.89 316 496 

  C4 33.2 0.93 0.69 0.97 1.10 0.43 0.10 0.95 27.84 8.34 53.72 95.67 318 481 

  Tail 284.8 0.98 0.79 1.02 1.07 0.49 0.11 0.95 27.85 8.67 52.30 94.83 302 485 

33 C1 205.2 0.96 0.76 0.97 1.09 0.45 0.11 0.95 27.56 8.64 51.97 94.05 316 494 

  C2 38.2 0.96 0.74 0.98 1.08 0.47 0.10 0.90 28.06 8.66 53.76 96.32 314 462 

  C3 23.4 0.96 0.77 1.00 1.07 0.46 0.11 0.95 27.91 8.56 53.08 95.49 312 488 

  C4 14.8 0.94 0.75 0.98 1.08 0.46 0.11 0.97 28.02 8.40 53.53 95.85 317 495 

  Tail 124.6 0.95 0.76 0.98 1.07 0.46 0.10 0.97 27.94 8.62 52.99 95.44 309 490 

34 C1 118.4 0.97 0.75 1.00 1.06 0.46 0.10 0.96 28.37 9.33 53.58 97.18 309 482 

  C2 14.6 0.89 0.69 0.92 1.07 0.43 0.10 0.88 27.55 8.05 52.66 93.83 301 440 

  C3 13.4 0.89 0.69 0.92 1.07 0.43 0.10 0.88 27.55 8.05 52.66 93.83 301 440 

  C4 13.8 0.80 0.54 0.85 1.14 0.41 0.10 0.67 28.53 7.16 56.11 96.89 314 347 

  Tail 252.2 1.00 0.81 1.01 1.06 0.48 0.11 1.00 27.63 8.81 52.05 94.55 309 503 

35 C1 157.4 1.00 0.78 1.01 1.06 0.47 0.10 0.97 27.88 8.82 52.70 95.38 310 489 

  C2 15 0.95 0.76 1.01 1.08 0.46 0.11 0.97 27.98 8.58 53.37 95.87 314 493 

  C3 13.4 0.95 0.76 1.01 1.08 0.46 0.11 0.97 27.98 8.58 53.37 95.87 314 493 

  C4 19.4 0.91 0.65 0.93 1.11 0.43 0.10 0.91 28.20 7.77 54.96 96.56 320 465 

  Tail 206.6 1.00 0.80 1.00 1.06 0.49 0.11 0.99 28.18 8.81 53.19 96.23 305 492 

 

 

 

 

 

 



 

 

XXIV 

Table 34 Products balance for experiment number 9, Phase 1, calculated from Table 32 and Table 33. 

Continued in Table 35 

 

Weight 

 

Assay (%) 

           

 

g % Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Tot PPM_U PPM_Th 

Conc 1 142.4 33.38 0.97 0.76 1.01 1.08 0.47 0.10 0.96 28.08 8.88 53.30 96.22 311 487 

mp1 278.2 65.21 0.99 0.80 1.02 1.13 0.48 0.11 1.01 29.26 9.11 55.46 100.00     

Conc 2 15.8 3.70 0.99 0.77 0.99 1.08 0.48 0.10 0.98 28.44 8.61 53.84 96.88 314 491 

Conc 1-2 158.2 37.08 1.01 0.79 1.05 1.12 0.48 0.11 1.00 29.21 9.20 55.41 100.00     

mp2 262.4 61.51 0.99 0.80 1.02 1.13 0.48 0.11 1.01 29.26 9.13 55.45 100.00     

Conc 3 10.2 2.39 0.99 0.77 0.99 1.08 0.48 0.10 0.98 28.44 8.61 53.84 96.88 314 491 

Conc 1-3 168.4 39.47 1.01 0.79 1.05 1.12 0.49 0.11 1.00 29.21 9.18 55.42 100.00     

mp3 252.2 59.12 0.99 0.80 1.02 1.13 0.48 0.11 1.01 29.25 9.14 55.45 100.00     

Conc 4 14.2 3.33 0.95 0.68 0.95 1.10 0.44 0.10 0.95 28.07 8.03 54.16 96.02 309 479 

Conc 1-4 182.6 42.80 1.01 0.79 1.04 1.12 0.48 0.11 1.00 29.22 9.11 55.50 100.00     

Tail 229.2 53.73 0.94 0.77 0.98 1.07 0.46 0.10 0.96 27.88 8.75 52.79 95.30 312 488 

Calc Feed 420.6 98.59 0.94 0.75 0.97 1.06 0.45 0.10 0.94 27.41 8.58 51.97 93.74 305 477 

Feed 8.8 2.06 

             Mass loss 6 1.41 

             
Table 35 Continued from Table 34: products balance for experiment number 9, Phase 1, calculated from 

Table 32 and Table 33 

  Distribution (%) 

            Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Tot PPM_U PPM_Th 

Conc 1  34.3 33.7 34.5 33.8 34.1 33.9 33.6 33.8 34.1 33.8 33.9 34.5 34.5 

mp1  65.7 66.3 65.5 66.2 65.9 66.1 66.4 66.2 65.9 66.2 66.1 65.5 65.5 

Conc 2  3.9 3.7 3.7 3.7 3.8 3.7 3.8 3.8 3.6 3.8 3.8 3.9 3.9 

Conc 1-2  38.1 37.4 38.2 37.5 37.9 37.6 37.4 37.6 37.8 37.6 37.6 38.4 38.4 

mp2  61.9 62.6 61.8 62.5 62.1 62.4 62.6 62.4 62.2 62.4 62.4 61.6 61.6 

Conc 3  2.5 2.4 2.4 2.4 2.5 2.4 2.5 2.4 2.4 2.4 2.4 2.5 2.5 

Conc 1-3  40.6 39.8 40.6 39.9 40.4 40.0 39.8 40.0 40.1 40.0 40.0 40.9 40.9 

mp3  59.4 60.2 59.4 60.1 59.6 60.0 60.2 60.0 59.9 60.0 60.0 59.1 59.1 

Conc 4  3.3 3.0 3.2 3.4 3.2 3.4 3.3 3.4 3.1 3.4 3.4 3.4 3.4 

Conc 1-4  43.9 42.8 43.8 43.4 43.5 43.4 43.2 43.4 43.2 43.5 43.4 44.3 44.3 

Tail  54.0 55.1 54.1 54.5 54.4 54.5 54.7 54.5 54.7 54.4 54.5 55.7 55.7 

Calc Feed  100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
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Table 36 Grain counting results for chosen runs from Phase 1 

Sample/Run number  Zircon Rutile 

Leuco-

xene 

Ilmen-

ite Garnet 

Mon-

azite Other 

Final Zircon Rej (Feed) 71.4 7.1 4.6 2.0 2.3 6.1 6.5 

4 9.7 4.5 0.0 0.0 46.5 2.7 36.7 

16 3.5 1.1 0.6 0.0 8.5 75.7 10.5 

19 75.6 8.6 2.5 1.6 1.9 6.2 3.7 

12 65.6 6.6 3.0 2.2 4.0 7.3 11.2 

22 72.0 6.2 3.2 1.3 2.8 5.3 9.3 

23 70.1 5.5 4.3 2.1 1.6 9.1 7.3 

25 70.3 7.7 3.2 2.4 0.6 5.4 10.3 

26 47.8 7.9 0.8 1.0 14.8 18.9 8.8 

27 66.9 6.0 4.8 1.4 1.1 8.9 11.1 

35 62.7 6.7 6.2 2.2 1.5 11.1 9.9 

 

 

Table 37 Monazite concentrate grade and recovery and zircon tail grade calculated from grain counting for 

chosen samples in phase 1 

Sample 

Concen-

trate 

weight 

(g) 

Tot 

weight 

(g) 

Monazite 

(g) 

Total 

monazite 

(g) 

Monazite 

recovery 

(%) 

Monazite 

grade 

(%) 

Monazite 

tail grade 

(%) 

Zircon 

tail grade 

(%) 

4 (C1+C2) 0.2 417.6 0.0 25.3 0.0 2.7 6.1 71.4 

16 (C1+C2) 2.0 421.2 1.5 25.6 5.9 75.7 5.7 71.7 

19  116.4 417.8 7.3 25.3 28.7 6.2 6.0 69.8 

12 131.0 419.2 9.6 25.4 37.6 7.3 5.5 74.1 

22 23.6 423.8 1.3 25.7 4.9 5.3 6.1 71.4 

23 252.6 418.4 23.0 25.4 90.8 9.1 1.4 73.4 

25 102.2 421.6 5.5 25.6 21.6 5.4 6.3 71.7 

26 0.1 411.4 0.0 25.0 0.1 18.9 6.1 71.4 

27 292.4 414.6 25.9 25.2 103.1 8.9 -0.6 82.1 

35 157.4 422.6 17.4 25.6 68.0 11.1 3.1 76.6 
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Figure 62 Index for Figure 32 

 

Figure 63 Mass pull and water recovery using the hydroxamate collector, sorted by collector dosage, 

depressant dosage and depressant type 

0	  

50	  

100	  

150	  

200	  

250	  

0	  

50	  

100	  

150	  

200	  

250	  

300	  

350	  

C	   C	   M	   M	   C	   C	   M	   M	   C	   C	   C	   C	   C	   M	   M	   C	   C	   M	   M	  

100	  g/t	   1200	  g/t	   650	  g/t	   100	  g/t	   1200	  g/t	  

Hydroxamate	  180	  g/t	   Hydroxamate	  
340	  g/t	  

Hydroxamate	  500	  g/t	  

W
at
er
	  r
ec
ov
er
y	  
(g
)	  

M
as
s	  
pu
ll	  
(g
)	  

Mass	  pull	   Water	  recovery	  



 

 

XXVII 

 

Figure 64 Mass pull and water recovery using the oleate collector, sorted by collector dosage, depressant 

dosage and depressant type 
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VII. Phase 2: statistical results from MODDE 

Table 38 R2, Q2, model validity and reproducibility summary for the original and reduced model in phase 

2:1 

 

Response R2 Q2 

Model 

Validity 

Reprod-

ucibility 

Phase21 Monazite grade 0.00 -10.47 -0.01 0.91 

 

Monazite recovery 0.80 -4.09 0.36 0.92 

 

ZrO2 tail grade 0.19 -11.17 0.09 0.89 

Phase21red Monazite grade 0.00 -0.83 0.21 0.91 

 

Monazite recovery 0.66 -0.03 0.45 0.92 

 

ZrO2 tail grade 0.15 -0.79 0.30 0.89 

 

 

Figure 65 Normal probability plots with standardized residuals for phase 2:1 
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Figure 66 Effects plot for the reduced model in phase 2:1 

 

 

Figure 67 Normal probability plot for monazite grade, recovery and ZrO2 tail grade in the reduced model 

in phase 2:1 



 

 

XXX 

 

Figure 68 Main effect plot for collector dosage for the reduced model in phase 2:1 

 

 

 

Figure 69 Main effect plot for depressant dosage for the reduced model in phase 2:1 
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Table 39 R2, Q2, model validity and reproducibility summary for the original and reduced model in phase 

2:2 

 

Response R2 Q2 

Model 

Validity 

Reprod-

ucibility 

Phase22 Monazite grade 0.88 -2.57 0.48 0.91 

 

Monazite recovery 0.88 0.37 0.90 0.69 

 

ZrO2 tail grade 0.59 -12.05 0.41 0.78 

Phase22red Monazite grade 0.66 -1.15 0.38 0.91 

 

Monazite recovery 0.88 0.80 0.97 0.69 

 

ZrO2 tail grade 0.55 -0.77 0.55 0.78 

 

 

 

Figure 70 Normal probability plots for the standardized residuals for the three responses Monazite grade, 

Monazite recovery and ZrO2 tail grade for Phase 2:2 
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Figure 71 Main effect plot for attritioning intensity for the reduced model in phase 2:2 

 

Figure 72 Interaction plot for attritioning intensity and collector dosage for the reduced model in phase 2:2 
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VIII. Phase 2: flotation results 

Table 40 Experimental data from phase 2:1 

Run number 

Mass (g) 

C1 C2 C3 C4 Feed 

1 43.2 0.8 0 0 428.4 

2 0.2 0.2 0 0 424.6 

3 0 0 0 0 422.4 

4 144.2 68.4 44.6 21.4 426.6 

5 1.4 9 0.4 0 428.6 

6 0.6 1 0 0 429.8 

7 160.8 58.8 45 29.6 425 

8 5.6 8.2 0.2 0 426.4 

9 0.2 0 0 0 424.2 

10 185.8 56 17.4 12.2 429.2 

11 0.8 9.8 0.2 0 425.6 

 

Table 41 Chemical assays from Phase 2:1 

Run Sample Weight (g) 

Assay (%) Assay (ppm) 

Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Tot U Th 

P21 C1 43.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 0.8  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 382 0.98 0.78 1.00 1.09 0.47 0.11 0.95 28.14 8.80 53.36 96.16 315 486 

P22 C1 0.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 0.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 420.4 0.96 0.78 0.99 1.09 0.47 0.10 0.94 28.22 8.92 53.98 96.95 309 477 

P23 Tail 412 0.97 0.77 1.03 1.09 0.47 0.11 0.96 27.87 8.73 53.27 95.75 314 493 

P24 C1 144.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 68.4  -  - -  -  -  -  -  -  -  -  -  -  -  

  C3 44.6  -  - -  -  -  -  -  -  -  -  -  -  -  

  C4 21.4  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 139.6 0.97 0.81 1.01 1.08 0.50 0.11 0.96 28.23 8.94 53.22 96.32 311 490 

P25 C1 1.4  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 9  -  - -  -  -  -  -  -  -  -  -  -  -  

  C3 0.4  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 414 0.74 0.61 0.83 1.11 0.45 0.09 0.72 28.20 8.85 54.72 96.78 319 389 

P26 C1 0.6  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 1  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 409.4 0.89 0.71 1.03 1.08 0.48 0.10 0.94 28.02 8.88 53.53 96.26 312 487 
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Run Sample Weight (g) 

Assay (%) Assay (ppm) 

Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Tot U Th 

P27 C1 160.8  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 58.8  -  - -  -  -  -  -  -  -  -  -  -  -  

  C3 45  -  - -  -  -  -  -  -  -  -  -  -  -  

  C4 29.6  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 126.2 0.92 0.84 1.02 1.05 0.51 0.10 0.90 27.72 9.39 51.68 94.72 298 453 

P28 C1 5.6  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 8.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  C3 0.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 400.2 0.64 0.56 0.77 1.13 0.44 0.08 0.61 28.45 9.15 55.36 97.75 316 328 

P29 C1 0.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 412.8 0.89 0.71 0.91 1.07 0.45 0.10 0.93 27.46 8.45 52.66 94.22 297 473 

P210 C1 185.8  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 56  -  - -  -  -  -  -  -  -  -  -  -  -  

  C3 17.4  -  - -  -  -  -  -  -  -  -  -  -  -  

  C4 12.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 150.2 1.02 0.80 1.06 1.08 0.51 0.11 0.95 28.23 9.11 52.87 96.35 312 489 

P211 C1 0.8  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 9.8  -  - -  -  -  -  -  -  -  -  -  -  -  

  C3 0.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 410.8 0.65 0.59 0.75 1.11 0.44 0.08 0.66 28.14 9.06 54.80 96.86 318 354 

 

Table 42 Chemical assays for Phase 2:2 

Run Sample Weight (g) 

Assay (%) 

Assay 

(ppm) 

Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Tot U Th 

P221 C1 4.4  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 5.4  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 413.6 0.74 0.60 0.86 1.11 0.45 0.08 0.68 28.36 9.04 54.97 97.48 319 366 

P222 C1 7.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 2.6  -  - -  -  -  -  -  -  -  -  -  -  -  

  C3 0.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 402 0.46 0.48 0.65 1.14 0.42 0.06 0.44 28.48 9.38 56.01 98.08 317 238 

P223 C1 20.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 4  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 399.2 0.76 0.61 0.88 1.13 0.47 0.09 0.64 28.28 9.32 54.89 97.65 319 348 

P224 C1 13.8  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 7.2  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 399.2 0.51 0.51 0.66 1.13 0.44 0.07 0.49 28.67 9.35 56.10 98.49 317 266 
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Run Sample Weight (g) 

Assay (%) 

Assay 

(ppm) 

Al2O3 CaO Fe2O3 HfO2 MgO MnO P2O5 SiO2 TiO2 ZrO2 Tot U Th 

P225 C1 13.4  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 5.6  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 398.2 0.49 0.49 0.64 1.13 0.43 0.07 0.51 28.38 9.07 55.85 97.65 319 277 

P226 C1 28  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 7.8  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 379.2 0.36 0.46 0.60 1.12 0.40 0.06 0.41 28.00 9.32 55.50 96.79 305 223 

P227 C1 16.8  -  - -  -  -  -  -  -  -  -  -  -  -  

  C2 6  -  - -  -  -  -  -  -  -  -  -  -  -  

  Tail 396.8 0.48 0.50 0.66 1.12 0.44 0.07 0.46 28.12 9.39 55.65 97.44 312 252 

 

Table 43 Experimental data from phase 2:2 

Run number 

Mass (g) 

C1 C2 C3 C4 Feed 

1 4.4 5.4 0 0 426.2 

2 7.2 2.6 0.2 0 423.8 

3 20.2 4 0 0 426.2 

4 13.8 7.2 0 0 425.6 

5 13.4 5.6 0 0 423.6 

6 28 7.8 0 0 426.8 

7 16.8 6 0 0 427.6 

 

Table 44 Grain counting results from phase 2:1 

Sample/Run number  Zircon Rutile 

Leuco-

xene 

Ilmen-

ite Garnet 

Monaz-

ite Other 

P21 66.9 8.8 2.9 1.7 3.4 4.2 12.1 

P22 50.3 9.4 4.0 1.6 1.7 4.3 28.7 

P23 49.9 10.1 1.5 2.1 1.6 4.8 30.0 

P24 64.6 7.9 4.4 1.3 2.5 2.8 16.5 

P25 2.1 0.3 0.0 0.0 25.1 66.4 6.1 

P26 27.7 4.3 2.9 0.0 13.7 5.3 46.1 

P27 73.9 4.0 2.2 2.1 2.1 3.9 11.7 

P28 1.7 1.0 0.3 0.0 30.1 57.2 9.8 

P29 60.3 10.4 3.8 0.0 1.3 4.0 20.2 

P210 67.6 9.9 4.5 0.3 1.6 4.3 11.9 

P211 3.4 0.3 0.5 0.0 33.3 51.5 11.1 
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Table 45 Grain counting results from phase 2:2 

Sample/Run 

number  Zircon Rutile 

Leuco-

xene 

Ilmen-

ite Garnet 

Monaz-

ite Other 

P221 1.6 0.5 0.7 0.3 26.3 62.2 8.4 

P222 0.8 0.5 0.3 0.0 21.1 71.1 6.3 

P223 4.0 0.9 0.8 0.0 31.4 53.8 9.1 

P224 4.0 2.7 0.3 0.3 34.2 50.7 7.8 

P225 6.2 1.4 0.3 0.0 34.0 47.4 10.6 

P226 18.4 6.1 0.5 0.0 21.2 39.1 14.7 

P227 6.4 3.0 0.5 0.0 17.6 53.7 18.7 

 

Table 46 Monazite grade and recovery and zircon tail grade calculated from garin counting results 

Sample 

Concentrate 

weight (g) 

Tot weight  

(g) 

Monazite 

(g) 

Total 

monazite 

(g) 

Monazite 

recovery 

(%) 

Monazite 

grade (%) 

Monazite 

tail grade 

(%) 

Zircon tail 

grade (%) 

P21 44 426.0 1.8 25.8 7.1 4.2 6.3 71.9 

P22 0.2 420.8 0.0 25.5 0.0 4.3 6.1 71.4 

P23 0 422.2 0.0 25.6 0.0 4.8 6.1 71.4 

P24 278.6 418.2 7.9 25.4 31.1 2.8 12.5 85.0 

P25 10.8 428.6  7   26   28  66.4 4.5 73.2 

P26 2.6 411.0 0.1 24.9 0.6 5.3 6.1 71.7 

P27 294.2 420.4 11.5 25.5 45.2 3.9 11.1 65.5 

P28 14.0 414.2  8   25   32  57.2 4.3 73.8 

P29 0.2 413.0 0.0 25.1 0.0 4.0 6.1 71.4 

P210 271.4 421.6 12 25.6 45.7 4.3 9.2 78.2 

P211 11.6 420.0  5   25   20  42.9 5.0 73.0 

P221 9.8 423.4 6.1 25.7 23.7 62.2 4.7 73.1 

P222 10 412.0 7.1 25.0 28.4 71.1 4.5 73.2 

P223 24.2 423.4  13   26   51  53.8 3.2 75.5 

P224 21.0 420.0  11   25   42  50.7 3.7 74.9 

P225 19.0 423.6  9   26   35  47.4 4.1 74.5 

P226 35.8 415.0  14   25   56  39.1 2.9 76.4 

P227 22.8 419.6  12   25   48  53.7 3.3 75.1 

P221T 413.6 423.4 17 25.7 64.9 4.0 

 

72.1 

P222T 402 412.0 11 25.0 42.8 2.7 

 

74.1 

P223T 399.2 423.4 6 25.7 21.6 1.4 

 

75.2 

P226T 379.2 415.0 4 25.2 15.7 1.0 

 

75.9 

P227T 396.8 419.6 5 25.5 21.5 1.4 

 

76.3 

 

 


