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ABSTRACT

Rare earth elements (RERjea group of the lanthanidemd aresignificanti n t he wor | d
economic growth and modern technologarket This REE technological resource is

globally distributed and highly monopolised in China. The global demand in REE led to
Chinaim At he l eadi ng economi c imrerpdru quetas ofthd REEO
commodity, thus reducing the supply of REE. The decline in REpply opened up
opportunitiedor other countries to explore alternative and additional sources of REE.

This researclaimsto investigate alternative sources of REE and to exjgloegficient means
of processindREE mineralsfrom an existing beach placdeposit operation, currently being
mined for titanium. Mineralogical characterisation and hydrometallurgical testwork were

chosen for this study.

The sample represented a tailings fraction from heavy mineral concentidimsamplevas
screened into far size classes namely; +212un212+150um, i 150+106um andi 106um.
Eachsize class was mineralogically characterised. Mineralogy is an important factor in plant
optimisation and process route predictions. In order to processeRiEiently, an upfront

mineralogy is a necessity to reduce the rising heftypoogessing costs.

An integration of Xray diffraction, optical microscopyscanning electron microscopy
(SEM), electron microprobe analggEMPA), automated SEM and bulk chemical analysis
wasemployedn defining the mineralogical characteristafsthe tailing sample.

The mineralogicabnalysis ofthe tailingsampleshowed monazite as the promin&iEE
bearing mineral, followedby zircon Other minerals such as epidote, amphibole, rutile,
guartz leuwcoxene, titaniteand almandine were identifieth the sample The results also
revealedthat the mineralogy of the sample varjger size fraction.The concentrations of
REE in other minerals were confirmed in zircon, leucoxene, titanite and almandineabg m
of EMPA.

The mineralogy findings showed thatrcon and monazite are well liberatedvith the
majority of these minerals distributed in t1&0+106pm andi 106um finer fractions.
Approximately 50 ma®6 of the sample, constituting the finer fractidres concentrated

monazite and zircon. The naturally concentrated monazite and zirctime ifiner size



fractions showed thdhe fraction does not require ore upgrading and it is amenable to direct
leaching. Subsequent to the mineralogical findings, théiegdestwork was carried out on
the combinedi 150+106pum andi 106um finer fractionsin three stagescaustic cracking,
water leaching and HCI leachinghe leached products and residues were investigated for
their REE extraction success. The extractiodifigs showed a 55% extraction efficiency of
rare earthelementsextracted from monazite onlyfhe mneral zircon was identified as an
alternative source of RERpart from monazitealthough processing of zircon proved to be

inefficient



WITS é
UNIVERSITY v

ACKNOWLEDGEMENTS

First and foremost, | want to thank God the almighty for the wisdom and strength bestowed
upon me in order to complete mgsearchproject | am grateful to my paren{sny mother
andmy late father)for remindingme and my siblings #t education is thkey to many doors

of successSpecialthanks to my sanLeseliHasandi Moilafor enduring and understanding

that mommy had to worlkevery night and every weeken8pecial thanks also go tay

mother Grace Moilafor her continuous support and prayers.

My appreciation alsextendso my supervisqrProf Sehliselo Ndlovufrom Wits University
(Schoolof chemical and metallurgical engineering) and mysQpervisoy Dr Destenthree
Chetty, (Mintek, mineralogyDivision) who keptme constantly engageoh my reseach. |
thankthem fortheir time and for believing in me Their support andavailability whenever |
neededheir inputdid not go unnoticed.

| would also like to giverecognition to the followingeople andnstitutions:-

1 Mintek, for funding my studieandallocatingfundsand timefor my project

The Mintek, Hydrometallurgy Divisionwith Sam Mokoena, Vusi Makama and
Thabiso Motlhamme for their consulting services patience and assistance in
conducting hydrometallurgical test work.

1 The Mintek, Minerabgy Division sample preparationteam for preparing my
samples

TheentireMintek mineralogy teanfor your encouragemeand support.
Archie Corfield forassisting with electron microprol@alyses.

The Analytical Service Divisiorat Mintek for conductng chemical analysis on my
samples.

1 My former Mintek colleagues:

o ltumelengMolebale and his teanfor thar assistancén obtaining the samples
for my project.

o Keshree Pillayfor her advice during thewriting of my thesis, your time,
support and guidance

o Themba Mothupifor assisting with running the samples on teA and
presenting the data

Finally, I would like to express my sincere gratitude tomall friends, ancdthe peoplevho

directly andindirectly contributedo myMaster of Sciencessearctproject



WITS é
UNIVERSITY v

LIST OF PUBLICATIONS AND PRESENTATIONS

Moila, A.V., Ndlovu, S. and ChettyD. (2017) The application of process mineralogy of the
rare earth elements (REE) containing tailings sample from a beach placer depbd,
3rd YoungProfessiona Conkerence Innovation Hub 9-10 March 2017pp. 99,Pretoria

Moila, A.V., Ndlovu, S. and ChettyD. (2017) The application of process mineralogy of the
rare earth elements (REE) containing tailings sample from ahbpiacer depositThe
Southern African Ingute of Mining and MetallurgyVol. 177, pp.615621, 1 July 2017
https://issuu.com/saimm/docs/sairgd1707jul



https://protect-za.mimecast.com/s/ZOqLBQI0WDLU9?domain=issuu.com

WITS é
UNIVERSITY v

DEDICATION

Thisthesis isdedicated to my soheseli Hasandi Moila, whase time lhad to sacrificéo

completethis researcliproject.

vi



1.

WITS é
UNIVERSITY v

TABLE OF CONTENTS

CHAPTER 1i INTRODUCTION......uuiiiiiiiiiiiiiiiiieeeieesiieiseeeeeeeeeeeeeeeeeeessmsmeeeaaaaaaeeees 1
0 A [ 1o To [ T £ PP PPPPPRPP 1
1.2. Problem identifiCation...........couuueiiiiiiiiii e 4
1.3, RESEAICKH @IMS...cuiiiiiiiiiiiee et r e e e e e e e e e e e et nnneeeeeeeees 5
1.4, RESEAICh QUESHIONS ......eviiiiiiiiiii st e s eeeretit s s e e e e e e e e e e e emmesss s s s e e e e e e eaeeeeeeeeeesrnnnes 6
1.5, RESEAICN SITUCIUIE. ... .uiiiiiee e eeieiieeieeee e e e eeeenn e semeee 6
1.6, TRESIS JAYOUL......ccii i e et e e e e e emnna s 7

CHAPTER 2i LITERATURE REVIEW.......ccoiiii i cceeeee e eeennnnes 9
/22 A | 10 To [ [ 1[0 ] ISP P PP PUTPPP. 9
2.2. Mineralogy and geology of REE ... 10

2.2.1. Mineralogy Of REE OF€S........coiiiiiiiiie e eeeeeeeeee e, 10

2.2.1.1. PlaCer AEPOSITS......cccccuiiiiiiiiiiiiitieeeiiiiebteer e e e e e e e e e e eeer e e e e e e e e e e e e aeeaaaaas 15

2.3. The extraction Of REE..........ccoiiiiiiiiii e 16
2.3.1. Physical and chemical beneficiation of REE...............ccooiiiiccceiiiene 17
2.3.1.1. Gravity SEParatiOnN.............uuuuuiiiiiesieeereiiiiese e e e e e e e e e e e e s raeer e aaaeaaaaaaas 18
2.3.1.2. MagnetiC SEPArAtIQN. ........eeiiiiiiiiiieeii it e e eene e 18
2.31.3.  Froth flotation.........ccceeiiiiiiiiiii e 19
2.3.2. Leaching Of REE.......ccooiiiiiii e 19
2.3.2.1. Sulfuric acid leach/ acid baking..........ccccoeeeiiiieiiceciiiiiiicce e 20
2.3.2.2. Mechanochemical treatment prior to sulfuric acid leaching............. 20
2.3.2.3. Caustic soda (NaOH) crackindgeaching............cccccvvvvvviiiicmeeeennnnnnnns 20
2.3.2.4. HCIIEACNING......ccii it 21

2.4, ProCesS MINEIAlOgY........cuuuuuuuuuuiiiieesieeeutaiiiiesse e e e eeeeeeeesameeiaasaaaeaeeaeasaeereessnninns 22

CHAPTER 3i MATERIALS AND METHODS .......cooiiiiieeeeii e 26
G 0 I [ 11 0T U X1 o 1S E PP PO 26
3.2, SaMPIE PreParatiON.......cccuiiiiiiieii e 26
3.3, Chemical @nalYSIS.......cciiuiiiiieii e nans 30
3.4. Mineralogical characterisation of feed sample.............cccooiiiiemnniiicciiiiii 31

3.4.1. X-Ray Diffraction analysiS...........ccooiiiiiiiiiiiicceiie e 31

3.4.2. AUTOSEM analysis (MLA).......ccooiiiiiiiieicieeee e eeesas e 31

3.4.3. Scanning Electron Microscopy analysiS...........ccccccvviiiiiieeeieeeviiiiiee e 32

3.4.4. Electron microprobe analysSIS...........ccccuuuiiiiiiiimmmiiiiiiiiiiiieee e 32
3.5. Metallurgytestwork and product characterisation.................cooevvcciiinieeennnns 33

3.5.1. Caustic (NaOH) CraCKing..........ccuuuuuuiiriiiiieeeiiiiiiiieieeeeee e eeeeeeee e 34

3.5.2. Water (HO) 1€aChING........ccuuiiiiiiiiiiiiiieceeeriiieeeeee e 35

3.5.3. Selective (HCI) [€aCNING.........ccuiiiiiiiiiiiiiiiee e 36

3.5.4. Characterisation of REE leaching products..............ccovvviiiccciiiiieeeeeennnnn, 37

3.5.4.1. Mineralogy of REE leach residues............ccccceeviiiiicccreieeiiiiiiieee e 37

vii



WITS é
UNIVERSITY v

3.5.4.2. Chemical @nalySiS.........ccccuuuimmmiiiiiiieeeiiiiiiiei e 37

4. CHAPTER 4i CHARACTERISATION OFFEED TAILING SAMPLE................... 38
g I 1 11 o o (3o 1o IR 38
4.2. Chemical analysis, mineralogy and mineral chemistry.............cc.cccveeeeeeene. 38
4.2.1. Chemical 8nalySIS.........cccoiiiiiiiiiiiieeee e 39
4.2.2. Particle Ske Distribution (PSD) of the tailings feed sample....................40
4.2.3. Bulk Mineralogy by size of the tailing feed sample............ccccovvvvieeeinnnee. 41
4.2.3.1. Data RecoNnCIlIation.............cooiiiiiiiiimmen e 44
4.2.4. Mode of occurrence dhe tailing feed sample............ccccccvvvivvieeciiinnnnn. . 45
4.2.4.1. Size fraction RLAUM .......coooiiiiiiiiiicemme e 45
4.2.4.2. Size fraction 212+150M....cccoiiiiiieeiiiiiiiiiiiieeee e eeeeeeeeeeeeeeenenennmeeeee . 40
4.2.4.3. Size fraction 150+106HM......ccccceeeeeiiiiiiiiiiiieeer e eeeeeeeeeeeeeveemeeeen 40
4.2.4.4. SizefraCtionT 106 UM ........uuuiiiiiiiiiiiiiieeeeeeerieereeee e e e e e e e e e eeeeesemamreeeeeaeaesd 47
4.2.5. Mineral Chemistry of the tailing feed sample...........ccccoovvviicceiiieevvininn, 48
4.2.6. Characterisation of REE containing minerals................ccccoimmnniiiinnns 50
4.2.6.1. The REE SPECIES......ceeveeeiiiiiiii it iee e emenne e e e e e e e 50
4.2.6.2. Mineral associations of REE SPECIES............uuuiiiiiiiiieeeiiiiiiiiiiceeeeeens S0
4.2.6.3. Liberation of REE SPECIES........ccoiviiiiiiiiiiicmee e 51
4.2.6.4. Elemental Deportment of REE SPECIES.......cccuvviiiiiiiiiiieaniiiiiieeeeeee, 54
4.2.6.5. Grain size distributiof REE SpeCI€s.............ccoovvviiiiivieemeeeeeeeeeeiininnns 56

4.3, SUMMAry and AISCUSSIQM......uuuuieiiiiiiiiiiiiieeeeeieeeee et e e e e e e e e e e e e s e srmmme e e e e e e 58
5. CHAPTER 5i CHARACTERISATION OFLEACH FEED AND PRODLWLTS........ 61
o 00 I 111 0T U Tox 1 o o 61
5.2. Chemical ad mineralogy data of the REE leaching results............................ 62
5.2.1. Chemical assay of leach residues and filtrates..........cccceeeeireeeceiicinnnn. 62
5.2.1.1. Chemical assay of leach residues..............ccoouviiiccciiiii e, 63
5.2.1.2. Chemical assagf the leachates...............ccuvvviiiiieeciiiiiiiiiiiiiiee 65
5.2.2. Mineralogical characterisation of REE leach residues.............cccccceeeeee. 68
5.2.2.1. Mineralogy of caustic (NaOH) cracking residues.................cccveuee.d 68
5.2.2.2. Mineralogy of water (IH0) leach residues...........ccccovviiiiiiccciiiiiiinnnns 71
5.2.2.3. Mineralogy of selective (HCI) leaching residues.............cccccceeeriennn. 73
5.2.3. EXtraction EffiCIENCY.......coouuiiiiiiii e 75
5.3, Summary and diSCUSSIQN.......cuiiiiiiiiiiiie et mmme e 75

vii



WITS é
UNIVERSITY v

6. CHAPTER 6i CHARACTERISATION OFZIRCON........ccccciiiiiiiiiiriecieeeeeeveveneees 77
6.1, INTrOAUCTION......uuuiiiiiiiiiiiiiiii ettt e e b nn e 77
6.1.1.  AIKAI TUSION.....ciiiiiiiiieie e errer e e e e e e e nnne s 78
6.1.2. Lime fuSioN tECNNIQUE..........uueiiiiee e eeeeeeeee e e e e e e eeeaaens 78
6.1.3. Plasma decompositioRENNIQUE.............cooiiiiiiiiiiiieee e 79
6.1.4. Thermal dissociation techniqUe............cccceeviiiiiicccciiciiiiiiieee e eeeeeeeeeeieeen e A 9
6.2. Experimental ProCeAUIES.........coooiiiiiiiiiiiee e 79
6.2.1. ALKl FUSION.....eiiiiiiiiiiiie e e 79
6.2.2. Chemical @NalySIS..........uuueiiiiiiiiiiii e 80
6.2.3. Hydrometallurgy teSIS........uuuuuiiiiiei e eeee e 80
6.2.4. Mineralogical characterisation of the zircon rich sample.............ccccc...... 82
6.2.4.1. Sample preparatiQn...........ccceeeriiiiiiiieeeie e 82
6.2.4.2. X-Ray DIffraCtioN..........ceeiiiiiiiiiiiiiiieeeiiie e 82
6.2.4.3. Scanning Electron Microscopy analysis............cccccvvvvvieeeeeevnnnnnnnns 82

8.3, RESUILS. ...ttt 82
6.3.1. HClleaching targetS........ccooviiiiiiiiiiieeee e 82
6.3.2. Minerals and phase COMPOSITIONS............uuuuuriieirimeeiiiiiiiireee e e eeenes 83

6.4. Summary and diSCUSSIQN.............uuuuuuuuiiimreeeeeiiirra e e e e e e emrmr e e e e e eaeaaas 34
7. CHAPTER 71 CONCLUSIONS AND RECMMMENDATIONS.......ccceeveeeeieiiiiiie 86
7.1, CONCIUSIONS.....uutitiiiiiiiiiiiti ettt e e e e e e e e e e e e s smmr e e e e e e e e e e e s s e s s nes b nnns s s e nnnnes 86
4% % O [ oY U Td 1 o] o PSSR 86
7.1.2 The value of MINEralogy........cccoeeeiiiiiiei e, 86
7.1.3. Role of mineralogy in selection of metallurgical process......................ce 87

7.2. Recommendations and further Worki..........cccccccoeiiiieec e, 90
REFERENGCES. ... ..o eees st eeeens sttt e e e e e e e aeeaeeeamamraraeaaeaaaaaaaaens al
APPENDIX A: ELEMENTAL MAPS . ...t nnee e 929
APPENDIX B: EMPA DATA ...ttt ettt mmne e e 107
APPENDIX C: MASS BALANCE ... .o iiiitiiieee e e e e e e e e e 122
APPENDIX D: MASS BALANCE CALCULATIONS .......ottiiiiiiiieieieeeee e eeeeeeeeeeeaaaaaa e 128
APPENDIX E: CALCULATED ZR/SIRATIO......ciiiiiiiiiiiiieieeieeen e 131
APPENDIX F: BULK MODAL MINERALOGY ..ooviiiiiiiiiieeeeee e 132



WITS é
UNIVERSITY v

LIST OF FIGURES

Figure 1. A demand and SUPPIY CUNVES......ccooieieeiiiiiiiieieees e e e e ee et mmme e aenenannes 2
Figure 2: TRESIS [aYOUL........ccooi i eeenae e 7
Figure 3: A periodic table indicating the rare earth elements...............cocoeveeeeiiiiiennl 9
Figure 4: The major REE deposits and world distribution...............cccccvvieeeniininn. 12
Figure 5: An ideal flowsheebf extracting REE.................ccooviiiiieeee e 17
Figure 6: An image showing the 50kg bucket of the research sample........................ 27
Figure 7: Images showing coning and quartering of the sample..............cccoovvceeennnnes 28
Figure 8: A flowsheet showing the sample preparation..............cccccuvvimmmrsnneeinienennnnne. 29
Figure 9: The experimental approach of the three leaching stages...............ccvvueeee... 33
Figure 10 Particle Size diStrDULION..............uuiiiiiiiiii e 40
Figure 11 Bulk mineral composition of the tailing feed sample................ccc...ecee..... 42
Figure 12 Data ValidatiOn...........uuuiiiiiiiiiiii ettt nnne e 44
Figure 13 Backscattered electron (BSE) IMAQES...........uuvuuiiiiiiieceiiriiiiiieee e e e e eeeee e 45
Figure 14: BSE images showing an overview (image.A).......ccooovriiiiiiiiiccceee e 46
Figure 15 BSE images showing an overview (image A) of th60+106 pm..................47
Figure 16: An overview (image A) Of thEL0GUM ........ooorriiiiiiiiiiieieeee e 48
Figure 17: Ideal liberation classes (adapted from Cropp, 2013)..........cvvvvvvriiicmennnnns 52
Figure 18 Liberation analysis of REE containing minerals............ccccccooviiieaniinnnnnl 53
Figure 19 Deportment of REE containing minerals of the sdknple............................ 55
Figure 20: Monazite grain size distribution,= number of graiesmeasured.................... 56
Figure 21 Xenotime grain size distribution,= number of grains measured................. 57
Figure 22 Zircon grain size distributiom = number of grains measured..................... 57
Figure 23. BSE images of residues from caustic cracking and washing.tests............ 69
Figure 24: BSE images Of reSIQUES ........cooiiiiiiiiieeee e e 71
Figure 25 BSE images of residues from HCI leaching............ccooooovviiriiiiiiccveeinnnnn, 73
Figure 26. A photograph showing the sample mixture before alkali fusian................. 80



WITS é
UNIVERSITY v

Figure 27: The XRD spectra of the leached fused ZirCon.............ccccceovvvcemmniciiineeennnns 84

Figure 28 Estimated COSt analySIS.......cccooiiiiiiiiiiii e eeee e 89

Xi



WITS é
UNIVERSITY v

LIST OF TABLE S

Table I CommonREE bearing minerals...............ooiiiieemiieee e 11
Table 2 Selected primary and secondary REE deposit types.............uvvvvvvicreeeeenennns 13
Table 3 Particle size diStriDULION..........coooiiiiiieee s 30
Table 4. Experimental conditions for the caustic cracking test...........cccceeeeiivieeennennnnns 34
Table 5 Experimental conditions for the water leaching.test.............cccccuvimmmniiiiiinnnns 35
Table 6. Experimental conditions for HCI selective leaching test...........ccccoovviiieeennnnns 36
Table 7: Analysed Rare Earth Element concentrations, in Ppm..............ceevvvvieeevnnnnne. 39

Table 8 Particle size distribution (in 2D, note, underestimation compared with.3D)..41

Table 9 Bulk mineral composition of the taig feed sample.........ccccoeveiiiiiniiiccc. 43
Table 10 Mineral ChemiISTIY........cciiiiii e e 49
Table 11 Normalised proportions of major REE containing minerals......................... 50
Table 12 Mineral associations of REE ... 51
Table 13 Liberation analysis of REE containing minerals by free surface %............. 54
Table 14 Deportment of REE containing minerals of the bulk sample....................... 55
Table 15 Previous results of the bulkineral assemblage of the sample..................... 61

Tableld& The REE Chemical anal ysi s .o.f...t.he2

Table 17 Elemental composition of caustic cracking residues.............cccvvvvieecciinnnnee. 63
Table 18 Elemental composition of water leach residues............cccooeiiiieeciviiiiceennn. 64
Table 19 Elemental composition of HCl leach residues..............covvvvviicccrvieeeeeiiiiinnnnns 65
Table 20 Elemental composition of caustic (NaOH) cracking filtrate.......................... 66
Table 21 Elemental composition of water leach filtrate................oovvvviiccciviieeiiiiiiinnnn 66
Table 22 Elemental composition of HCI selective leaching............ccccccooviiieeen il 67
Table 23 Averaged chemical compositions from the analysed points........................ 70
Table 24 Averaged chemical compositions from the analysed poinis............ccccc....... 72
Table 25: Averaged chemical compositions from the analysed points........................ 74
Table 26 Summary of REE eXtractiQn............coooiiiiiiiiiicceiiii et e e 75

Xii

compo



WITS é
UNIVERSITY v

Table 27. Experimental conditions of selective leaching test.....................

Table 28 Leaching conditions of REE extraction from zircon rich sample

Xii



GLOSSARY

pm Si unitfor microns
Agglomeration a mass olumpscollectionof particles or grains in sample
Alkali fusion a chemical method used to bredkwn strong chemical bonds

using NaOH, at high temperature and at a given time

Allanite an epidotegroup rareearth elemeinmineral

Alm Almandine

Am Amphibole

AutoSEM Automated Scanning Electron Microscopy

Beach placer deposits Afal | uvi aloféa secengaoysorigiritsat have anatural

concentrabn of denseor heavy mineralsleposited in streams,
rivers, and baches as a result of sediment deposition

BSE Back ScatteredElectron

Calcination a pyrometallurgy method that involves the use of high

temperature for thermal decomposition

Caustic cracking aleachingprocessvhereby NaOHs the solution of choice
Cracking to chemically breaklown compounds/bonds

Crystal lattice a symmetrical arrangement of atoms in a crystal
DI*water Deionized water

EDS Energy Dispersive Spectroscopy

EMPA Electron microprobe analysis

Ep epidote

Xiv



Export quotas

Extraction

Extraction efficiency
Geological setting
Gg

Grain size

Grs

Gt

H2SOu

HCI

Heavy minerals

HREE
Hydrolysis
ICP-AES
ICP-OES

Kv

Leach residue

L eachate

a restiction made by government to export a particular product

in chemistry,it is a removal of the element of interest using an

acid or base solution

the percentage of dissolved solids

the geological areaf origin or location

Giga grams

the size or diameter of a single crystahigrain or particle
grossular

goethite

Sulfuric acid

Hydrochloricacid used for selective leaching

a class of mingls with a specit gravity greater than 3g/cin
these mineralsare normally deposited along the coastal area

and riveror shore

Heavy Rare Earth Elements

a chemical breakdown asresultof reacting with water
Inductively Gupled PlasmaAtomic EmissionSpectroscopy
InductivelyCoupled Plasma Optical Emission Spectroscopy
Sl unitfor Kilovolt

a solidphaseproductfrom leaching/ solidiquid separation

known as leach filtratet is the solution resulting from leaching

XV



Lithium tetraborate

LREE

m/m

Micr o Sieverts
Mineral grain
MLA

Mnz

Monazite
MREE

nA

NaOH
Oxidation states

Particle

PLS

ppm

Process mineralogy

QEMSCAN

a flux for fusing different typeof material (i.e oxides,
ceramics, steel, silicatesarbonates, oxideand

aluminosilicates

Light RareEarthElements

mass per mass percent

Sl unitsfor measuring ionized radiatiaiosage
specific minerals that make up a patrticle in a rock
Mineral Liberation Analyser

Monazite

a rare earth phosphate mineral

MediumRareEarth Elements

nano amperes

Sodium Hydroxide base solution uded REE cracking
represent the number of electrons gained or lost by an atom

a small quantity or fragment of any composition that has a

grain size and chemical cowgition.
pregnant leach solution
partsper million

the application of mineralogy studies in order to design or

optimise the metallurgical plant

Quantitative evaluation of minerals by scanning electron

microscopy

XVi



Qtz

REE
Rt
SEM

Solid solution series

Tailings sample

TREE

WDS

XBSE

X-Ray Diffraction
XRD

Zrn

WITS é
UNIVERSITY v

Quartz

RareEarth Elements

Rutile

Scanningelectron Microscopy

elementalsubstitutionthat occurs in minerals when specific

minerak share the same basic chemical formula

it refers to he by-products left over from mining and extracting
the resource and in this study that sample was used a feed

sample.

Total RareEarthElements

Wavelength dispersive spectroscopy

Extended backscattered electron

arapid method used to identify mineral abundance
X-ray diffraction

Zircon

XVii



1. CHAPTER 17 INTRODUCTION

1.1. Introduction

Rare earth elements (REE) belong to a group of the lanthanide series elements from the
periodic table They consist of fiften elements of théanthanidesuite, including scandium

and yttrium Schweitzer and Pesterfield, 201This group of elementss very important in

the worl dos economic gr owt h andaremaonthrr N t ec
constituent of many advancedatarials, especially in the high technology and green energy

sectors.

The REE are widely and globally distributedth China in control of approximately 95% of
the worlds REE marke{Chen, 2011Levkowitz and Beauchamllustafaga 2010).China

has played principal role in REE mining and production ftbe past two decades (Massari
and Ruberti,2013); resulting in a fluctuating trend of demand and supply of this

technologicatesource.

In the midsixtiesthemaj or ity of t he wor bndtbeMouRt&ErEPagsr od u ¢
depositin California United States of America (USA(Rare earth elements, 20121 the
90s, Australiaébs Mount Weld was the second |

remained as the largest produfi€ogel et al, 2006 British GeologicaBurvey, 201).

In 2003, the Mountain Pasgre earth mine ceased its mining operation as a result
environmental impacts and lower prices of REE (U.S. Geological Survey, 2004). This change
influenced the rest of the United Stwtef Ameica (USA) REE life chain Later, the REE
application in the U.S. significantly declined by 29% frodi®tonne (Kt) in 2003 to 5. Kt

and 5.2Kt in 2004 and 2005espectivelyFrom 1995 to 2007, there wasignificantchange

in the REE marketfAlam, 2012) due to the decline in U.S. REE, leadingto a global
increasen REE demandu and Graedel, 20)1

A decade later Chinamerged athe leading economical producer of Ri&rldwide other
countries became completely dependent upon its ex@nitsi Geological survey, 2a).
This subsequentlied to the closure of Australian and LASREE mines as they could not
compete with the lower production costs of REE in Clitlaaralampideand Vatalis 2015)
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Most REE in the world are mined in China in BayObomine which is a carbonatite deposit
in Mongolia. The global REE production igherefore highly monopolisedby China
(Wibbeke, 2013)

China has thedlargestwor | d o s popul ati on, and with mo s t
dependent on its REE resour@hinawas placedn a difficult stateof meetingbothits own

local and international export demand (Morrison and Tang, 20C2)na then decided to

implement new export regulations to linilis REE exportsBinnemanset al, 2013).This

involved prohibiting the REE sales and the establishment of export quoteden to meet its

own REE needéSeaman, 2010However, the new changes impacted the rest of the dvald

demand and supply, creating a supply chain gap that later led to a high demand for this

technological resourceas shown irfrigure 1.
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Figure 1: A demand and supply cursjeshowing@andincrease in the deficit gap created by the decline
in REEexport sourced fron{fAMGOLD, 2012).

Due to the changes in the REE mining and production industry as a result ob @Gltiesapt

to sustain its supply; other countri@stside Chinaverecompelledio exploreothermeans of
closing the REE supply gap creategl ®hina. After the closure of Mountain Pass mine in
2003 the United States of Americanly processed REE concentrates from ores mined before
the mine was cled (U.S. Geological Survey, 2008ritish Geological survey, 20}1

However, the rapid increasesglobal REE demanidd to a rebirth in exploration of other



REE sources, with the US Molycorp renewing the mining permit for Mountain Pass in 2004
(Jacoby and Jiang, 2010) and Mount Weld in Austraieewed by Lyna

Recently Mountain Pass and the tmalian Mount Weld mine increased the REE production,
with other countries suchs South Africa and Asian countries such as India, Kazakhstan and
Vietnam working towards the REE production stagdsese newsourceswere able to cut
China'’s share of globalipply to 86% from over 93%etween 2011 and 2012 (Tse, 2D1

In order to fill the demand gap created by China, Japan made plans to extend the search for
highly concentrated REE ithe deepsea mud of the Pacific Ocea@drdon, 2011 Japan

also made insto recycle old batterieandelectronics for their REE conteahd to develop
alternative supplies of REE originating from Mongo{iBabwchi, 2010). India planned to
resuscitate its REE productidrom Indian Rare Earths Limited (IREL)which had been
stopped in 2004. Other plans to enhance the development of REE supply in India and
Vietnam were also made by Toyota Motor Corporation, for 2011 and Jd@&8ky and Jiang,
2010;Montgomery, 2011)According toJacoby and Jian(2010, Molycorp announced

it had acquiredone of the greatesw o r | lehdirgy Rare earth processing compélep

Material Technologies Inc. (Neo).

As a result of the changes in REE expamsl subsequentievelopmentsthis studyaimsto
assistin identifyinganadditional REE resurceas well aghe developmentr optimisationof

an efficient ore processing router REE in South Africa. The Chinese, Americans and
Australians have developed technologies to procB&E from various geological
provenances, whereas South Africa hasvelbped extraction technologies f&REE
originating from hydrothermal and carbonatite deposits.

The beach placer deposits in South Africa have been expéorétbeneficiated fortheir
heavy minerals (i.e. ilmenite, magnetite, rutile, leucoxene, garz@tspn cassiterite,
monazite etc.). However, very little work has been conductedsesbeach placer deposits

in terms of REE extractioffom monazite and other heavy minerals such as garnets, zircon
and leucoxene The heavy minerals from placer depsshave a potential of REE

concentration in their solid solution series, as a result of ore genesis.



This studyinvolves the use oprocess mineralogfor the development adn extractiorroute
for REE from an existing beach placer deposit, currently dhfoetitaniumandiron as a by
product with the aim to explore sources of REE other than monazite.

The scope of thevork entailsmineralogical and hydrometallurgical investigation of the REE
ore from abeach placer sardkposit, whereby minerals suchrasnazite, leucoxene, zircon

and apatitestc. arethoroughly investigated for their REE content. This project also aims to
reduce the compounding costs that come with processing of REE, by introducing

mineralogical characterisation in the early stageg®poocessing.

1.2. Problem identification

Chinaés ceasing of their supply quotas in R
paved ways of exploring other sources of REE producResearchstudieshave been
conducted globally on REE from carbonatitgpdgits and placer depositShina and the
USAcontaint he | ar gest percentage of the worl dos
carbonatite deposits; wheasplacer deposits in Australia, Brazil, China, Indi®alaysia,

South Africa, Sri Lanka, Thaitel and theJ.S.A. account forthe second largest part in the

world REE distribution (Haxett al, 2002).

However, it should be noted thamot much research has beeanducted on the REE
originating from placer deposits the African continent, particulgr Southern Africa. Most
heavy mineral deposits or placer deposits are mined for titabaaringminerals and zircan
with products such as monazite and leucoxene often considered as tailings mateese in th
operations. Leucoxene is an alteration prodicitanium minerals and has the potential of
carrying REE in its crystal structure or lattiddere is wthing published or literature review

in the open on investigatinlgucoxeneand other heavynineralsfor their REE content.
Heavyminerals such asircon,leucoxene, titanitegarnet and epidotes also have a potential

of carrying REE concentration.

The proposed study will therefore address leucoxene, gandtarcon as a potential and

additional REE resource in placer deposits.

Titanium mining conpanies have abandoned monazite and other-IlsdaEng minerals due

to environmental issues associated withrthredioactive nature (thorium content).



The environmentahazards associated with monazite and the difficulty in obtamimgclear
license tatreat monazite could be a possible reason why titasium mining companiego
not mine monazite as a4pyoduct. TheEneabba placer deposit in Australia is an example of
a placer deposit that mined titanium as a primary product and monazt&yagrodLct.

However, this is not the case with African deposits including Southern Africa.

Often times, during ore processing or minerals extraction, mingraédogsed as @roblem

solving tool. The behaviour of the ore affects the processing route; hanwerabgy is a

vital component or factor in determining the ease or difficulty of processingxdracting

REE beforehand, which can be looked at as a cost cutting meaddimeralogy should
therefore be used at the beginning of a project as a decisi@kingtool for the processing

and extraction routes to pursue in relation to ore processing. This would eliminate numerous
issues that metallurgists or engineers encounter prior to mineral extra€titis high

technological resource, sinite extractions very complex and costly.

To addresghe identified problemthe scope involvea detailed mineraloginvestigationto
give guidancenthe hydrometallurgy to be conductiedextracting the REHn addition,the
process mineralogy and extraction of REE frgacer deposit leucoxene, zircon and

monazitestudieswill aid inachievwng the main objective of this research study.

1.3. Researchaims

The main ainof thisresearchs to evaluatethe development adn efficientprocessing route
for the extraction of rarearth elements from alternative sour@es. other heavy minerals)

This study will focus on théllowing: -

1 The daracterisation oREE containing mineraldfrom an existing heavy mineral
beach placer deposit currently being mined for titanium and imoorderto explore
an additional andpotentialREE resourceThis additional angbotential REE resource
refers to other minerals that contain REE and the possibility of extracting REE from

those minerals.

This will involve the study of monazite and otheavy minerals frona beach placer
deposit for their REE content. The identified heavy minerals will be investigated

further for their mineral chemistrin order to locate the proportions of REE within



their crystal lattice Monazite will beexaminedand other minerals such as leucoxene,
zircon and garnet will be investigated as an additional REE resource from an existing
placer or beach sand operation, currenttyining ilmeniteand rutile for titanium
production. Monazite, garnet, zircon and leucoxenénipaeport to the tailings and

can be investigated as a-pyoduct from this existing titanium production operation,
as a means of maximising the potential of the resoudxdailings sample from a Ti
operation will be investigated.

Evaluating if conductig mineralogical characterisation prior to processing route

selection, can serve as an economical decisiaking tool.

The processing route of REE will be drawn from mineralogical findings, and these

findings will aid in assessing the possibility of opgrading or direct ore leaching.

1.4. Research aestions

What are the different REBearing specie®und inthis placer deposit

Apart from monazite, r@ there REEpresent in other heavy minerals from the beach
placer deposit

What is the best possible apprbaof extracting REErom REE containing minerals
and heavy mineralg.e. alkaline route or acidic route)

Can thedifferent REE species be treated simultaneously or separately, and what will
bethe advantages ammnstraints ofreating REE in each of ése ways®ill the use
of mineralogical techniquegrior to processingrovide an effective decisiemaking

tool toact acosteffectivemeans of REE extraction?

1.5. Researchstructure

The researchvill include thefollowing:

= =4 4 -4 A -2

Literature review

Acquiring samges for the study

Sample preparation for the entire study
Mineralogical analysis

Metallurgical testvork

Reporing findings



1.6. Thesislayout

The thesis layoutomprise sevenchaptersas shown irrigure 2.

Chapter 1

Introduction

Chapter 2

Literature Review

Chapter 3

Materials andMethods

Chapters4 &5

Characterisation of tailings feed anc
leached prodcts

Chapter 6

Characterisation of zircon

Chapter 7

Conclusions and Recommendation:

Figure 2: Thesis &yout
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Chapter 1 introduces the scope ofetproject, the history dREE global supply and demand,

the problem identification antie main objective

Chapter 2 contains a comprehensive literatureiegy which begins with the background of
REE and the importance of REE globally, as well as the ge@odymineralogy of REE,
different deposit typesand REE global distributionThis is bllowed bya review of both
physical and chemicahethodsusedto extract REE. The literature reviealso emphasises
the importance of integrated mineralogical techniques agcsionmaking tool in the
mineral processing approach for this study.

Chapter 3 detailsthe methodologcal approacksused to answer the resdamuestions and

meet the research objectives.

Chapters 4 and5 present the resuland discussion of the tailingeed sample leach feed
and leach productsf the study i.emineralogicalcharacterisation and extraction results.

Chapter 6 providesaddtional work on the zircon characterisation and the extraction of REE

from zircon

Chapter 7 concludesthe main findings of the study ammtovidesrecommendations for

further work
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2. CHAPTER 2171 LITERATURE REVIEW

2.1. Introduction

Rare earth elements (REE) nete a group of seventeen periodic table elements, in which
fifteen of these elements are a series of lanthanides, as well as yttrium and schodyet (
al., 2010; Kulet al, 2007; Kumariet al, 2015 Gupta 2003 Lanthanides are elements from
atomicnumbers 57 to 7{Schweitzer and Pesterfield, 2010

The elements, which ar&nthanum, cerium, praseodymium, neodymium, promethium,
samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium
and lutetium form part of the l#manides Massariand Ruberti 2013 Naumov, 2008
However, scandium and yttriuadsoexhibit similar physical and chemical properties.the
oxidation states and valence electron orbital configuration) as lanthamidésre often

grouped with thenfFigure 3).

= Periodic Table of the Elements 2
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Figure 3. A periodic table indicating the rare earth elemgffitscluding scandium and yttrium)
circled. Image frontnahistoryoftechnology.com
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The valence electron configurations ataracterisety 6s25d14fh ‘or 624f". The elements
cerium to lutetium have the series known as
and the 5d and 4f electrons sublevel exhibit similar rare earth atoms energies (Spedding,
1975; Gupta and Krishnamurthy, 2005he REE ae generally grouped into two typéshe

heavy rare earth elements (HREE) and light rare earth elements (LREE) (British Geological
survey, 201). The LREE are from lanthanum through to europwiie theHREE are from
gadolinium through to lutetium, indling yttrium. Scandium does not belong to either of the
two REE types LREE or HREE (Gupta and Krishnamurthy, 1992). Cerium is the most
abundant RERvhile promethiumis the rarest REEKoltun and Tharumarajah, 201%yler,

2004). These REE are not rarenature; theyccur in low concentration across the world,

with cerium, lanthanum, neodymium and yttrilb@ingthe most common REE

The REE are vital tathewor | dds growing mar ket and econo
production vastly increasing (IAMGOLD,022). The rare earth elements are naturally
flexible, soft and readt high temperatures; hence their extensive use in modern technology.

Rare earth elements are a major constituent of many advanced materials, especially in
modern high technology, for gge energy sectors (LED), permanent magnets, rechargeable
batteries, catalysts, glass additives, phosphors, hybrid cars, turbines and many more
electronic gadgetgHabib and Wenzel, 2014t ong et al, 2010; Szumigala and Werdon,

2010; Goonan, 2011 Becauseof various REE properties such as high electrical
conductivity, high metallic lustre and oxidation stat®),(these elements have generated a

greatinterest in the mining sect@Helmenstine, 2017)
2.2. Mineralogy and geology of REE

The REE are found in almst all mineral groups (silicates, oxides, carbonates, hydroxides,
fluorides and phosphates) and they also occur in different types of deposits.
2.2.1. Mineralogy of REEbres

The REE do not occur as pure elemgttisy are found in a variety of mineralaple 1).
There are over 250 REearing minerals discovered to ddtem different types of deposits
(Gupta and Krishnamurth2005; Jordenst al, 2013).

10
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Table 1: CommonREE bearing mineral@daptedrom Orris and Grauch, 2002; Castor and Hedrick,

2006)

Mineral name

Ideal chemical formula

Aeschynite (Ce) (Ce,Ca,Fe)(Ti,Nk O,OH)%
Allanite-(Ce) (Ce,Y,Ca)(Al,Fe3")2(SiOu)3(OH)
Apatite (Ca,Ce3(POy)3(OH,F,CI)
Bastnaesite (Ce,La,Y)CQF

Brannerite (U,Ca,Y,Ce)(Ti,Fe)Os
Britholite-(Ce) (Ce,Cay(SiOs,PQy)3(OH,F)
Eudialyte Nay(Ca,Ce)(Fe*,Mn?*,Y)ZrSisO22(OH,Cl)
Euxenite(Y) (Y,Ce,Ca)(Nb,Ta, TO,0OH)

Fergusonite(Ce)

(Ce,La,Nd)NbQ

Gadolinite Ce)

(Ce,La,Nd,Y)2F&Be:Si:O10

Kainosite (Y)

(Cax(Y,CepSis01,C0s.H0

Loparite (Ce,La,Na,Ca,Sr)(Ti,Nb)©
Monazite(Ce) (Ce,La,Nd,Th)P®@
Parisite (Ce) Ca(Ce,La)(COs)3F2
Huanghoite(Ce) BaCe(CQ)zF
Xenotime YPOy
Synchysite(Ce) Ca(Ce,Y)(CQ)2F
Florencite(Ce) CeAlx(PQy)2(OH)s
Yttrocerite (Ca,Ce,Y,La)k.nH0O
Cebaite(Ce) BasCex(COs)sF2
SamarskiteY) (Y,Ce,U,Fé"3(Nb,Ta,Ti%016

There are generally three mineral species mainly mined for. RBEse ardastnaesitea
LREE fluorocarbonate, monazjtea LREE or HREE phosphate and xenotime HREE
yttrium phosphatdRabieet al, 2013) Most production of REE comes from less than 10
minerals; hence the extraction of REE resources is strongly dependetite dREE

mineralogy.

Rare earth elements occur in a variety of geokdgieposits and emonments.The REE
minerals normally occur in igneous and metamorphic rasksvell assedimentary placer
deposits $appin and Beaudoin, 2015Gupta and Krishnamurthy (2005) published
comprehensive information on REE deposits and their occurrences weitB@ minerals of
REE discoveredThe concentration and distribution of these REE mineral deposits are

influenced by rocorming and hydrothermal processes.

11
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The REE mineral deposits are categorised into primary and secondary deposits. The primary
calbonatite deposits are associated with igneous and hydrothermal processes, whereas the
secondary deposits are linked with sedimentary processes and weathering (Sappin and
Beaudoin, 2015)Furthermorethese deposits are further classified according to enesis,

mineralogy and occurrence. The global distribution of REE resources is presented in
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® Carbonatite complex m Peralkaline igneous deposit B Vein deposit
O len-adsorbed clay deposit # Placer deposit B Weathered crust saprolite

Figure 4.

Figure 4: The major REE deposits and world distribut{omodified Szumigala and Weas, 2010.

The most economic and commercial REE deposits are associated with bastnaesite and
monaziteminerals from igneous rocks and carbonatites dep¢Ri&bieet al, 2013. Table 2

shows thegeneral primaryand secondarlREE bearingnineral geological settings.

12
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Table 2: Selectedprimary and secondary REE deposit tyjesl their geological settingadapted
from Orrisand Grauch, 2002; Grauch and Mariano, 2008).

Deposit type Depositname and Country of origin

REE deposits of primary origin

Bayan Obo in China

Mountain Pasg California USA

Iron Hill in USA

Ambar Dongar in India

Barra do Itapirapua in Brazil

Iron Hill, USA

llimaussaq, Greenland

Khibina andLovozerite Russia

Thor Lake andStrange Lake, Canada;
Weishan, China;

Brockman, Australia;

Pajarito Mountain, USA

Karongein Burundi
NaboomspruitZandkgsdrift and
Steenkampskraal i8outh Africa
LemhiPass, Snowbirdnd Bear Lodge,
USA

1 Hoidas Lake, Canada

REE deposits of secondary origin

Beach placer depositaturally transported Eneabba itwWestern Australia

sediments along rivers and coastlines Richards bay minerals in South Afa
Chavara,India

Green Cove Springs, USA
Perak in Malaysia

Chavara, India

The Carola monazite belt in USA
Guangdongn China

Elliot Lake in Canada

Bald Mountain n the USA

REE associated carbonatites

REE associatedith alkalineigneous rocks

Hydrothermal deposits

=4 =4 =8 =4 408400491

E]

Alluvial depositsi heavy minerals

Paleo placedeposis - ancient formed placer
deposits

Mount Weldin Australia

Chemicalweathering formedREE Lateritic _ _
Kangankunde&leposit Malawi

deposits

=A| A=A A=A -2-4-4=-a=-a=1
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Carbonatites are the dominant sources of rare earth elements, with mé&grdrigcing

deposits mainly of carbonatite origin (Jackson and Christiard$88). The carbonatites are

igneous rocks; they are of deeply magmatic origin, rich in carbon dioxide and low in silica

t hat intruded t he eGupta &nd<sishmamuttsy 2005 Mhie REEBO | 1 d i f
mineralization of carbonatites includes mainly LREE minerals asdbastnaesite, synchysite

allanite and monazite

Pegmatite deposits are a hard rock sourceE¥ that begin as granitic magmas formed by
re-melting of crustalmaterial (Jackson and Christiansen, 1993). Monazite and allanite are
associated with pegmatite deposits, and these deposits tend to have HREE enriched within

these minerals

Primary deposits include hydrothermal deposits, which are unrelated to alkale®usgy
rocks, with hydrothermal deposits enriched with HREE minerals such as xenotime (Orris and
Grauch, 2002).

Lateritic deposits are a result of chemical weatherfanézawaandKaminati 2006 Robb,

2005. Theseare also of economic importance and farened bythe weathering of RE&ich
alkaline complexes. Apatite, pyrochlore and monazite are typical residual minerals, and
crandallite group minerals are typical secondary minerals formed during weathering (Jackson
and Christiansen, 1993).

The ion adsonon clay depositsg.g.China Longnan REE deposit Ching are weathering
alteration products of REEnrichedclay (Grauch and Mariano, 2008).

Placer deposits are concentrations of heavy mineral beach sands aatlially transported
and deposited wh sands and gravel by rivers or coastal proc@sag and Grauch, 2002).
The most vital REEbearing minerals in this type of deposit are monazite, somethnitles

minimal amount®f xenotime.

14



2.2.1.1. Placer deposits

This project involves mineralogical charactation and extraction of REE from material and
products originating from a beach placer depoBitacer depositsalso referred to as
Aal | uvi alare of d sguandary brgyiand have a natural concentration of dense or
heavy minerals deposited itresams, rivers and beaches as a result of sediment deposition
(Robb, 2005). These heavy mineralso have high specific gravity, and such properties
make tle minerak chemicaly resistant to weathering arberefore,durable yan Goseret

al., 2010).

Theliterature onthe geology oplacerdeposits isvast; there habeen discussi@published
by a numberof authors Orris and Grauch, 2002; Castor and Hedrick, 2006; Kanazawa
Kamitani, 2006; Gupta andKrishnamurthy 1992; Gupta andrishnamurthy 2005. Most
commercial REE deposits aessociated with carbonatite apthcer deposits with placer
deposits found in beach sands or along the cdhsly areformed by concentration dfeavy
minerals such as titanium containing minemaith zircon leucoxeneapatite, xenotime and
monazite(Shepherd, 1990 yler and Minnitt, 200%as byproducts.

The REE placer deposits are found acrosswbdd. In the 1980sAustralia was the third
main producer of REE aftéhe Mountain Pass and Bayan Obteposits Australia produced

about 2500 tonrsof monazite annually from its Eneabba West Coast placer deposit, north of

Perth (Castor and Hedrick, 2006). There are several countries that have explored monazite as

a byproduct and theseinclude Brazil, India, Malaysia, THand, China, Taiwan, New
Zealand, Sri Lanka, Indonesia, Democratic Republic of Congo, Korea ahthifesl States

of America(Sengupta and van Gosen., 20W6S. Geological Survey, 2011).

Other examples are:

1 Heavymineral sand high dunefrom North Stradiboke Islandan Australian island in
the state of Queenslalfdoatsoret al, 2011)

Heavymineral sandrom Murray Basin inAustralia.

Monazite sandrom Orissabeach placein easterrindia(Rao and Misra, 2009)

Heavy minerakandrich in monazite froma deposit in Southern India

= =| =2 =

The Carolina Piedmontith Monazite alluvial deposit

15
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2.3. The extraction of REE

Diverse techniques have been applmd different workers totreat REEores and these
extraction techniques have been used in different operatiopsocess rare earth elements.
There arevariouswell-known processe$or decomposinghe REEbearing mineralsand in
order to select an appropriate beneficiation and leaching mdttednineralogy of the ore
has to bearefullyconsidered.

Bastnaesitea fluoracarbonate mineral and monazite phosphatenineral Pedmanet al,,
2014), argwo well-known major commercial REE ore minerals from which predominantly
REE can be xracted with relative eas€igure 5 below shows an ideal flowsheet REE

extractionfrom bastnaesite and monazite.

16
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Bastnaesite Monazite/
Xenotime
concentrate concentrate
Mountain FPass—— Bayan Obo Acid route Alkaline route
I | I I
HCl leach H2S0; bake Hot H2504 Conversion
300-600°C digestion to hydroxides
Water leach Water leach Liquid-solid
Calcination (650°C) seperation
85-90% REO Liquid-solid Liquid-solid | waste HCl
concentrate separation separation Th leach
Precipitate REE Precipitate REE
REE purification as double as double Liquid-solid |, .c;,
sulphates sulphates separation
Conversion to Conversion to
hydroxides REE hydroxides REE purtiicetion
HC! leach HC! leach
REE purification REE purification

Figure 5: An ideal flowsheetof extracting REEfrom bastnaesite (carbonatite origin REE) and
monazite placer deposit origin REE3daptedrom Chegwidden and Kingsnorth (2002)

2.3.1. Physical and chemical beneficiation of REE

Ore beneficiation involves upgrading the drg physical or chemical technique$his is
achievable by applying various methods such as crushing, screening, sorting, milling,
washng, filtration, gravity and magnetic separation, flotation and agglomeration (Wills,
2006).In terms of ore beneficiation, the selectiontloé most suitable method for upgrading

the ore depends on the ore characterislibesecharacteristics are obtaméy conducting
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mineralogical characterisation of the ore. This shows that mineralogy is an important factor to
be considered before embarking on any metallurgical campaign.

The ore can either be beneficiated chemically, physically, or undergo thermoahemi

beneficiationBelow are some of the wdthown beneficiation methods.

2.3.1.1. Gravity separation

Rare earth minerals from beach placer deposits are known to have dense specific gravities
ranging from 4 to 7, which makes RHERineralsgood candidateor gravity separation
(Ferronet al, 1991). Gravity separation can be unfavourable on ore where gangue minerals
have specific gravitiesimilar to the desired rare earth minerals, e.g. barite in Bayan Obo
(Guy, 2000).

Gravity separation is less costly to utilise beach sandwing to a wide range in specific
gravity. It is commonly used in REE beneficiation, mainly for monazite ore. The REE
operations in China use both froth flotation and gravity separation (shaking tables, spiral

concentrators and conical segiars) for ore beneficiation (Chbt al, 2001).

2.3.1.2. Magnetic separation

Magnetic separation is a method that separates minerals based on their natural magnetic
susceptibility; this stageis also an efficient separation stage in REE beneficiation. This
separdbn stage is used to reject magnetic gangue fromnmagnetic REE minerals, or to
produce a concentrate of monazite or xenotime since REE have electrons with magnetic

components (Gupta and Krishnamurthy, 1992).

Monazitesfrom placer deposits respond wall magnetic separaticend gravity separation.

These two separation methods are also used to separate paramagnetic monazite-from non
magnetic heavy mineral gangue material such as zircon and rutile (Zhang and Edwards,
2012). However,an effectivebeneficidion of monazite from beach sands involves gravity
separationcombinedwith magnetic separation to disregard magnetic susceptibleraisn

such as magnetite (Jordest al, 2013; Ferroret al, 1991).In Ching magnetic separatoese

used toremoveFe-cortaining gangue prior to REE separation by flotation (€thal, 2001;

Zhang and Edwards, 2012).
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2.3.1.3. Froth flotation

Froth flotation is a mineral separation process that is used to produce concentrates of an ore.
This process takes place in a wat@neral sispension and separates minerals based on their
hydrophobicity properties. Froth flotation can also be used to separate different REE
minerals and this is dependent on the mineral type and geological provenance of REE

containing minerals.

Theflotation of monazite from beach sands or placer deposits involves the use of fatty acids
or phosphoric acid esters as collectors (Pavez and Peres, 1993; Dixit and Biswas, 2008; Pavez
and Peres, 1994The flotation process of monazite and bastnaesite is differengadwithe
mineralogical differences of the ore deposits. The gangue nsriaramonaziteconcentrate

from beach placer deposits includes numerous heavy minerals (i.e. ilmenite, zircon,
leucoxene, pseudobrookite, rutile, magnetite, quartz, and epiddtie)) might require high
consumption of reagents contrast togangue associated witlastnaesite (from carbonatite
deposits), (Pavez and Peres, 1994).

Upgradingof bastnaesite is achieved by using both physieparatiorand flotation methods;

the grawty and magnetic separation stages are conducted prior to flotatioet(&hi2001).

A combination of physicakeparationand flotation methods can aid in the upgrading of
concentratgroduction.To date, there isery little research available on theviestigation of

other heavy minerals such as zircon, garnet and leucoxene for their REE concentration

extraction potential.

2.3.2. Leaching of REE

The leachingof rare earth elements involvenvo processing routasamely:- the acid route
and the alkaline route(see Figure 5). The leaching of REE is carried out on upgraded

material inthe form of a concentrate. The concentrates or products are then directly treated
by either acidic or alkaline reagerdepending on their meralogy. In othefnstancesthe

concentratdirst underg@sthermal treatment prior to leaching (Fatheztyal.,, 2008).

In terms of REE leaching, there are already established processes available, i.e. the
conventional processes, whialvolve sulfuric acid agitation leaching, known as sulfation

roastingor baking leaching after pynmetallurgical methoglsuchas calcinatiorand
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dissolution of ion phosphatdom REE phosphate minerals using NaOH cracking and

bisulfate fusion procedure.

2.3.2.1. Sulfuric acid leach/ acid baking

Acid baking or slfuric acid leaching of REE is a cheaper mett@idREE extraction

compared to caustic crackinghin and Wang, 1996)This method is basically an acid
digestion methodqVerbaanet al, 2015, in which the monazite or 3nREE are converted
into REE SQu), when SG%ion of H:SQ; acts as a ligand that reaetsa high temperature

(Fernelius, 1946)This isshownin the chemical reaction below

2REE(PO)(solic)+3H2SO4agY R E BHSOs)3(solic)+6H+ (ag+2P O 4ag 2.1

This leaching process is knowntag acid baking method, and veell-known for both beach
placer deposits and carbonatite deposit REktaction Theleachingprocess takes plaet a
high temperaturenvironmeat of 200 to 400 € overseveral hours (Fernelius, 1946). The
leached product undergoes washing stages for sulfate remdvah is laterfollowed by
precipitation Yerbaaret al, 2015 Welt et al,, 1958).

2.3.2.2. Mechanochemical treatment priorto sulfuric acid leaching

Sulfuric acid leaching after mechanochemical treatmerd siccessful and populanethod

for treating monazite from placer beach deposits from Malaysia éiah, 2009; Zhang and
Lincoln, 1994). This process involves mechanochemical treataienbnazite with caustic
soda at room temperature (Zhang and Lincoln, 1994). After the formation of REE hydroxides
and sodium phosphate, the phosphate components are subsequently removed byamdshing

the washed products are later leached by sulfuiit ac

2.3.2.3. Caustic soda (NaOH) cracking leaching

Caustic decomposition can also be applied to specific ores. The most common process is
decompositionthrough applyingsodium hydroxide to phosphate REkinerals(Kim and
OsseeAsare, 2012; Krumholtz, 1957). Msan (1957 andHabashi, (199)also reported the

use of sodium hydroxide to crack the phosphate ion of monazite using a combination of high
temperature and high pressure. During this processprihes mixed with 50 to70 wt.%

NaOH and decomposeat tempeaturesfrom 140to 170 °C for 2to 4 hours (Sulaiman,

1991).
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Rare earth elements are transformed REE hydroxides, while phosphates (framonazite)
form trisodium phosphateBarbosaet al, 2001; Gupta and Krishnamurthy, 2009r
carbonates and fluatés (from bastnaesite)heseare transformed into soluble sodium salts
tha can be washed offiith warm to hot temperature watérhe chemical reactiobelow
shows the reaction of REE phosphate WHOH:

REE(PO)4(so|id)+3NaOH(aq)V RE E ( 9HINa+PCrapg 2.2

The resulting solidsundergo selective leachingvith diluted HCI. Often caustic
decomposition results ilots pure productsHowever,if the ore contains several different
minerals, a process capable of decomposing all of them has to be d€fimecand Wang,
1996) Once REE arsolubilised they have to be separated fromleached elements. After
removal of impurities e.g. by pH dependent precipitatRBE are typicallyprecipitated as

oxalates or carbonates, from which R&&des can be obtained by calcination.
2.3.2.4. HCI leaching

Decomposition in HCI is commonly applied to carbonate minerals like bastnaesite, parisite,
synchysite or similar minerals, bitt can alsobe usedto decompose allanite, cerite or
gadolinite. Theoreis stirred in concentrated HCI at temperatures > 90 °C. lbtbeontains
fluorine (e.g. bastnaesitegpmeof the REE forms insoluble RE#uoridesthat remainin the

solid residue. To recover thodREE, the solid residue has to undergo an additional
decomposition with sodium hydroxide, to convert the fluorides into hydroxides and soluble
sodium fluoride (Kumaret al, 2015) The rare earth hydroxide can then be dissolvétidh

solution as shown bye following chemical reaction:

REE(OH)s+3HCHY R E E €4 3H:0 2.3

Fluorides are washed away aR&E hydroxides are dissolved by excess HCI in the leaching
liquor from the HCIl decomposition step. Inet presence of carbonatéise abovereaction
(2.3) conditions will dissolve unwanted carbonate phases without attacking bastnaesite,

resulting in reagent consumption.
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2.4. Process mineralogy

Process mineralogy is a practical application of mineralognedhods andunderstanding to

aid in mineral exploration, and to predict and optimise how an ore can best be mined and
processedCropp, 2013 Process mineralogy contributes greatly in all stages of exploration,
metallurgical testwork pilot plant designingand throughoutthe production stagevén
Rahden, 19790ver the years, more mining operations have increasingly used mineralogy to
characterise complex ore, in treatment of waste dump material, upgrading of tailings, in
geometallurgical modelling and plaoptimisationas well agprocess prediction and design.
Process mineralogy is also applied to reduce operationat eost other financial or

environmental ris&

The application of process mineralogy is consideregrtwdict potential ore grades and
recoveries, and the metallurgical difficulties that may arise subsequent to the commencement
of amining process or commissioningapilot plant(Lotteret al, 201L1).

Information onthe ore minerals and rock information suchgasague mineralogy of the gre
mineral of interest, elemental deportment, particle size distribuysamticle shape, liberation
analysis, free surface area and mineral associations can be obtainguidcess mineralogy
studies. Process mineralogy is most likely to address sonfeedtihdamental metallurgical
guestiondistedbelow: -

What is the mineralogical makeup of the sample?

What are the main species in the sample?

What is the grain size distribution of the target mirgéral

What is the degree of liberation for the target matie

What are the main gangue minerals in the samples?

Is it possible to upgrade the product?

= =_ =4 4 -4 -4 -

Are there any penalties elements in tbacentrate?

22



Process mineralogy is also essential in mineral processing stages such as extraction and
beneficiation of oe; both stages require a muttisciplinary approach. The multisciplinary
approach involves closely integrated mineralogy in order to provideneaningful
representation of the economic potential of an ore deposit or pilot pamRéhden, 1979).
Processmineralogy is also beneficial in both pyrometallurgy and hydrometallurgy operations.
Hydrometallurgical processes involve leaching of ores, and in order to produce a leach
concentrate of the mineral or element of interest, the mineralogy of thaustde highly
considered. It is vital to carry odetailedmineralogical studies sincaineralliberation plays

a key role in ore leachin@/eloy et al, (1990) have madeelevant contributions in tharea

of processnineralogy

As Cropp et al, (2013) cofirmed, theunderstanding of gangue types and their textural
intergrowth with ore minerals is important in developing metallurgical flowsh@ets
flotation recovery of copper)Poor liberation is capable of limiting the use of physical
separation method$or upgrading REE which would subsequently interfere with the
hydrometallurgical processind.his necessitates deeper understandihghe influence of
gangue mineralogy on direct hydrometallurgical extraction rol@seralogy also plays a
key role incharacterising concentrates and their behaviour prigheégyrometallurgical
procesof smelting with the aim to produce metals or slags.

The integrated mineralogical approach involves the use of the traditional mineralogical
techniquesi.e X-ray diffraction analysis (XRD)glectron microprobe analyser (EMPA),

scanning electron microscopy (SEM) and petrographic studies together with the modern SEM
techniques, Mineral Liberation Analyser (MLA) aiantitative Evaluation of Minerals by
ScanningElectron Microscopy (QEMSCAN). The QEMSCAN is an automated mineral
classification technique which operates on a scanning electron microscope and the mineral
identification tool uses t hayspetiran(EDSp(Lotiet uni g u
al.,2011). The mineral liberation analyser (MLA) also uses unique EDS for mineral
identification; it gives information such as bulk modahlysis liberation analysis, grain size

distribution and mineral associations of the mineral of interest (Fandrich, 2006).
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Both traditional and modern mineralogical techniques are used doridethe oretype,
predict and optimise the processing plant, or to minimise arising ore processing difficulties.
The traditional mineralogy provides qualitativesemiquantitative and quantative
mineralogical inputs, whereas the modern and automated methods pyositéative data

The automated methods havegeeater abilityto quantify textural features of minerals,

provide minerabbundance andetail chemical compositions.

The XRD isused in determining the mineral abundance of the ore and EMPA is used to
determine the mineral chemistry or elemental concentration within the minerals. Petrographic
studies and SEM can provide informatichn suct

can aid in process predictions.

Quantitativemineralogical analysis provides more meaningful quantified and accurate data
that can be used in improving, designing and optimisation of metallurgical procEkses.
QEMSCAN and MLA provide quantifiable daffor studies of the various mineral species
This essential mineral ore datacludesthe bulk modal mineral assemblage, grain size
distribution, mineral association, mineral liberation analysis, grade recovery, particle view
report, image grid, minerakgortment and mineral associations for both ore gamijoerals

and predicted recoveries (Lastra. 2007his enables QEMSCAMNILA to provide a full
mineral and compositional accounting of a given ore type (Lettak, 2011).

In other instances, processineralogy can be used in process optimisatiBnocess
mineralogyshowed that the integration of traditional mineralogy technigques such as optical
microscopy, quantitative or qualitative XRD and SEM can be used to support mineral

processing studies inaer to assess and optimise the proposed process.

The knowledge gained from undertaking a vekdfined and focused process mineralogy
studyon materialused in an operatioran have a significant impact on reducing operational
costs, improving recovery amowering risk (Guet al, 2014. Process mineralogy studies can
also be used to guide, interpret and optimise bench scale angrpjlttsas well ago audit

the plant performance with confidence.

According to Thompsoet al, (2011), the upfront minatogical assessment of REE leads to

a correct metallurgical planning and provides early predictions in beneficiation testwork.
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Thompsonet al, (2011) also suggested that the use of traditional mineralogical techniques
such as XRD, petrographic studigglananual SEMire the best mineralogical techniques for
REE ore characterisation; in orderdnable theprodudion of a good REE concentrate for

hydrometallurgical testwork.

The mineralogal methods applied are used to identify both economical angcmromical
minerals, andorovide more effective information that can aid in defining and planning a
better metallurgical processing route. The mineralogical information sums up the abundance
of economical REE minerals present, the REE ores textures armdnutierals associated

with REE.

PerezBarnuevoet al, (2013) carried out studies on characterisation of intergrowths in
mineral particles The performed mineralogical investigation demonstrated that liberation
analysis of monazite dictated the processmge, and the QEMSCAN elemental deportment

information identified the potential processing problem areas.

Studiesmade by Smthe et al, (2013, also indicatedhe importanceof understanthg the
mineralogy of the ore before embarking on any metallurgieatwork, owing to the
variability and complexities of REEontaining ores. Mineralogy does provide a broader
understanding of the amount of REE in the ore, together with thede&taining minera,
grain sizedistribution, liberation, deportment and ber minerals associated with REE
containing mineralsThe information was achievatiroughthe use of XRD, EMPA and
QEMSCAN, and the combination ofa@beanalytical techniques proved that mineralogy is a
key factor in reducing cost and achieving meaningégults that can aid in process route
prediction Emytheet al, 2013)
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3. CHAPTER 31 MATERIALS AND METHOD S

3.1. Introduction

This chapter outlines the materials and methods employed to meet the research objectives of
this study. The study was conducted in tploases with phase one entailg a detaiked
mineralogical analysis on a beach placer demasiiple. The sample was a tailings sample
originally from an existing Hproduction referred to as tailings feed sample hBse twoof

the studyinvolved the hydometallurgicaltestwork on the same sample. Mineralogical
characterisatiorwas aimed at facilitating the selection afsuitablephysical or chemical
processing methods for the extraction of REE fromsaeple as well as to identify and
characterise o#ir additional REE containing speciellineralogy wasalso aimedat
exploring apotential REE sourceChemical analysis was conducted to obtain data on the

grade ofREE, major, minor and trace elemeirighematerial.

3.2. Sample preparation

Sample preparatiors important as it helps to ensure that the properties of the sample to be
analysed are representative. This is done to eliminate the possibility of obtaining erroneous
results. The sample usedthis studywas 50kgof beach sand material (tailings sagjpirom

an existing titanium production operation. The sample was radioactive and thus, necessary
health and safety procedures were considered and undertaken. Saktfg and
environmentalmeasures included measuring the radioactivity of the safiigire 6),

storing the sample in a designated radioactive storage, and ensuring thatpalisthrenel
involved in preparation of thesample were wellrained on how to handle radioactive

material.

26



WITS %
UNIVERSITY v

r

Figure 6: An image showing the 50kg bucket of the research saraptéthe recorded radioactive

reading of 5.87microsievergger hour

On receipt, the sample was labell&l1/14/495 for traceability purpose The blending of

the sample wasachieved by weighing, followed by coning and quarterifmgyre 7). A
homogenous 4 sample was obtained and set aside for minerals processing and
hydrometallurgcal testwork. The remaining k@ of the sample wasubjected to rotary
splitting with the aim of achieving feasible Bg portion for mineralogical @racterisation

The remaining kg split was stored for repetition or additional mineralogical testvaork

bench scale metallurgical wqr required
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Figure 7: Images showingoning andjuarteringof the sample

The &g mineralogical sample was ther reduced to a homogenoukgzample. The-2kg
sample was screened into four size fractions nam&y2um; i 212+150um; 1 150+106um
and 1106 um. The ore sample was wet screened using cold tap water. Subsequently, the

samples were dried overnight using an oven &50he flowsheet in

Figure 8 illustrates the stages followed irtaining homogenous samples for a range of

differentanalysis
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Figure 8: A flowsheet showing the sample preparatioprocedure and the methods used for

mineralogical studies.
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Upon drying, each size fraction from the mineratay sample was weighed and recorded
The particle size distribution is givenTiable 3.

Table 3: Particle size distribution

Size fractions  Mass (grams)‘ Mass (%)

+212 pym 198.5 8.5
1212+150 pm 946.9 40.4
1150+106 pm 797.2 34
1106 pum 401.4 17.1
Total 2343.9 100

A head sample and stdamples from the individualize fractionsvere pulverised foXRD
and bulk chemical analysiSub-samples weralsoprepared into normal and bottle maeith
polished sections foranalysis by microscopy methods. Each size fraction widsis

mineralogically and chemically studied.

3.3. Chemical analysis

The bulk major, minor and trace element composition, including that of the REE, was
determined on each sizeaftion using Inductively Coupled Plasma Optical Emission

Spectroscopy (ICDES) particularly to assess REE grades prior to ore processing.

Inductively Coupled Plasma Optical Emission Spectsgopyis a multielement technique
used to measure the conaatibn of various elements in a variety of sample matrices. Also
known as Inductively Coupled PlasmaAtomic Emission Spectrometry (IGRES), the
technique is capable of measuritige majority of elements in the Periodic Table and is
currently one of thenost widely used methods for elemental analyBisss and Freeden,
2004).

This type of emission spectroscopy uses high temperaitgen plasma to produce excited
atoms and ions that emit electromagnetic radiation at wavelengths characteristic of a
partiaular elementKlou and Jones2000). The intensity othe emission is indicative of the
concentration of the element within the sample or directly proportional to the concentration

of the elements in theample.
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3.4. Mineralogical characterisation of feed sampé

3.4.1. X-Ray Diffraction analysis

X-Ray Diffraction is a powerful tool used for identifying and quantifying the mineralogy of
crystalline compounds in rocks, soils and particulates, to provide information on the bulk
mineralogy of the sample. TheRay diffracometer works when monochromatierXys are
projected onto a crystalline materi al at an
travelled by the rays reflected from successive planes differs by an integer (n) of wavelengths

(&) .

Byvaryingtheanglel, t he Bragg's Law conditions- [ na =
spacings. Plotting the angular positions and intensities of the resultant diffracted peaks
produces a characteristic pattern where different phases are present; the diffraction trac

represents the sum of the individual patterns (Bruker axis, 2001)

To obtain the bulk mineralogical composition, the pulverized material was subjected to
analysis using a Bruker D8 Advance di ffracto
80°% aste size of 0.02U0 2d, and a counting ti me
crystalline phases that are present in amounts sufficient to diffract (uswbliya386), are

detectable by this method.

3.4.2. AUTOSEM analysis (MLA)

An MLA was used to quaitatively determine the mineral abundance in the sample. The
measurement mode employed in this study was the extended backscattered electron (BSE)
liberation analysis (XBSE). The XBSE mode implements argayXanalysis to efficiently

and effectively anale ore samples containing phases with sufficient BSE contrast to ensure
effective segmentation. The backscattered electron (BSE) image is then collected and
segmented to delineate mineral grain boundaries in each particle, where each mineral grain is

thensubjected to an Xay analysis (Gu, 2003).

The sized bottle mounts polished sections were studied using MLA, in order to obtain the
bulk mineral assemblage, grain size distribution, minexssociations, the liberation

characteristics and deportment of R&f the head sample and individual size fraction.
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3.4.3. Scanning ElectroMicroscopy analysis

A Zeiss EVO MAB ScanningElectron Microscopy (SEM), equipped with quantitative
energy dispersive spectrometry (EDS), was used to verify the presence dieRiity
minerals and taletermineheir elementatompositionf thefeed sample.

The preparednormal polished sections and leached productsuntedon a stub were
examined for mineral characterisation usihg SEM. Elemental maps were captured to
illustrate and verify the mode of occurrence of RiBEaring minerals and other elements

as®ciated with REEminerals.

Element mapping is a procedure available on the SkMere specific selected chemical

el ements can be fAsear chedo0 lawe tohcentratiens ohthee r 0 s ¢ «
element are illustrated with different selected colours. If one particular element is present in a
particle, the specific particle is highlighted with the element colour. With particles containing

more than one mineral phaségetindividual element colour concentration is highlighted
according to its occurrence in the minerals. If the element is alaseoterall background

colour occurs.

3.4.4. Electron microprobe analysis

Electron microprobeanalysisprovides an understanding of thilstribution of chemical
components in geological and environmental materials to aid interpretation of their
geochemical evolutionThis techniqueprovides quantitative major and trace element
information for individual minerals grains, with high spatiesolution down to 1 um. A
Cameca SX50 Electron Microprobe equipped with four Wavelength Dispersive
Spectrometers (WDS) was used to determine the mineral chemistry on various grains. A

maximum of 365 grains was analyssatoss alkize fractions.

Calibraton of the rareearth elements was performed on the REE Orthophosphate Reference
samples from the Smithsonian Microbeam Standards collection. Other elements analysed
were calibrated using appropriate reference standards. The standard excitation conditions

used were 20 kV and 30 navith a spot size of 5 um.
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3.5. Metallurgy testwork and product characterisation

As stated in the objectives of the study, the metallurgical testwork routes selected will depend
on mineralogical findingsSubsequent to the detailednmialogical analysis undertaken on
tailing feed sample size fractions, the findirgf/sowed that monazite was the chief REE
carrier, andthat the 150+106pum andl06um size fractions were naturally upgradaed
monazite,and could be taken further for leachinestwork. The two size fraction$:
150+106um and 106pum were composited to forni a50um sample (referred to as the leach

feed sample).

For hydrometallurgical testworlrevious studies at Mintek have shown that when monazite
is the main REE carrier, eracking procedure (using NaOH) followed by washing and an
acid leach constitutes the desired process for extracting REE. For the prod@0y &, the
leach feed wasilled to 100% passing 48m in order to achieve extractiaatesof greater
than 90% Peslman et al, 2014) The composite sample went through a series of
hydrometallurgy tes. The hydrometallurgical tegbrk conducted involved caustic cracking,

water leaching and selective leachifbe experimental approach is illustratedrigure 9.

Sampling

A\ 72

Characterisation of the hydrometallurgy products

\ 4

Figure 9: The experimental approachttie three leaching stages

Caustic cracking is the decompositionnabnaziteusing50% (m/m)NaOH solution(Gupta
and Krishnamurthy, 2005in orderto break down the monazite (Ca,Nd,Th)PQ) into
trisodium phosphate and REB/ater leachings the next stage after caustic crackiige
water leaching method asto removeNaOH entrainmentBom the leach residueSelective

leaching involve primarily, the dissolution oREEwith HCI.
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3.5.1. Caustic (NaOH) cracking

A 400g dry aliquot of the sample was slurried in freshly prepared 50% (m/m) NaOH solution
targeting an initial pulp containing 20% (m/m) solide a stainlesssteel reactor This
correponded to 2000g of slurried feed. The pulp was agitated with an overhead mechanical

stirrer, heated and the temperature controlled and maintained°&t fb4@ hours Table 4).

Table 4. Experimental conditions for the caustic cracking test

Temperature 140C

Residence time 4 hours

Target pH -

Solids content 20% m/m

Grind size 100% passing 45 pym
Feed Data: Target

Mass of feed solids 4009

Required mass of NaOH solution 1600g

Volume of DI water 800g

Mass of NaOH pellets 800g

Reagent concentration:

NaOH concentration 1000g/L

NaOH concentration 50.0% (m/m)

*m/mi percentage by mass

Thereatfter, the pulp was vacuum filtered whilst hot \‘oic solutioncrystallization on the

filter. The filter cake was washed two times byprdping in deionized water and one plug
wash at a wash water ratio of five times the mass of wet cake in each step to remove
entrained NaOH and other impurities. Thash liquors were combined and the total volume

recorded. A sample of the combined wash liquorstakenfor chemical analysis.
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After each wash, a representatisemple of the wet residue wésken formineralogical
analysis In addition, a sample of thveashed leach residue was removed from the cake while

in the filter pan for the determination of moisture content and chemical analysis.

3.5.2. Water (HO) leaching

The washed residue after cracking was subjected to a further hot water wash step (water
leach). he solids from the caustic crack step were slurried odiged water at 60°C in a
stainless steel 5L reactor, targeting the required pulp density of 20% (m/m). The reactor
contents were agitated withstainlesssteelimpeller using a mechanical ovieead stirrer.

Test parameters such as temperature, pH and redox potential (Eh) were recorded-on a half

hourly basis. The temperature was controlled at 60&bI¢ 5).

Table 5: Experimental coditions for the water leaching test

Temperature 60°C
Residence time 4 hours

Target pH Variable

Slurry density 20.0 % (m/m)
Required mass of feed w|488.32¢g

Mass of dry feed solids 308.97 g

Mass @ *DI water 1056.55 g

*DI| water- deionized water

On completion of the test after 4 hours, the mixture was filtered and the mass of the wet
residue recorded. The volume and the masthefiltrate were also recorded. &Hiltered
residue was weighed, subsequenthsltgried and washed once with-abmized water, at a

wash ratio of 5 times the mass of the wet residue. The wash liquor total volume was recorded.

The washed solids were driegternightin an oven at 50°C. Aepresentative samptd the
washed dried cake was obtaingg using the cone and quartering method for mineralogical
investigation. The remaining dried filter cake residue was stored and used as feed to

subsequenitCl testvork.
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3.5.3. Selective (HCI) leaching

The dried filter cake residue from the water leach step was used as fesdefiiive REE
dissolution testork. The objective of this test was to selectively dissolveRBE from the
pre-treatment stage solid residue. The solids were slurried withidetbwater to 20% solids
(m/m) in a 3L thermoplastic coated reactor. The reactor was equipped with an overhead

stirrer with a thermoplastic coated impeller, thermocouple and also pH and Eh meter.

The operating parameters such as temperature, redox pb{&tt) and pH were recorded
half-hourly. Concentrated HCI acid (32% m/m) was added timely to control the pH of the
mixture at the value of 3rable 6).

Table 6: Experimental conditions fdACl selective leaching test

Parameter Target
Temperature Ambient°C
Residence time 4 hours
Target pH 3.00

Target Eh variable mV

Feed Data: Target

Required mass of dry feg 284.3 ¢
Solids content 20 % (m/m)
Mass of*DI water 1137 g

Reagentsconcentration

HCI concentration 32 %

*D| water- deionized water

On completion of the test, the slurry was filtered by means of vacuum filtration. The filtered
wet solids mass, volume and mass of filtrate were recorded. w&hsolids were washed

three times with two rpulping washes and one plug wash using deionized water. The
washed solids were dried in an oven at 50°C. The dried solids were then homogenized and a
representative sample was taken using a cone and quartecimgique for mineralogical

assessment. The leach liquors were also sampled for chemical analysis.
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3.5.4. Characterisation oREE leaching products
3.5.4.1. Mineralogy of REE leach residues

Mineralogy was conducted on residues from daelching stage, and on residugsall re-
pulp and plug washing steps of each leaching g@geescribed in sectioBs5.1, 3.5.2and
3.5.3. This was achieved using SEM.

A total of ten leach and washed residues were representatively prepared for examination
using a Zeiss EVO MA3 SEM in order to identify REEcontaining phases and mineral
compositions presenRue to the smadir amounts of the samples, g@mples were prepared

on carbon coated stubs for examination. The Zeiss EVO SVI8EM, equipped with
guantitative energy dispersigpectrometry (EDS), was used to verify the presence of REE
bearing phases and to determine their elemental compositte.leachresidues were
assessed by manual operated Zeiss SEM, since they were no longer minerals but phases

making mixed elemental corapnds that AutoSEM has a difficylin identifying.

3.5.4.2. Chemical analysis

The leach residues and leach liquors that were sampled during the leaching and washing
stages were chemically analysed for their REE content. These chemical results were used in

the mas balance calculations and to calculate the leach efficiencies and accountability.
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4. CHAPTER 41 CHARACTERISATION OF FEED TAILING SAMPLE

4.1. Introduction

This chapter outlire the result@nd discussiownf the tesivork carried out in order to fulfil
theidertified problem statement i@hapter 1, using the experimental methods described in
Chapter 3. Thetestworkcarried out in this studwas aimed aachieving thedescribedsetof
objectives. These objectives were to explore thwst suitable processing routdor the

extraction of rare earth elements fram alternativdREE source

In order to meet the outlined objectiyé&EE from an existing heavy mineral beach placer
deposit currently being mined for titanium and iron were characterised. In additeon
sampl e ds wasnharactelisetly gstablishf carryingout mineralogical investigation

beforehand caserve asan effective tool to guide th@ocessing route selection.

In anattempt to answer the objectives of the study, a tailiegdsampleoriginating from a
current Tiproduction operation was mineralogicaltharacterisedand further takenfor

hydrometallurgical test. The results are outlined and discussed oh#pter

4.2. Chemical analysis mineralogy and mineral chemistryresults of the tailings feed

The chemical analysiby size was performed tmeasurdhe TREE% grade of the sample.

The mineralogicatharacterisation involvethe bulk mineralogy of the tailings feed sample

by size in order to show the distribution of the minerals piteaeross all the size fractions

and the head sample. This was aimed at distinguishing the abundance of the known REE
species, the abundance of other heavy mineral that have a potential of hosting REE as well as

other possible silicates, phosphates andexiinerals present in the sample.
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The MLA was used for bulk mineralogy, coupled with XRD analysisonfirm the gangue
mineralogy. The EMPA was usedo determine theREE concentrations in the different
minerals The MLA was further used to characterithe identified REE species, for their

liberationcharacteristis, grain size distribution, mineral associations and REE deportment.

4.2.1. Chemical analysis

The chemicahnalysisdata showd that the total rare earth elemefftREE) content is 2.7%
(Table 7). The chemical assagsults also showhe abundance of REE in tiié06um size

fraction at 1.8%.

Table 7: Analysed Rare Earth Element concentrations, in ppm

Elements +212um 1212+150um 1150+106pum
Mass Distribution (in %) \ 8.9% 40.%%6 34.0%
La 553.8 965.9 7358.5 26642.8
Ce 10003 1772.6 14337.5 51597.5
Pr 125.3 207.9 1116.2 6192.6
Nd 405.4 715.2 3814.2 13880.2
Sm 67.0 137.6 672.1 2351.3
Eu 8.3 16.6 40.5 63.8
Gd 75.3 157.3 621.3 1937.8
Tb 13.6 25.7 81.7 210.2
Dy 87.8 160.6 399.3 703.1
Ho 28.3 50.6 114.3 148.4
Er 96.1 169.6 368.9 356.9
Tm 16.4 28.8 62.3 49.7
Yb 1155 204.0 449.9 3427
Lu 194 33.9 77.4 59.5
Sc 174.5 242.8 357.6 2870
Y 695.4 6403 1419.9 1714.2
TREE in ppm 3482.2 5529.4 312914 1065380
Size fraction weighted
TREE 06> 0.03 0.2 1.1 1.8
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4.2.2. Particle Size Distribution (PSDJf the tailings feed sample

The particle size distribution of the sampdes derived from the MLAs in two-dimension

(2D). The 2D PSD derived from the MLghowedthat the retained wt% of the sample is in
accordance with the way the sample was initially sampled and screened into the four size
fractions as specified i@hapter 3. The PSD trend ofhe four sizescreenegample and the

MLA derived PSD will alvays be underestimated relative to reality.

Figure 10 presents both cumulative retained wt% curve and a standard retained wt% of the
total sample. The detailed particle size distribution is shoiahie 8.

Particle Size Distribution
100 D A T T C D S S S S S A S R R A S

80 /
70

50

40 \ e o o Retained Wt% == -+ Cum.Retained Wt%

30 /

20 . o0

10 /é* e
° <

Mass %

2.9
1.75 »
1.45 °
1.2 »

1 »

Size classesin( pum)

Figure 10: Particle size distributiom retained wt % and cumulative retained wt%.
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Table 8: Particle size distributiofin 2D, note, underestimation compared with 3Dyetainedwt%
and cumulative retained wt%

Size classes in (um) \ Retained wt% \ Cum. Retained wt%

500 0.0 0.0
425 0.1 0.1
355 0.1 0.2
300 0.5 0.6
250 1.9 2.5
212 5.9 8.5
180 13.2 21.6
150 20.2 41.8
125 20.0 61.8
106 16.2 78.0
90 114 89.4
75 6.0 95.3
63 2.3 976
53 1.1 98.7
45 0.5 99.2
38 0.3 99.5
32 0.2 99.7
27 0.1 99.8
22 0.1 99.8
19 0.0 99.9
16 0.0 99.9
13.5 0.0 99.9

4.2.3. Bulk Mineralogy by sizef the tailing feed sample

The bulk mineralogy was achieved by means of MLA and XRBe X-ray diffraction
analysis was undertaken on the sample to determine the bulk mineralogical composition,
particularly the gangue phases which may affect test work to assist with the AutoSEM bulk
modal mineralogy.The MLA was also used for repeatability and reproducibilityalgsis

(APPENDIX F) in order to assess the experimental errors.

The mineralogyesults show that the mineral distributisnvariable across all size fractions.
The coarser fractions 242um andi212+150um) are dominagd by epidote, followed by
minor quantitiesof diopside, augite and amphibole.
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Mineralogicaldifferencesare more evident in the two smallest size fractiorisQ@+106um

andi 106um), where zircon, rutile and monazite are more concentrated.

Quartz is expcted to be predominant in beach placer depbsitever,this sample shows
guartz in minute amount¥he minoramouns of quartz in the samplaredue to the fact that
this is a tailings sample originating from an operational titanium plant. In theiditan
productionplants quartz is normally removed in the early stagbss,is then unlikely to
report intothe final tailings. Garnet (almandine and grossular) was otdétected inthe
+212um, 1212+150um andi 150+106um size fractions. Two types of leucogewere
identified in this sample; one leucoxeoentainingniobium (Nb)andthe other leucoxene
lackingNb. Figure 11 and

Bulk mineral compositionin ( mass %)

-106 um m
-150 pum m
-212 pm _
+212 um _
Head m
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
®m Monazite ® Xenotime W Zircon  Leucoxene o Leucoxene_Nb  ® Almandine
» Grossular ® Thorite ® Rutile ® limenite W Apatite W Augite
u Actinolite u Enstatite « Diopside m Epidote u Albite u Olivine
 Microcline ® Quartz u FeO/OH u Kaolinite M Titanite ® Chromite
“ Magnetite_Ti « Spinel Others

Table 9 contains all the mineraldentified usinga combination of XRD and MLA.
Figure 11: Bulk mineral compositionf the tailing feed sample
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Table 9: Bulk mineral compositionf the tailing feed sample

Mineral
groups

Mineral

Mass Distribution in %

Chemical Formulae

Head

100

+212um

8.5

i212um

40.4

i 150um

340

1106 um
17.1

Monazite (Ce,La,Nd, Th)P® 5.3 0.2 0.5 3.6 22.1
Xenotime YPO4 <0.1 <0.1 <0.1 0.1 <0.1
Zircon ZrSiOy 31.3 4.7 8.4 45.8 61.6
RE.E-. Almandine FesAlSisO12 1.6 3.5 1.5 1.7 0.2
containing X
species Grossular CasAl x(SiOs)3 1.2 2.2 1.3 1.2 <0.1
Titanite CaTiSio; 0.9 0.5 14 0.9 <0.1
Thorite (Th,U)SIQy 0.1 0.1 <0.1 0.2 0.1
Leucoxene 1.5 0.5 1.4 24 0.2
Leucoxene_Nb <0.1 <0.1 0.1 <0.1 <0.1
Rutile TiO2 11.9 2.4 8.2 19.6 7.9
lImenite FeTiO; 4.0 0.5 1.2 6.5 6.3
FeO/OH FeO(OH) 1.4 1.7 2.1 1.0 0.4
Oxides Iy omite FeCpO, 0.3 <0.1 0.2 0.4 0.2
Magnetite_Ti Fe0, 0.6 0.2 0.6 0.8 0.4
Spinel MgAI 204 0.3 0.5 0.3 0.4 <0.1
Phosphates Apatite Cas(PQy)3(OH,F,Cl) <0.1 0.1 <0.1 <01 <0.1
Augite (Ca'Na)(M?;gf’A"Ti)(Si’A' 12.8 19.2 24.9 5.7 <0.1
Actinolite Ca(Mg,Fe)SisO2(OH)2 2.5 9.2 3.7 0.5 <0.1
Enstatite Mg>Si-Os 1.7 2.3 3.1 1.0 <0.1
Silicates Diopside CasAl x(SiOs)3 <0.1 <0.1 <0.1 <0.1 <0.1
Epidote Cap(Fe Al)3(SiOs)3(OH) 20.4 46.5 37.2 7.1 0.1
Albite NaAlSizOs 0.1 0.3 0.2 0.1 <0.1
Olivine (Mg, Fe}SiOq <0.1 <0.1 <0.1 <0.1 <0.1
Microcline KAISi30g 0.1 0.3 0.2 0.1 <0.1
Quartz SiO, 0.4 0.9 0.7 0.23 <0.1
Kaolinite Al3Si;O5(OH)4 <0.1 0.1 <0.1 <0.1 <01
Andalusite Al>SiOs 1.4 4.3 2.4 0.4 <0.1
Others <0.1 <0.1 <0.1 <0.1 <0.1
Total 100 100 100 100 100

*<0.1 = Below detection limit of 0.1%
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4.2.3.1. Data Reconciliation

Data reconciliation measures the reliability and confidence of minerdiatgyThe chemcal

assay measured data is used as the control against the MLA calculated assays. The calculated
values are derived using the mass proportions of the minerals and their ideal chemical
composition. The data validation results show good reconciliation ést of the elements

(i.e Fe,Ca Ce Ti) particularly Ce Figure 12), providing more confidence in the mineralogy

data reportedor the REEcontaining minerals.

Data Reconciliation
14.7
15 13.3
13
11 9.7
8.5
e 9
[%5]
Z g
3 19 9,4 1.4 1.4
t [l o
1 Al Ca Ce Fe si Ti
Elements
[MLA assay @ Chemical assay

Figure 12: Datavalidation
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4.2.4. Mode of occurrencef the tailing feed sample

This sub section qualitativelgescribeghe minerals present, tiremode of occurrence and
mineral association in each size fractias,carried outwith the SEM. The detailed SEM

analysis images and elemdntaaps are presented APPENDIX A.

4.2.4.1. Size fraction +212um

Size fraction +212um consists mainly of epidote and amphibole (actinolite). Monazite and
zircon are present in smaller amounts; garnet (almandine) and qusartacalur in smaller
guantities The majority of monazite and zircon occur as liberated, with a few grains of

monazite associated with zircon, quartz and goethitpife 13).

200 pm:
am-amphibole alm-almandinegp- epidote zrn-zircon,mon- monazite gtz-quartz, gigoethite

Figure 13: Backscattered electron (BSE) imagbd®wing an overview (image A) of th ¥2um size
fraction illustrating the distribution of several mineralsi t h sel ected area in fAye
image B.
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4.2.4.2. Size fractioni212+150pum

The BSE images showiscrete and liberated grains of monazite in this fraction. This size
fraction clearly shows an increase in monazite and zirconint r ast to the +21:
(Figure 14).The grains of epidote and amphibole (actinolite) are izl in this fraction

indicating the abundance of these two minerals.

9,

0 0 %

5 , ; i3 .
am-amphibole gp- epidote zrn-zircon,mon- monazite gtz-quartz,

Figure 14: BSE images showing an overview (imageoh)hei212+150 umsize fraction illustrating
the distribution of several minerals, withset t ed area i n Ayell owd present

4.2.4.3. Size fractioni150+106um

This size fraction shows a decrease in epidote and amphibole (actinolite) content, with a
concomitant increase in zircon and monazigure 13). This is in ©ntrast to observed
abundance of these minerals in size fractioc2B2tm andi 212+150um.Numerouggrains of
monazite and zircon are liberated, with very few grains associated with quartz and goethite.

Minor amounts of grossular and amphibole (actinolitejendetected in this fraction.
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am-amphibole alm-almandinezrn-zircon, mon- monazite gtz-quartz,grs-grossular

Figure 15: BSE images showing an overview (image Ajrei 150+106 um sizefraction illustrating
the distribution of several miner aéB, with selec

4.2.4.4. Size fractionT 106 um

Monazite and zircon are more evident in this fraction compared to p#Rl1@nd
1212+15Qum, with minor amounts of rutile and ilmenite present. Monazite and zircon mainly
occur as liberated and very few grairigleese minerals are associated with trace amounts of
guartz. Certain grains of zircon display zoning defined by variable amounts of silica and

zirconium compared with theoretical concentrations of the elements for ziFigure 16)
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: o.‘ . ”
> P ‘\,Q ~ I A
100pm‘..':=, '“' ) g’m « .Q L TS

- /] Pates!

alm-almandinezrn-zircon,mon- monazite gtz-quartz,rt -rutile, ilm-ilmenite

Figure 16: An overview (image A) of thé106um size fraction illustrating the distribution of several
mi nerals, with selected area in Ayell owd present

4.2.5. Mineral Chemistryof the tailing feed sample

In order to obtain the mineral chemistry of the REE containing miner#heifeed sample

total of 365grains of dfferent minerals were analysethe EMPA results showed monazite

as themost abundant REE mineral in the sample. However, EMPA also suateade
detecting concentrations of REE in zircon, titanite and almandine. The mineral leucoxene was
only identified using EMPA and the results show that this mineral contains detectable REE,
asseen inTable 10. Theresults are averaged results of the mineral chemistiyeahnalysed

grains.The detailed results of the analysed 365 grains are preseePPENDIX B.
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Table 10: Mineral chemistry(yellow highlighted rows are REEontaining minerals)

¢

Analytes  MDL Epidote Amprole Amprzmibole Ampgibole Zircon Monazite  Titanite  Illmenite | Rutile Leucoxene Hematite Groslsular Groszsular Alma:rL1dine Almagdine
n=8 n=4 n=34 n=9 n=113 n=33 n=3 n=25 | n=54 n=19 n=3 n=47 n=5 n=5 n=3
MgO 0.02 1.63 27.21 17.34 13.5 - - 0.02 0.89 <0.1 0.17 0.04 0.05 0.12 9.39 2.29
Al,O3 0.01 53.13 1.18 2.06 9.52 - - 2.33 0.11 0.07 0.79 0.30 26.97 19.9 21.53 20.94
SiO, 0.02 27.23 54.09 52.07 47.74 31.48 0.82 29.72 0.27 0.05 1.09 0.34 38.41 38.72 38.59 34.68
P,0s 0.03 - - - - - 26.48 0.08 0.14 - 0.06 0.04 0.06 - - 0.03
CaO 0.01 - 2.56 18.9 11.9 - 1.02 27.26 0.04 0.01 0.24 - 23.48 34.08 5.94 1.05
TiO» 0.02 0.50 0.28 0.44 0.97 - - 36.73 52.79 99.46 82.2 0.21 0.13 0.83 0.08 0.05
MnO 0.02 0.32 0.33 0.22 0.3 - - 0.19 0.71 - 0.21 0.05 0.20 2.08 0.80 16.47
FeO 0.03 14.63 14.18 8.09 14.35 - - 1.56 45.02 0.25 12.81 90.16 10.01 5.40 22.83 20.47
SrO 0.04 - - - 1.28 - - - - - - - 0.32 - 0.14 0.14
Y203 0.04 - - - - 0.2 1.85 0.22 - - 0.05 - - - - -
ZrO, 0.07 - - - - 67.27 - 0.08 - - 0.18 - - - - -
La,Os 0.1 - - - - 0.12 14.31 0.23 - - - - - - - -
Ce0s3 0.09 - - - - 0.1 29.41 0.35 - - - - - - - 0.10
Pr.0Os 0.09 - - - - 0.12 2.99 - - - - - - - - 0.10
Nd.O3 0.07 - - - - 0.1 11.88 0.31 - - - - - - - -
Sm,03 0.03 0.05 - - - 0.06 191 0.10 - - - - - - - 0.04
Eu,03 0.03 0.05 - - - 0.06 - 0.06 - - - - - - - 0.08
Gd,03 0.05 0.06 - - - 0.07 - 0.09 - - - - - - - -
Dy,03 0.05 - - - - 0.07 0.49 0.10 - - - - - - - 3.40
Ho,03 0.09 011 - - - 0.14 0.17 0.10 - - - - - - - 0.16
HfO, 0.08 - - - - - - - - - - - - - - -
PbO 0.16 0.26 - - - - - - - - - - - - - -
ThO; 0.05 - - - - 0.08 7.54 - - - - - - - - -
uo, 0.05 - - - - 0.13 0.38 - - - - - - - - -
Total 97.39 99.82 98.72 96.43 98.91 99.85 98.97 99.61 99.86 97.76 91.12 99.59 100.72 99.29 99.7

*n=number of measured grains

*MDL -minimum detection limit

*Grossularl and Grossular 2 (vary in Gand Feamounts)
N B :-fi #i L lovier tlian limit ofdetection)
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4.2.6. Characterisation of REE coaihing minerals

An integration of different mineralogical techniqueas employedand the results showed
that apart from monazite and xenotime, there are other minerals originating from éhes typ
deposit that contain REEZircon, almandine, titanite dnleucoxene showed the presence of
REE. However, further REE investigation on titanite, almandine and leucox@se
disregarded due to their proportion in the total sample andntal number of grains that

were analysed for their mineral chemistry.

4.2.6.1. The REE species

The minerals listed iMable 11 were further characterised for their grain size distribution,
liberation analysis, deportment and mineral associatiomsir normalised proportions in the
head sample argiven inTable 11.

Table 11 Normalised proportions aghajor REE containing minerals thefeedsample

Mineral Chemical Formulae Sg;a;;jle Nlén::iirsm
Monazite (Ce,La,Nd, Th)P® 14.4 18871
Xenotime YPO, 0.1 2683
Zircon ZrSiOq. 85.4 38074
Total 100 59628

4.2.6.2. Mineral associations of REE species

Mineral association data is derived from shared boundaries amongst the identified mineral
grains. The higher the associatpdrcentagethe greater the degree of boundaharing
between mineral specieBree surfaceefers to the perimeter of the particle that is exposed

and does not share a grain boundary with any mineral

Mineral association datshows that monazite and zircon habighpercentage of totdfee
surface. This means that the majority of monazite and zircon are liberatedim¥éehas a

free surface of 21%, which means most grains of xenotime are associated with other
minerals. Such minerals are monazite, zircirorite, microcline and traces of iron oxy

hydroxides, epidote and ilmenif€able 12)
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Table 12: Mineral associations of REE

Mineral Xenotime Monazite‘ Zircon ‘
Free Surface 21.7 97.0 92.6
Monazie 6.5 0.0 0.1
Xenotime 0.0 0.1 0.3
Zircon 56.9 0.5 0.0
Thorite 3.9 0.1 0.0
Rutile 0.8 1.0 0.2
lImenite 1.7 0.0 1.2
Titanite 0.0 0.0 0.0
Leucoxene 0.0 0.0 0.0
Apatite 0.0 0.0 0.3
Almandine 1.7 0.2 15
Grossular 0.3 0.1 0.4
Augite 0.1 0.0 0.0
Actinolite 0.0 0.0 0.1
Enstatite 0.1 0.0 0.0
Epidote 1.3 0.0 0.1
Albite 0.3 0.1 0.4
Microcline 3.0 0.1 0.7
Quartz 0.7 0.7 0.8
FeO/OH 1.1 0.2 0.8
Kaolinite 0.0 0.0 0.4
Magnetite_Ti 0.0 0.0 0.1
Total 100 100 100

L 1= significant amounts of association

4.2.6.3. Liberation of REE species

Liberation of minerals is based bheration by free surfacég. the proportion of thparticle
surface (perimeter in 2D) made up by thmeralof interest Liberation byfree surfacelays

an important role in leachg and flotation testwork.

The following classes are used to describe liberation:

Completely liberated: (Free) 100% of theurfaceof the particle
80-100% exposed>80% and<100% of theree surfaceof the particle
50-80% exposed>50% and<=80% of thefree surfaceof the particle
20-50% exposed>20and<=50% of thefree surfaceof the particle
Locked: <= 20% of thefree surfaceof the particle

= =4 =4 -8 -9
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The figure below shows an ideal liberation classificatiéigyre 17). Cropp, (2013) showed
the different liberation classes and their degree of liberation in area % and free surface area
%.

Liberation Classes in (Area %)
100 % Liberated 75 % Liberated 50 % Liberated 25 % L erated

100% Free Surface Area &. o oe
75% Free Surface Area \ .)
o

&
)
)

‘?Q“o /
50% Free Surface &rea (7

25% Free Surface Area . ‘

0% Free Surface Area . \ S-»

0meMinu'a1=. Gangue= 1)

Figure 17: Ideal liberation classeadapted fronCropp 2013.

The analysis shws a high percentage of monazi@1% and~78% of zircon as liberategle.

>80% surface exposur€ompletelyliberated monazite (i.e. 100% exposed surface) in this
case equates toompletelyliberated monazite in terms of grade, i.e. entire particles are
composed of monazite onlylherefore, 91% of monazite reporting to thempletely
liberated category in terms of surface exposure,alsth hold for liberation in terms of grade.
Xenotime shows-39%reporting to the completely liberated categamyth 33%reporting to

the locked category. The overall liberation results indicate a very good liberation of the

abundant REE containing minerélsable 13 andFigure 18)
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Liberation of monazite

MW Locked

W 20-50% exposed

W 50-80% exposed
80-100% exposed

m Completely liberated

Liberation of zircon

B m

W Locked

W 20-50% exposed

W 50-80% exposed
80-100% exposed

W Completely liberated

Liberation of xenotime

M Locked

W 20-50% exposed

W 50-80% exposed
80-100% exposed

W Completely liberated

Figure 18: Liberation analysis of REEontaining minerals

53

WITS

UNIVERSITY

¢



WITS é
UNIVERSITY v

Table 13 Liberation analysis of REE containing minerajsfree surface %

Liberation category Monazite | Xenotime Zircon
Locked 0 33 0
20-50% exposed 0.5 0.5 0.1
50-80% exposed 1 7.3 1.1
80-100% exposed 7.21 19.9 20
Completely liberated 91.2 39.4 78.6
Total 100 100 100

4.2.6.4. Elemental Deportment of REE species

Elemental deportment entails the comprehensive understanding of mineralsntindute to
grade, as well as penalty elements that can affect the efficiency of processing or affect the

value of the final concentrate or cause environmental concerns with tailings storage.

Mineral/elemental deportment mainly aids in the understgndi which minerals actually
contribute to grade, as each mineral is likely to behave differently to comminution, flotation

or leaching.

For deportment calculations, the mass percent data for each mineral species is used together
with the elemental contérin the minerals (EMPA or literature compositions). Deportment
calculations are used to give an indication of the relative contribution of the different
minerals to the total selected elemental budget of the sample. Deportment indicates which

minerals arehe dominant contributors of element of interest in the sample.
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REE deportment shows that various minecalstainone or more rare earth elements in their
structure. Monazite is the main contributor of Ce, La, Nd, Sm and Pr. Zircon mainly
contributesEu, Ho, Gd and amounts of Dy. Zircon, Xenotime and monazite are all
contributors of yttriun{Figure 19 andTable 14).

REE Deportment

— —Xenotime-(Y) ~ —Monazite-(Ce) — =Zircon Leucoxene ~— —Titanite

100

8.0
95.r‘"’9 97.2~—296.7

° et e

80
70
60

50

Elemental Mass Distribution (%)

40
30
20 19.3

/ \ /15.5
10 0.7

1.8 0.2 1 1
Ty il 0.0 a.4 1.6
0 0.8 0.0 0.0 0.0 0.0=—— o 4

La (%) Ce (%) Pr(%) Nd(%) Sm(%) Eu (%) Gd (%) Dy (%) Ho (%) Y (%)

REE elements

Figure 19: Deportment of REE containing mineralsthe bulksample

Table 14: Deportment of REE containing mineralsthe bulk sample.

Mineral la(%) Ce Pr Nd Sm | Eu Gd

(%) (%) (%) (%) (%) (%)
Xenotime - - - - - - - - - 13.8
Monazite 95.2 98.0 | 80.7 | 95.2 | 83.7 - - 52.6 | 158 52.0
Zircon 4.6 1.8 19.3 | 4.4 155 | 97.2 | 96.7 | 45.7 | 82.6 32.7
Leucoxene - - - - - - - - - 0.4
Titanite 0.3 0.2 - 0.4 0.7 2.8 3.3 1.8 1.6 1.1
Total 100 100 | 100 | 100 | 100 | 100 | 100 | 100 | 100 100
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4.2.6.5. Grain size distribution of REE species

Grain sizes are preseatin terms of equivalent sphere diameter (ESD), which represents the
diameter of a sphere of equal volume to the grain measLinedyrain size distribution shows

the size classes where mostevenless amounts of grains are distributed.

The majority ofmonazite, zircon and xenotime reportgminsize clas$ 150um and below.
Given their high liberation, and the large number of grains analysed (particularly for zircon
and monazite),his shows that a high percentage of this ore is highly concentrated a
naturally upgraded in this grain size ranfige monazite and zirconThe REE containing
minerals in this sample are generally fingth major grains of tese REE minerals well

distributed ai 150um and below size classésigure 20, Figure 21 andFigure 22)

Mass %

Monazite Grain Size Distribution
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Figure 20: Monazite grain size distributipn = number of grainmmeasured
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Xenotime Grain Size Distribution
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4.3. Summary and dscussion

The feed characterisatioresults showedthat a combination of mineralogical tools or
techniques is capable of achieving extensive information on the characterisatenaoé.
Based on the mineralogical resukpidote and amphibole are the dommniinerals in the
sample, withzircon and monazite prevalent in the finer fractiofisese minerals and other
heavy minerals were investigated for their REE contena pstential resource from an
existing placer or beach sand operation.

Based orsome ofthe mineralgdentifiedin this sample the mineral findingsorrespond with

the studies carried out bfSpicer et al, 2008), on the analysis of heavy minerals by
guantitative XRD and MLA. In this study and thait (Spiceret al. 2008), the mineralogy
results show similaritieen the mnerals detected. Monazite is observed as the prominent
REE-bearing mineral. Amongst other techniques employed in this SEMPA was able to
detect REE content in minerals other than monazite. Other stfrdi®s literature have
showed that REE content meainly detected by means of HEP-MS (Lehtonen, 2005),
where present in trace amounts in minerals. IAdCP-MS technique was not used in this

case.

Zircon, rutile, garnet (i.e grossular and almandine), ilmenite and quartz were also detected.
Epidote ad amphibole populate the coarser size fractions (2landi212+150um) in

mineral abundance, whereas the finer size fractions consist mainly of zircon and monazite.
Smallerquantitiesof rutile, amphibole, epidote, ilmenite and garnet were observedsae th

finer fractions. The abundance of monazite and zircon grains increases with the decrease in
size classes, whereas epidote, amphibole and other silicates increase with the increase in size

classes.

Quartz is present in trace amounts in this sample pfésence of quartz in trace amounts is
typical, as the tailings sample emerged from a series of processing stages in which quartz was
removed. Leucoxene was also detected in trace amounts by means of EMPA. Leucoxene is
an alteration product of titgferous minerals, andhas alsobeen removed for titara

production.

58



Two types of leucoxene were detected in this sttty ordinary Ti altered leucoxene and the
Nb containing leucoxene. Other authors such as Philander and Roz@f)I classified

the NBbTi altered mineral as ilmenorutile. limenorutikes described by Philander and
Rozendaal (2009kcomprises significant amounts of Nb (~19%), whereas the mineral

classified as Nb leucoxene in this study comprises Nb ranging from 5 to 8 wt. %.

The few grains ofeucoxene that were detected with EMPA showed that leucoxene contains
yttriumifiia HREEO in its crystal | at t frorelements or por
with a3* oxidation state. Iraddition, zircon, titanite and almandine also contain amoohts

REE in their crystal lattice; confirmed by means of EMPA. The REE in zircon, titanite and
almandine are in a form of HREE and LREE. Other minerals identified by EMPA are rutile,

epidote, amphibole; none of these minerals showed any traces of REE.

Studes on Namakwa sands Bhilander and Rozendaal (2009) suggested that zircon occurs
as three typesiamely:-

1 Clear (translucent) zircon

1 Coloured zircon

1 Metamict zircon

Only one type of zircorwas identifiedby its chemicalcomposition anchot morphologially

in the present studyrhis type of zircon identified displaynultiple concentrations of REE in

its crystal lattice. The amounts of REE ranged from 0.05 to 0.16 wSwever, the
theoretical zircon has consistent major element chemasty a whole range of trace
elements that can be incorporated through coupled substitution in the crystal lattice. Hafnium
is one of the common substitutions in zirc@@hilander and Rozendaal 200 this study

zircon did not show any Hf substitutions but that ofHa, Ce, Pr, Nd, Sm, Dy, Eu, and Y.

The quantitative mineralogical studiegere used to quantifithe REE species and their
abundance in detail. Though the integration of XRD, Zeiss SEM and EMPA did provide
mineralogical informationthe MLA was able to loow the actual amounts of the REE
containing speciesThe MLA showed thamonazite, wcon and xenotime had significant

REE amounts compared to almandine, titanite and leucoxene.
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Mineral association dashowed thamonaziteandzircon have free surfaselhis means that

these minerals are well liberated ahéreforethere is no neetb mill or crush in order to
liberate the REE containing minerals from gangue and other minkragsneral the whole
sampleshowed a very good liberation oficon and nonazite Very few REE containing
grains were associated with gangue, with majority of the gangue minerals such as epidote,
amphiboleand grossulahighly liberated in the coarser siziaction Numerousgrains of
xenotimeappeared to have been locked ihestminerals and reporting to t28-50% and
50-80% exposedategoies Approximately33 % of xenotimewaslocked in other mines.

The overall liberation results indicat@ very good liberatioof the majorREE containing

minerals.

In terms of grain gie distribution majority of monazite, zircon and xenotime reports in size
classi 150um and below. This shows that a high percentage of this ore is highly concentrated
and naturally upgraded ithis sizeclass.The REE containing minerals in this sample ar
generally finethis is seerthrough thegrains ofthe major REE minerals well distributed at
150um.

Zircon and monazite are well liberated, with the majority of these minerals distributed in the
150+106um andi 106um size fractionsApproximately50 mas% of the sample constituting

the twofractionshas concentrated monazite and zircon. The naturally concentrated monazite
and zircon in these size fractions showed that this fraction does not require ore upgrading and

is amenable to direct leaching.

Though xenotime contained REH, was disregarded for further hydrometallurgy testwork
due toits low amounts inthe total sample. Therefore, following the mineralogical findings,
the two size fractionsi (50+106um and i 106um) were composited and subjected to
hydrometallurgical treatment for REE extraction with monazite and zircon as the main REE

targetminerals
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5. CHAPTER 517 CHARACTERISATION OF LEACH FEED AND PRODUCTS

5.1. Introduction

Chapter Sollows thesameformatasthe previous chaptelt is a continuatio of the studies
and findings observed i@hapter 4. In chapter 4it was stated thatpproximately 50 mass %
of the sample reported to the twize fractions (i.¢ 150+106um andi 106um), concentrating

monaziteand zirconTable 15, taken fromChapter 4).

The two sizefractions:1150+106 um andi 106um were composited, and a mass of 400
grams (100% passing gim) was prepared fohydrometallurgical testork. The naturally
concentrated monazite and zircon in these Baetions showed that this fraction does not
require ore upgrading and it is amenable to direct leaching. This chapter pteeeasults

of the testwork performed on the composite fractibnas t he J|as avellhas & eed o
mineralogical assessmeartdchemical analysis of leach produétsm the different stages of

leaching.

Table 15: Previous results of the bulk mineral assemblage of the sample

Mineral : Chemical . , ,
groups Mineral Formulae Head +212pum  1212pm  7150pm 1106 pm
Mass distribution (in %) 100 8.5 40.4 34 17.1
Monazite (Ce,La,Nd, Th)P® 5.3 0.2 0.5 3.6 221
Xenotime YPO, <0.1 <0.1 <0.1 0.1 <0.1
Zircon ZrSiOs. 31.3 4.7 8.4 <45.8 61.6
REE Almandine FeAlLSizOr2 1.6 3.5 15 1.7 0.2
containing| Grossula CasAl(SiOs)3 1.2 2.2 1.3 1.2 <0.1
SPECIES | Titanite CaTisioy 0.9 05 14 0.9 <01
Thorite (Th,U)SiCy 0.1 0.1 <0.1 0.2 0.1
Leucoxene 1.5 0.5 1.4 2.4 0.2
Leucoxene_Nb <0.1 <0.1 0.1 <0.1 <0.1
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5.2. Chemicaland mineralogy data of theREE leachingresults

This sectiondescribs the chemical data of the composited sampiee mineralogical

characterisatioand chemical analysi the leached products.

Table 16 providesthe REE chemical analysi®of the composite sang The composite
sampleshows that theotal rare eah element (TREE) content is®46. Cerium, lanthanum
and neodymium contributeost tothe TREEowing to the abundance of monazite in the

composite fraction.

Table 16: The REEChemical analysis of the compogitsamplefi | each f eedo

Elements Leach feed(in ppm)

Ce 25141
Dy 667
Er 345
Eu 67
Gd 1181
Ho 119
La 12389
Lu 68
Nd 10462
Pr 2693
Sc 30
Sm 1727
Tb 171
Tm 31
Y 3424
Yb 395
TREE in ppm 58910
TREE in % 5.9

5.2.1. Chenical assay of leach residues ariltrates

The leach residues and leachates (leach filtrates) from the three leaching stages as well as the
washing test liquors were chemically analysed for their RBRtent The bulk chemical

analysis datavasused for masbalancingand forextraction efficieng determination The

mass balance is presedtin detail inAPPENDIX C.
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Representative sudamples of the ten samples were taken by usingdhe and quartering

method and were assayed for individR&EIE The elemental compositions of the residaes

shown in this section. THEREE content offinal caustic crack i8.9%before washingAfter

washing stages thEREE %improved from 3.9% t&.4% after repulp wash, arbl5 %after

the second repulp wasfihe improvement in TREE%vasasa resultof the removal of Na

entrainsfrom NaOH in theesiduegTable 17).

Table 17: Elementakcompositionof causticcracking residues

Caustic crack Caustic crack

Caustic crack

Final Caustic
crack residue

SRR Unit repulp wash 1 repulp wash 2 plug wash 3
Ce ppm 16499 22810 23647 22967
Dy ppm 458 622 643 643
Er ppm 233 332 367 348
Eu ppm 485 61 62 61.8
Gd ppm 825 1038 1043 1052
Ho ppm 90 122 126 126
La ppm 8270 11284 11490 11221
Lu ppm 47.4 67 71 69
Nd ppm 6829 9360 9575 9376
Pr ppm 1761 2420 2531 2446
Sc ppm 15.7 254 29.7 27
Sm ppm 1152 1509 1577 1542
Tb ppm 116 148 149 153
m ppm 30.9 445 44.7 46
Y ppm 2360 3365 3509 3477
Yb ppm 270 391 396 398
TREE in ppm | ppm 390005.5 53598.9 55260.4 53952.8
TREE in % % 3.9 54 55 54

The TREE contentof unwashed watdeachtestwas 5.2%before water washnd after the

water leach wash test theresiduereading wa$.1%(Table 18).
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Table 18 Elemental composition of water ldaesidues
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Elements Unit  Unwashed WaterLeachResidue Water leach Wash 1 Residue

Ce ppm 2208 21453
Dy ppm 614 594
Er ppm 327 308
Eu ppm 62 61
Gd ppm 1050 1065
Ho ppm 117 113
La ppm 10899 10573
Lu ppm 65 63
Nd ppm 9060 8917
Pr ppm 2349 2296
Sc ppm 26 24
Sm ppm 1510 1488
Th ppm 151 152
Tm ppm 40 41
Y ppm 3278 3076
Yb ppm 376 361

Total in ppm ppm 51972 50585

TREE in % % 5.2 5.1
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Table 19 showsthe total rare earth content after HCI leaching and the subsequent washing
stages. The TREE dhe unwashed HCI residue is % 1lwith varying amonts of TREE in

wash testl, 2 and 3.

Table 19: Elemental composition of H@#ach residues

Elements HCl leach _ HCI Iea_ch washed HCI Iea_ch washed HCI Iea_ch washed
unwashed residue residue 1 residue 2 residue 3

Ce ppm 13065 119% 10031 11294
Dy ppm 476 489 442 468
Er ppm 263 267 256 267
Eu ppm 45 43 37.4 41
Gd ppm 694 678 579 648
Ho ppm 96 98 91 95
La ppm 5400 4624 3633 4365
Lu ppm 57 59 56 58
Nd ppm 5225 4709 3866 4462
Pr ppm 1351 1221 1016 1162
Sc ppm 12.22 11 7.8 108
Sm ppm 1004 951 811 915
Th ppm 110 116 103 108
Tm ppm 36.7 38.3 36.4 37.5
Y ppm 2426 2499 2340 2302
Yb ppm 321 332 315 325

Total in ppm | ppm 30581.9 28090.3 23620.6 26558.3

TREE in % % 3.06 2.8 2.4 2.7

5.2.1.2. Chemical assay of the leachates

A total of 12 filtrates or leachates were chemically analysed and the data obtained from

chemical analysisvas usal for mass balancealculationsand to obtain the extraction

efficiencies and accountabilitgformation Detailed results are presentedAIRPENDIX C.

The caustic cracking filtrates and water |led&EE % contentis zero sincéhe main aim of

caustic cracking was to convert REE containing minerals into hydroxides. The chentstry an

mineralogy of the residues didhow that monazite was successfully converted into

hydroxides by means of cracking the phosphatedamlarly with water leaching tegirable

20 andTable 21)
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Table 20: Elemental composition afaustic NaOH)cracking filtrate
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. . : Caustic ~ Combined
Elements  Units Caustic crack Caustic crack  Caustic crack crack  caustic crack
Final Filtrate wash 1 wash 2

wash 3 wash

Ce ppm <0.1 <0.1 <0.1 <0.1 <0.1
Dy ppm <0.1 <0.1 <0.1 <0.1 <0.1
Er ppm <0.1 <0.1 <0.1 <0.1 <0.1
Eu ppm <0.1 <0.1 <0.1 <0.1 <0.1
Gd ppm <0.1 <0.1 <0.1 <0.1 <0.1
Ho ppm <0.1 <0.1 <0.1 <0.1 <0.1
La ppm <0.1 <0.1 <0.1 <0.1 <0.1
Lu ppm <0.1 <0.1 <0.1 <0.1 <0.1
Nd ppm <0.1 <0.1 <0.1 <0.1 <0.1
Pr ppm <0.1 <0.1 <0.1 <0.1 <0.1
Sc ppm <0.1 <0.1 <0.1 <0.1 <0.1
Sm ppm <0.1 <0.1 <0.1 <0.1 <0.1
Tb ppm <0.1 <0.1 <0.1 <0.1 <0.1
Tm ppm <0.1 <0.1 <0.1 <0.1 <0.1
Y ppm <0.1 <0.1 <0.1 <0.1 <0.1
Yb ppm <0.1 <0.1 <0.1 <0.1 <0.1
TREE % % <0.1 <0.1 <0.1 <0.1 <0.1

*<0.1= below detection limit (since this leaching stage was not aimed at dissolving REE)

Table 21: Elemental composition of water leach filtrate

Elements Units  water leach washl\ Water leach Final filtrate

Ce ppm <0.1 <0.1
Dy ppm <0.1 <0.1
Er ppm <0.1 <0.1
Eu ppm <0.1 <0.1
Gd ppm <0.1 <0.1
Ho ppm <0.1 <0.1
La ppm <0.1 <0.1
Lu ppm <0.1 <0.1
Nd ppm <0.1 <0.1
Pr ppm <0.1 <0.1
Sc ppm <0.1 <0.1
Sm ppm <0.1 <0.1
Tb ppm <0.1 <0.1
™m ppm <0.1 <0.1
Y ppm <0.1 <0.1
Yb ppm <0.1 <0.1
TREE % % <0.1 <0.1

*<0.1= below detection limit (since this leaching stage was not aimed at dissolving REE)
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The HCI leaching stage was aimed at dissolving the REE into the solution. The analysed
leachates showed that there is a totaD.6fR6 TREE in the pregnant solution (PLS). The
combined wash liqudrom theHCI leaching test showed that the TREE% is .02

Table22).

However the mass balance was calculated udiRd:E thatdissolvedafter theHCI leaching
test as shown iAPPENDIX D.

Elements H_CI leach final HCl leach HClleach HClleach HCI leach combined
filtrate (PLS) wash 1 wash 2 wash 3 wash
Ce 2842 220 5.12 3.02 82
Dy 44.3 3.7 <0,10 0.47 1.65
Er 9.97 1.52 <0,10 0.93 1.14
Eu 6.04 0.47 <0,10 <0,10 0.183
Gd 117 9.06 0.23 <0,10 3.21
Ho 7.13 1.03 <0,10 <0,10 0.721
La 1678 139 4,21 1.26 51.3
Lu 2.36 0.142 <0,10 <0,10 0.031
Nd 1270 94.4 1.45 0.55 354
Pr 323 25 <0,10 <0,10 10.2
Sc 2.08 0.178 <0,10 <0,10 0.071
Sm 170 12.7 0.163 <0,10 4.81
Tb 114 0.879 <0,10 <0,10 0.32
Tm 0.86 0.042 <0,10 <0,10 <0,10
Y 232 19.2 <0,10 <0,10 7.3
Yb 14.4 1.12 <0,10 <0,10 0.41
TREE in ppm 6730.54 528.44 11.17 6.23 198.75
TRE in % 0.67 0.05 <0.01 <0.01 0.02

Table 22 Elemental composition of HCI selective leaching

*Elements highlighted in red are hosted by monazite and its products
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5.2.2. Mineralogical characterisation of REE leach residues

The mineralogical characterisation was uralegh on a total of ten residues. These included
the residues from each individual leaching test and the washing sPages. to the nature of
the residues, it should be noted that SEBIS analyses were conducted on stub mounts of
the residues, not on pshed sections. The data are therefore viewed in a qualitativeftight,

comparative purposes.

5.2.2.1. Mineralogy of caustic (NaOH) cracking residues

The mineralogy of the caustic cracking residues is presanteithe next page witlBSE
images taken to illustratelemental compositions of the sample after it was treated with
NaOH.

The NaOH cracking was carried out at different time intervals at a constant temperature of
140°C. The NaOH crack residues were studied and the findings showed that the phosphate
ion was successfully cracked from the monaziileely into trisodium phosphate and Qes,

Nd(OH), as shown byhis reaction

(REE, Th,UlPOs+ NaOH Y (RE, 3B, U)OH + Na 51

However, the zircon grasndid not appear to have reacted with NaOH (Sgere 23) as
seen on NaOH crack BSE images on grains number 3 and 5).

Subsequent to NaOH cracking, the residues were washed three times in order to remove the
entraned NaOH solution prior to water leaching and HCI leaching. The two repulp washing
results of the residue show a general decreasedium (Na) content related to NaOH, in
contrast to the Na content of the unwashed NaOH craelstdue Table 23).

The zircon grainslid notshowany formof reactionwith NaOH; observed by high Zr and Si
values, very similar to the original and theoretical values of zircon compogFigare 23).

The third wash, which was the plug wash, was aimed to further remove NaOH solution
entrained in the residuéfter the third washthe residue appeared to have the same or
unchanged effects as the two repulp washes. The removal of NaOH acroswabhes

yielded similar results in terms of Na contéhable 23).
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Figure 23 BSE images of residues from caustic cracking and washing; tistsnumbered labels
representhe analysegoints for which average compositions are givemable 23.
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Table 23 Averagedchemical compositions from thanalysed pointsf residues from caustic cracking and washing tests (wordgligure 23. Note: No
phosphorusvas detected.

NaO 1 19 13 1 1 3 2 8 3 8 Oxide
NaO 2 21 34 1 1 1 6 3 3 4 Oxide
NaO 3 28 5 10 1 40 0 Unrea
NaO 4 38 1 18 1 19 1 1 7 Silica
NaO 5 27 4 10 2 38 Unrea
NaO 6 21 6 4 1 10 4 17 Oxide
NaO 7 16 10 1 0 5 3 3 8 17 7 3 Crack
NaO 8 25 5 5 8 4 3 12 3 2 4 2 0 Crack
NaO 9 9 1 1 13 25 8 4 Crack
NaO 10 12 5 1 1 15 26 8 5 Crack
NaO 1 32 13 50 Unrea
NaO 2 38 2 9 7 17 9 2 5 Silica
NaO 3 23 9 1 0 3 2 17 7 7 Oxide
NaO 4 18 8 1 3 1 7 4 0 6 9 4 3 Crack
NaO 5 14 6 4 0 2 8 17 9 8 Crack
NaO 6 31 12 2 46 Unrea
NaO 1 30 1 11 3 43 1 Unrea
NaO 2 38 3 1 1 50 5 2 Oxide
NaO 3 20 7 1 2 1 10 5 5 9 13 5 3 Crack
NaO 4 13 5 2 0 2 2 15 22 6 4 Crack
NaO 1 39 6 12 16 8 10 Silica
NaO 2 28 1 10 1 1 41 Unrea
NaO 3 26 4 0 7 1 7 4 27 oxide
NaO 4 14 3 2 2 4 12 23 9 4 Crack
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5.2.2.2. Mineralogy of water (H20) leach residues

The water leach test was carried ati60 °C for 4 hours. The mineralogy result shows that
the REE containing phases are compounds containing a mixture of Ce, La and Th with Al,
Mg, Si, Ca and Férigure 24 andTable 24).

The zircon grains atsremaired unreacted from this procedure; this is expected since zircon
failed to react at higher temperature of 140 °C with NaOH. The SEM analysis confirmed

the presence of Eu in some of the zircon grains.

The water leachesidueand its repulp washesidueshowed no notable differences, except a
slight decrease of Na in the washed residiiablg 24).

Figure 24: BSE images of residuebom water leaching and washing tests; the nemad labels
represent thanalysed points for which average compositions are givéabie 24.
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Table 24: Averaged chemical compositions from #@ealysed pointsf water leachingind waking test residue (wt ¥gn Figure 24. Note: no phosphorus
was detected

Analysed [ i Comments

Water Leach repulp Wash 1 23 9 36 Unreacted zircon
Water Leach repulp Wash 2 29 7 1 0. 2 2 29 8 4 Oxide
Water Leach repulp Wash 3 24 1 7 8 10 3 5 3 Oxide
Water Leach repulp Wash 4 21 2 0 5 0 3 1 4 8 5 6 Oxide
Water Leach repulp Wash 5 25 10 1 38 0 Unreacted zircon
Water Leach repulp Wash 6 25 4 1 0 7 1 8 3 22 3 2 Oxide
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5.2.2.3. Mineralogy of selective (HCI) leaching residues

The final water leach repulp washed residue was subjected to HCI leaching for 4 hours, at a
pH of 3 under ambient temperature and varying redox potential. The HCI leach and its
subsequet washes were successful in removing remnant Na from the water washed residue.
A decrease was observed in La, Nd, and Ce content, relative to the first two(Stde23

and Table 24), indicating successful removadf the filtrate by the HCI leaching.
Concentrations of Th were high comedto the Th concentrations nesidues othe firsttwo
leaching stages. Some of the REE containing phases also shsswethtions ith Al, Si, Ca,

Mg andFe compound§shown inFigure 25 andTable 25).

HCL leach unwashed - 'HCL leach repulp wash 1 Pl

Figure 25 BSE images of residudsom HCI leachingand washing tests; theumbered labels
representhe analysed points for which average compositions are giveable 25. The circled
labelling indicatefine grained phases
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Table 25 Averaged chemical comptisins from theanalysed pointsf HCI leachingand washing test residues (wt @) Figure 25. Note nophosphorus
was detected

\ Sample Analysed @) i i Comments
HCI leach unwashed 1 23 9 36 Unreacted zircon
HCI leach unwashed 2 24 7 1 0 7 3 27 Oxide
HCI leach unwashed 3 34 12 | 14 15 7 Silicate
HCI leach unwashed 4 23 1 1 4 1 0 16 6 12 1 Oxide
HCI leach unwashed 5 23 0 0 7 1 0 5 3 27 2 Oxide
HCI leach unwashed 6 14 0 1 0 3 1 0 2 1 5 3 2 43 Oxide
HCL leach unwashed 7 12 0 0 0 2 1 0 1 1 4 3 2 43 Oxide
HCI leach unwashed 8 21 1 1 0 4 1 0 11 6 10 4 2 13 Oxide
HCI leach wash 1 1 27 0 0 8 9 7 27 Oxide
HCI leach wash 1 2 25 9 2 1 36 Unreacted zircon
HCI leach wash 1 3 24 8 4 2 33 Unreacted zircon
HCI leach wash 1 4 38 14 | 15 15 8 Silicate
HCI leach wash 1 5 24 2 23 17 4 0 Oxide
HCI leach wash 1 6 20 1 0 1 9 17 6 3 Cracked monazite
HCI leach wash 1 7 18 3 0 2 8 14 6 3 Cracked monazite
HCI leach wash 2 1 39 10 1 21 12 1 7 Silicate
HCI leach wash 2 2 30 9 11 17 9 Oxide
HCI leach wash 2 3 25 10 39 Unreacted zircon
HCI leach wash 2 4 22 5 16 8 13 1 Oxide
HCI leach wash 2 5 13 2 5 3 4 17 11 Cracked Monazite
HCI leach wash 2 6 12 2 5 2 5 13 11 Cracked monzate
HCI leach wash 2 7 16 3 6 3 8 4 31 Cracked monazite
HCI leach wash 3 1 25 10 39 Unreacted Zircon
HCI leach wash 3 2 18 0 4 0 3 2 9 4 8 3 24 Cracked monazite
HCI leach wash 3 3 18 3 9 5 7 7 18 Cracked monazite
HCI leach wash 3 4 23 6 11 5 20 1 Oxide
HCI leach wash 3 5 28 7 9 12 5 8 2 Oxide
HCI leach wash 3 6 29 11 4 2 39 Unreacted zircon
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5.2.3. Extraction Efficiency

The detailed mass balan@alcuationsand extraction efficienciearepresented in

APPENDIX C and APPENDIX D. Table 26 shows the summary of REE extraction. The
TREE leach efficiency is 55%ndicating that 55% of REE dissolvetthus showinga good
extractionsincethe samples did not undergo astgages obre upgrading to concentrate the

sample prior to leaching.

Dissolution took place during HCI leaching.h€ extraction summary results are mainly
focused on HCleach since NaOH cracking and water leach aided in breaking down of

phosphate ion prior to HCI leaching.

Table 26: Summary of REE extraction

Test description NaOH cracking  Water leach  HClI leach
Temperature, °C 144 61 21.4
Mass loss, % (m/m) 6 0 15
TREE concentration, mg/L 0 0 6731
TREE leach efficiency, % 0% 0% 55%
Total Acid added, kg/t solids n/a n/a 213
Total Acid Consumption, kg/t solids n/a n/a 213

5.3. Summary anddiscusson

In this section one of the objectives was to explorpossibleways of extracting REE by
introducing mineralogical characterisation of the ore before embarking gnR&E
extraction processef®etailedmineralogical investigation showedHtat the twosmaller size
fractionsof the initial samplevere naturally concentrated monazite and zircqriwo major
carriers of REE, r’d were amenable to direct leachifigns shows the value of introducing
mineralogical characterisation of the ore, before embaxkingny REE extraction processes,

which can have a great significain cost cutting.

Subsequent to hydrometallurggstwok, the two composited size fractions showed that after
NaOH cracking of monazite, the phosphate ion of monazite was successfudyecem
Although NaOH is highly reactive with monazite, the three washing tests showed that the

NaOH did not react with zircon.
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The unreacted zircodemonstratedhat the NaOH leaching temperature is sufficient for
phosphate ion cracking but niotr the siica within the zircon structure (ZrSiJ) as evident

by the consistent ratio of Z6i in the EDS analyseseeAPPENDIX E: calculated Zr/SlI

ratio. During the NaOH cracking process, it was anticipated that the NaQHlecitease
with each washhowever,both plug and the two repulp washed residues returned similar
phase chemistries, based on mineralogical observations of Na content.

The water leaching test of the residue from cracking advanced the removal of NaOshsoluti
that initially reacted with the sample, likely converting the cracked monazite into hydroxides.
The SEM images anBDS (energy dispersive JRay Spectroscopy) analysis also showed
that he REE containing phases were also associatedamtfixtureof Al, Si, Ca and Fe
compound The residues from selective HCI leaching and washing show that remnant Na

from NaOHwas entirely removed during tHsachingstage

The decrease in REE content of phases from the second to the third stage (i.e. water leach to
HCI leach) indicated that RE#issolution by HCI took place. This was also confirmed by

chemical analysis.

The chemical analysis of REE on both residues and leachates aigdediemakingthe mass
balance, extraction efficiencies and the accountalsbigultionsin the HCI leaching test.
The TREE leach efficiencynd accountability wascalculatel according to allthe REEs
determined However in this studythe extraction efficiency of 55% represent thaTBEE
calculated according ttheF e e d s odlthat df she réquined mass odiry solids priorto
HCl leachingandthe e a ¢ h r e dpreskuoted ilMiPBENDIX D.

An extraction efficiency of 55% igoodsince the samples did not undergo any stages of ore
upgradng to concentrate the sample prior to leachingconclusion since zircon did not
react under the same conditions as monazite, zircon was further and separately investigated

for REE extractionThe results are discussedhe next Chapter.
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6. CHAPTER 6 1 CHARACTERISATION OF ZIRCON
6.1. Introduction

As described in Chapters 4 andtlte naturally upgradedl50um fraction was subjected to
three stages of hydrometallurgy testing, namebfustic cracking, water leaching and HCI
leaching. Caustic cracking is tldecomposition of REE using NaOH solution, with the aim

to break down the phosphate ion of monazite. The mineralogical examination of the residues
from different leach stages showed that monaxzée successfullgracked and the REE were
released to solutio in the final leacimg stage. Zircon was not as reactive under the
conditions used, and REE release was not expected from this mineral.

As a result of zircon not reacting under the same conditions as monazite, further
investigations were conducted on thecon sample. Thishaptersums up the work that was
carried out in order to explore REE yields from zircbhework involved the decomposition

of zircon prior to leaching testwork.

Zircon was targeted as the alternative resource of, RiaBEe EMPAdatashowed that zircon
contains fewer REE in its crystal lattiaad this REE are different from the REE in monazite.
However, #rcon is one of the prominent minerals originating from the beach placer deposit.
Zircon is a valuable mineral used as a raw maiténi various industries including foundry,

ceramics and refractorieR(bleandHeuer1984)

Zircon is one of the most stable chemical compounds due to the strong bond between zirconia
and silica in its molecule. Therefore, any extraction for zirconiuatamor other useful
zirconium compounds must start with the breakdown of such bonds. The breakdown of
zircon using the alkali fusion method is a wiallown technique and can be more favourable
than using traditional chlorinatiomhere are few commercialaluable methods to break

down zircon Thecommon methodarediscussedbelow.
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6.1.1. Alkali fusion

It is well known that zircon is decomposed at high temperature in reducing media. The
decomposition temperature, however, is lowered when the silicate is miedluxing

agens such as NaOH, N&Os; and CaO+MgO Kl-Barawy et al, 2000) The degree of
decomposition depends on paramesgershas particlesize of zircon, alkali/zircon molar ratio

and temperaturéBiswas et al, 2010) By careful control of the poess parametershe
following reaction products are obtained withcon decomposition either with NaOH or
N&aCGs;

Zr02.Si02 +4NaOH Y Na2ZrO 3 +NazSiOs +2H20 6.1
Or

ZrSiO 4 +2NaCOsY Na2ZrO 3 +NazSiOs +2CO»

Subsequent to alkali fusioduring leaching hydrolysis of sodium silicate(Na2SiOs) and
sodium zirconatéNaxZrO 3) takes placéAbdelRehim, 2005) The impure hydrated zirconia
is dissolved in concentrated HCI, HNOr HSO4 at 80xC for obtaining airconyl chloride,
nitrate orsulfate solution, respectivelyBiswas et al, 2010; AbdelRehim, 2005) These
solutions are then purified either by precipitation as basic zircorsuifate or by

crystallization as the corresponding zirconium salt.

6.1.2. Lime fuson technique
Lime fusion is conducted wen a mixture oflifferent proportions o#rSiOs, and calcium
oxide is heatedat various temperature3he productscalcium zirconium silicate, calcium

zirconate and calcium silicate are formed:

Zr02.Si02 +Ca0O Y CazrSiOs 6.2
Or
Zr02.Si02 +Ca0 Y ZrO2+CaSiOs 6.3

Subsequent to lime fusion, the reactigh3( is amemable to HCI leaching aB0 iC

accompanied bgaustic leachingit 151 C (Manhiqueet al, 2003)
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6.1.3. Plasma decomposition technique

This process involves decomposing of zircon particles wsisigble argon plasma reactor at

a temperature raimgg from 600 1500 1 C. The dissociation of zircon takes place by oxidizing
zircon i.e. Zr@ and SiQ (Syamaprasadt al, 1993) The degree of dissociation depends on

a number of process parameters, e.g. the particle size of zircon, flow rate of argon gas, arc

current, fed rate, etc. The decomposed mass is treated with NaOk5Qy.H

6.1.4. Thermal dissociation technique

The dissociation of zircon takes plaocean arc furnace or an electric reactogatedat high
temperatureabove 1750 C (Syamaprasaeét al, 1993)accompaniedy rapid cooling The
dissociation process aims to convert the heated zircon imkales represented by the

chemical reaction below:

ZrSio4Y ZrO2+SiOz (gas 6.4

ZrO 2 andSiOz are recovered sepmely

In order to brealdown the zirconthe alkali fusion method wassel for this testwork The
choice of the method was based on dkailable and reliablenethod todissociate Zircon at

Mintek analytical laboratory.

6.2. Experimental procedures

6.2.1. Alkali fudon

A representative portion of theimilar naturally upgraded 150+106um andi 106um
compositesample milled to 45um passing 100% was fused using NaOH, with lithium
tetraborate as the flu¥igure 26).
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Figure 26: A photograph showing the sample mixture before alkali fusion

In alkaline fusion, 10grams of zircon concentrate were mixed with various amounts of
lithium tetraborate flux in a platinum boat, which was then heatedifi@rent time periods

in a muffle furnace or a tubular furnace, at 9@ With the fusion method, a weighed
amount of NaOH and zircon concentrate was placed in two separate platinum crucibles and
pre-heated to the required temperature in a muffle furnace. After Gtesithey were mixed

within the furnace to start fusion der static conditions. As soon as the mixing was
complete, the time of fusion was countédtotal of 10 fused zircon beads were produced
prior to hydrometallurgicakestwork The 10 zircon beads were later pulverised, and a

guantity of 67 grams was procact

6.2.2. Chemical analysis

A representative portion of the pulverised zircon bead was analysed usin@BESP
described irChapter 3.

6.2.3. Hydrometallurgy tests

The HCI leaching test was carried out in order to dissolve REE prasdhe sample,

subsequent tdkali fusion of the zircon sample:
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Theprojectedreaction was as follows:

Naz2ZrSiO 4 (solig) + 4HCl (ag Y 2NaCl (ag + ZrCl 2 (ag + H2SiOs3 (gey + H20 6.5

The solids (60g) were slurried with deionisedater to 20% solids (m/m) in a 1L
thermoplastic coated glass reactor. The reactor was equipped with an overhead stirrer with a
thermoplastic coated impeller, thermocouple and also pH and Eh meter. The operating
parameters such as temperature, redox patefith) and pH were recorded halburly. A
concentrated HCI acid (32% m/m) was added at timely intervals to control the pH of the

mixture at the value of 3.

On completion of the test, the slurry was filtered by means of vacuum filtration. The filtered
wet solids mass, volume and mass of filtrate were recorded. The wet solids were washed
three times with two rpulping washes and one plug wash using deionised water. The
washed solids were dried in an oven at 50°C. The dried solids werbdhwmyenizednda
representative sample was taken using a cone and quartering technique for mineralogical and

chemical assessmeritable 27).

Table 27: Experimental conditionsf selective leaching test

Parameter Target

Temperature 60°C
Residence time 4 hours
Target pH 3
Target Eh variable mV
Solids content 20% (m/m)
Grind Size 45um
Required mass of dry feed solidg 60 g
Solids content 20 % (m/m)
Mass of DI water 240 ¢
HCI concentration 32.0 %

*D| water- deionised water



6.2.4. Mineralogicalcharacterisatiorof the zircon rich sample
6.2.4.1. Sample preparation

The dry aliguot of the fused zircon leach residue wmasparedfor minerabgical
investigation, to assess the breakdown of zircon and to evaluate the leachability of the
sample. A sulsample was pulverised for-Ray Diffraction (XRD) and other sufamples
were prepared into normal polished sections for scanning electron muyo$8&M)

analysis.

6.2.4.2. X-Ray Diffraction analysis

X-Ray powder diffraction was used for phase identification of the crystalline miaedis

provide information on the bulk mineralogy of the sample. Pulverized samples were analysed
using a Bruker D8 Advancgé i f f r act omet er . A Co KU-8®adi at i ¢
step size of 0.020 2d, and a counting ti me

crystalline minerals present in mass percentage greater than ~3% are detected by this method.

6.2.4.3. ScanningElectron Microscopy analysis

Polished sections were prepared for examination using the Zeiss EVO MALl scanning
electronmicroscopy,equipped with quantitative energy dispersive spectrometry (EDS). The
SEM was used to identify the phases present in theddadsidues as well as to verify the

possibility of zircon breakdown.

6.3. Results

This section entails the results from the HCI leaching test and the mineralogical

characterisation of leached residues of the fused zircon sample.

6.3.1. HCl leaching targets

Table 28 shows the targeted and actual readings recorded during the HCI leaching test. The
recorded information on the log sheet shows that the sample was indeed fused with alkali, not
acid. This is shown by the high pading ofl0.9at a duration of O hours. At O hours 100mi

of HCI was added, with the aim to reach a targeted pH of 3.
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The pH only dropped after 116 ml of HCI acid were added to the slurried fused zircon
sample. A volume of 16 ml was later added frarduation of 0.5 hous to the duration of 3

hours However,only a slight change was noticed in the actual pH; this resulted in the
termination of the test before it reached 4 hours residence time, due to the high acid

consumption.

Table 28: Leaching conditions dREE extraction fronzircon rich sample

Time, Solution Tempe® pH of Eh of solution, Volume of HCI added,
hours ' solutien - mV/(vs Ag/AgCl) mL
0 19.4 10.9 -39.5
0.5 21.6 4.1 423.88 35
1 21.9 3.6 528.13 9
1.5 21.9 3.52 551.5 6
2 21.9 2.84 2
25 21.6 3.048 524.13 1
3 215 3.084 508 2
35 214 3.054 518.25 1
4 21.4 3.054 519.88 0.5
Total 214 3.3 441.8 56.5

6.3.2. Minerals and phase compositions

The XRD was conducted on the sample obtained after the tedemaisated.The fused
residue sample showed that the plemhas 100 mass % of sals@B(OH)s mineral (as
shown in Figure 27. The presence of sassoite could have been a result of the lithium
tetraborate used as the flux. The XRD did not show any &rREE or zirconium minerals

present within the residue
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Figure 27: The XRD spectra of the leached fused zircon

No minerals or phases were reported from the SEM analysis due to difficulties encountered
during mounting of th@olished sections. The residue sample was more of a gel sample and
had difficulty in settling when mixed with epoxy resifhe sample also had a tendency of
swelling when mounted or prepared on a stub for anallysisthis reason, only data from

XRD couldbe presented in this report.

6.4. Summary and discussion

The extraction of REEN zircon wagerminatedsince themethod of extracting REEom an
alkaline fused zircons very expensiveThis contradicted withthe purpose of this study
which is aimed at proessing REE in ra effective manner.The following listed points
resulted intheterminationof the extraction of REEom zircon

1 This study showed that the breaking down of zircon composition prior to REE

extraction wasiot economical

84



WITS é
UNIVERSITY v

1 The test requiredhigh energy usage and high amounts of acid for REE dissolution,
which is in contradiction with the main objective of the research project of processing
REE in the moseffective method.Zircon had to befused at 90xC temperature

conditions in order to dsociate the zircon structure before leaching.

1 High acid consumptianAn average of 196 grams of HCI solution was used to leach
60 grams of solids at a ratio of 1:3. The combination of high energy usage and high
acid consumption resulted in the terminatiof the test before it reached 4 hours

residence time.
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7. CHAPTER 71 CONCLUSIONS AND RECOMMENDATIONS
7.1. Conclusions

7.1.1. Introduction

The process mineralogy and extraction of rare edetmentfrom a beach placer deposit was
addressdin the study. Thenain obgctive of this projectvasto investigate theosteffective
processing route for the extraction of rare earth elements from alternative sdhecstsidy

focusedon the following:

1 To assess if conducting mineralogical characterisafipor to processingroute

selection can serve as economical decisnaking tool

1 Toexplore other additional REE resources apart from monazite.

7.1.2. Thevalueof mineralogy

In order to address thresearctobjectives thetailing samplerom an existing heavy mineral
beach plaer deposit currently being mined for titanium and ineas mineralogically
exploral for anadditionaland alternative REE resourcgnis involved the study of monazite

and other heavy minerals fromtailing sample from a Ti operatidar their REE conten

The mineral monazite was investigated and other minerals such as leucoxene, zircon and

garnetswere investigated as an additional REE resource from an existing placer or beach

sand operation, currently being mined for ilmenite and rutitéanium praluction.

In theTi productionplants, nonazite, garnet, zircon and leucoxeme known taeport to the
tailings stream. Hence an opportunity was seen to investiggtefrom the tailings streams
as a byproduct of the existing titanium production operati, and also as a means of

maximising the potential ®REE as an additional resource
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Monazite a REE phosphate minerand other heavy minerals such as zircoenotime
almandine (garnets) leucoxenad titanitewere identified as REE containing sg=c The
amount of REE in these other heavy minerals wientified by the use of EMPA a

technique used to classify the mineral chemistry.

The research objectives were well addressed in this study. The mineralogical investigation
did show that apart fronmonazite, there are other heavy minerals that contain RE&Ewalk
observed through electron microprobe. An integration of XRD, SEM, EMPA and MLA

demonstratethat a combination dhese techniquesan be used to achieve a specific goal.

It was however,impossible for a single mineralogical techniqueqioantify in terms of
abundanceand todemonstratéhat REE are present monazite, xenotime another heavy
minerals(i.e. zircon, titanite, leucoxenelrorinstance XRD analysisonly showed the gangue
minerals and amounts of monazite and other heavy minerals. Thepkbi/leda systematic
guantitative information of theentire sampleand REEspecies.Additionally, MLA also
provided the list ofmineralsthat were below the detection limit of XRD. ThoutyiLA
provided the quantitative data of the mineral present in the sample, EMPA provided the
mineral chemistry ofthe REE containing mineralsDue to this holistic mineralogical
approach other alternative REE resouscsuch as zircon, titanite and leucoxewere
identified.

7.1.3. Role of mineralogyn selection ometallurgcal process

The mineralogy by size also showed the distinction of minerals distribution within the four
size fractiondi.e. +212 um,i212+150 pm,i150+106 pm and 106 um). The mineralogy
results derived from the AutoSEM analysghowed that the sample consisf monazite,
zircon, amphibole, diopside, augigpidote rutile, quartz, leucoxene, titanite and almandine.
Monazite and zircowere the chieREE-containing minerals. The mineralogy the sample
varied per size fraction. The coarser fractions (+212um B2t+150um)were dominated

by epidote, followed by minor amounts of diopside, augited amphibole. Mineralogical
variationsweremore evident in the two smallest size fractions50+106um and 106um),
which contained the majority of theircon, rutile and monaziteand which combined
constituted approximately 50 mass%.
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As a result of these findingshe { 150+106pum and 106um) fractionswere composited for
the next stage of metafgy studies.The main REEbearing minerals, monazite and zircon,
were preferentially concentrated in the finet§0um) fractions, which constituted about 50

mass % of the sample and the composite sample was subjected to direct leaching.

Through minerabgical investigationa flowsheet was established to treat the composited
sample through the alkaline (NaOH) route. Mineralogy showed that both major REE
containing minerals (i.enonazite andzircon) require alkaline cracking of the phosphate ion

and silia ion.

However,the two REE speciesnonazite and zircon, did not fully react in the same leaching
conditions. It was found that the silica ion of zircon requimeéhigh temperaturef greater
than 650C to dissociate the Si® ion, whereas the phosphaien of monazite was
successfully cracked at 140°C. Timalings showed that thievo minerag can only be treated
separatelyandnot simultaneously. In additiothe extraction of REE in zircoprovedto be
very uneconomicalWhen zircon is fused usirakali, it tends to consumkigher amountsf

HCI during dissolution stagefrom the studieghe consumedjuantitiesof acid versus the

mass of the alkali fused zircon was at a rati8:af

In conclusiona combination of mineralogical techniqua®vedthat conducting mineralogy
beforehands of good valuelt also showed thanhineralogy should be highlgonsidered aa
decisionmakingtool so asto cutdown onunnecessary castassociated with processes that
may not be necessary in designing a flowshdsnonstrated bligure 28 (estimatedanalysis

costbreakdown).

The estimated codtreak down showed mineralogy testwork cost-atAR 25 000, ore
upgrading at ZAR 40 000 and leaching ZAR @00. Based on this studfetinformation on
the figure below demonstrates that approximately ZAR 40 000 was spareddiyctiog

mineralogy upfront rather thdater when problems are encountered inithe plant.
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Estimated cost per
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Ore Characterisation
(Mineralogy or Chemical anlysis) < Mineralogy
ZAR 25 000-00
|
Ore Upgrading
( Producing of < )
conc.ntrm) QLE.HDBEQIDB
ZAR 40 000-00
: Monazite/
Bastnaesite Sanctins
m“ mnm
Mounuln?n;—l—slvmow Addm—l—unlmrwto
| | | |
HCl leach H:S04 bake Hot H:SO04 Conversion Leaching
300-600*C digestion 10 hydroxides ZAR 50 000-00

Figure 28: Estimated cost analysis

Through detailed mineralogical studies, certain stages of ore beneficiation in order to produce
a concentrate prior leaching testwavkre bypassedt was observed in this study that the ore
was naturally upgraded in tH{e150+106um andi 106um) size fradbns. The composited
fractions were directly leached and an extraction efficiency of 55% was achieved.
Considering that the orlid not underg@any other beneficiation stagés further upgrading

the study showed good extraction efficienap. extractionhigher than 55 % could have been
achieved if the ore was upgradedther, owing to highly liberated monazite. The presence of
zircon, oxide minerals like rutilend silicate minerals in the leaclncentrate coulthave

impacted the extraction efficiendyy limiting REE dissolution.

In addition, alternative REEcontainingmineralswere explored andientified for possible
REE extraction,such asthe mineral zircon. The zircon rich material did not undergo
complete extractiarthe test was terminatetlieto the high consumption of leach solution in

theprocessingf zircon, which carried a possibility of beingneconomical.

89



7.2. Recommendations and furtherwork

Other REE studies, conducted by Mintekveshown an extraction efficiency of 90% in the
sametype of placer deposit origin oreThe 90% extraction efficiency witbther REE
projectsat Mintek were achievedby means of using physical segi#éon methods and froth
flotation methodsto produce anonazite richeaching conaetrate However in the case of
this study the extraction efficiency obtasa was 55% without any priomphysical separation
or froth flotation methodseing employedto produce amonazite richconcentratefor
leaching.In order to achieve a similar 90% extraction efficienttyge ore musfirst be
screened t® 150um, thena physicalseparatioomethod musbe considered tceduce gangue
presence, as well asrcon in the initial stages of leachingincethe zircondid not react

underthe same conditions as monazit&ing caustic cracking

As the demand for REE continues to grow and the number of REE producers irfartaese,
work anda better and different approach can be investigatextractREE in arcon from a
zirconrich geological depositearing in mind that there is raxcesible data available on

the extraction of REEom zircon.
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APPENDIX A: ELEMENTAL MAPS

The elemental maps and the elemental compositions of minerals identified in each size
fraction arebelow.

Figure A.1: BSE imagemultiple and individual elemental maps showing the occurrence of specific
mapped elements oR+2um size fraction
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Figure A.2: BSE image and individual elemental maps showing the occurrence of specific mapped
elements of 212um size fraction
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Figure A.3: BSE image, multiple and individual elemental maps showing the occurrence of specific

mapped elements ®212+150 pm size fraction.
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