INVESTIGATION OF PRECONCENTRATION AND CONCENTRATION
POSSIBILITIESFOR BEYLIKOVA BARITE-FLUORITE-REO COMPLEX
ORE

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

SENA SARILARALTINSEL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE ODOCTOR OF PHILOSOPHY
IN
MINING ENGINEERING

SEPTEMBER 2025






Approval of the thesis:

INVESTIGATION OF PRE -CONCENTRATION AND CONCENTRATION
POSSIBILITIES FOR BEYLIKOVA BARITE -FLUORITE -REO COMPLEX
ORE

submitted bySENA SARILAR in partial fulfilment of the requirements for the
degree oDoctor of Philosophyin Mining Engineering, Middle East Technical
University by,

Prof. Dr.Naci Emre Altun
Dean,Graduate School ofNatural and Applied Sciences

Prof. Dr.Naci Emre Altun
Head of the Departmerilining Engineering

Prof. Dr.Naci Emre Altun
SupervisorMining Engineering, METU

Examining Committee Members:

Prof. Dr.Osman Sivrikaya
Mining Eng.,ATU

Prof. Dr.Naci Emre Altun
Mining Eng METU

Prof. Dr.Nurullah Metin Can
Mining Eng Hacettepe Uni.

Assoc.Prof. DrMust afa Er kayaoj !l u
Mining Eng METU

Prof. DrG° r kem G¢nback
Chemistry METU

Date:01.09.2025



| hereby declare that all information in this document has been obtained and

presented in accordance with academic rules and ethical conduct. | also
declare that, as required by these rules and conduct, | have fully cited and
referenced all material and results that are not original to this work.

Name LastnameSena ®3&tehael

Signature:



ABSTRACT

INVESTIGATION OF PRE -CONCENTRATION AND CONCENTRATION
POSSIBILITIES FOR BEYLIKOVA BARITE -FLUORITE -REO COMPLEX
ORE

Sar,Sénar
Doctor of PhilosophyMining Engineering
SupervisorProf. Dr.Naci Emre Altun

September 202997 pages

The mainobjective of the thesis study is to investigate quancentration and
concentration possibilities of Baritduorite and REO Complex Beylikova Ore.
The run of mine ore with chemical composition of 29.46% Ba, 29.Ca, 1.18%

Ce, 1.01% La and 472.22 ppm Th was usethe experimental part of the thesis
According to characterization tests it is revealed that rare earth eatitiesulated

in fine size fractions. Attrition scrubbingogperatedwith size classification were
performed with the aim of achieving effective liberation between mineral particles
and clay entitiesUnder optimum conditions rare earth qym@ncentrate obtained
with 3.80% Ce, 4.04% La and 1321 ppm Th grades at 55.20%, 68.53% ant48.01
recovery rates respectively by losing 14.80% of barite and 8.07% of fluorite
minerals. Following to preconcentration of rare earth minerals, to achieve
selective concentration of barite and fluorite sequential flotation tests were
performed. Under identifiedptimumconditions flotation of barite and fluorite was
performed resulting with barite concentratgh 98.95%barite grade with 66.49%
recovery and fluorite concentratgth 95.17%fluorite grade with 66.63% recovery
were obtainedIn order to achieve further concentration of rare earth entities,
leaching test program was applied which was constructed based on statistical

model. Optimum operational conditions provided by the model is identified as



| eaching under 90 e Cnitrit acid. TRis téstoresults withy usi ng
93.79% Ce, 90.57% La, 84.66% Th extraction and 55.38% Fe dissolution ratios.

Keywords:Rare Earth Minerals, Barit&luorite, PreconcentrationConcentration
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¥Z

BEYLKKOVA -BAAGRRT VE NTO KOMPLEKS CEVHERK
ZENGKNLEKTKRME VE ZENGKNLEKTKRME OLANA
BELKRLENMESK

Sar éSemar
DoktoraMaden M¢hendi sl iJi
Tez Y©°net i dNacsBmre AlRim o f . Dr .

Ey |l ¢ 1,192d9a2a5

Tez -aléxkmaséneée-ikRl oeimel vamaladi BaToprak m
kompl eks Beyl i keemag i ;nd wehkdriirmen ven zengi nl e
belirl enmesidir. ¢al ékmal ar kapsaménda

kompozisyonu %29,46 Ba, %19,77 Ca, %1,18 Ce, %1,0¥el472.22 ppm Th
ol arak tespet-eldlidéeémtikniilren karakterizasy

cevher i -erisinde bul unan nadir topr ak
zenginlexkti]i anl akéel mexkteér . Bu kapsamd
mal zeme araseénda veri mli bir serbestl ex
senéfl andérél masé ile entegre ol arak acx
Belirlenen optimum operasyonel kokul |l ar
ten°rl eri-kh@n ssaanhtirpe °snér asé il e %55, 20, %€
dejerl eri Il e-zelhdge nkbdkt mr mei esn&esénda be
séraseée il %80RP0ll4a r8a0k vhees apbdbmasam@kt @syomnson
barit ve florit minerallerinin se-imli Kk
testleriger - ekl ekt Bel i mi amheéen opti mumbaktokul | art
ten°rl ¢ barit konsantresi 9%bEB,46n%Tralng éinia
konsantresi %6 6, 63 randeéman il e kazanéeé
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konsantrasyonu a m&msantrkiak | elistagstikdeldmotdee n ° n
olukturul maya y°neli k farkleée dejikkenler:i
Dejerlendiril meler neticesinde opP0i mum - al é
eCécakl éR saad bdywnecadnauamele edilmesi sonucube2379 Ce,

%9057 La, %8466 Thekstraksiyorv e r i mlei luil jaik @led b ir Il ecenji ikt i r .

Anahtar Kelimeler:Nadir Toprak Mineralleri Barit, Florit, ¥ Rz engi n)] ekt i r me

Zenginlexktirme
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CHAPTER 1

INTRODUCTION

In the simplest terms, mining supplies all the basic resources used by modern
civilization. Mineral processing generally follows the mining and provides
opportunity to extract valuable minerals from run of mine in order to obtain
commercial end products which are used in variety of areas both in daily life and
industrial applications. Commercial value of the concentrates could be varied
according to their specifications and demand of the industry. Although minerals of
transition elements maintain their importance since early times; with developing
technology and irrepressible requirements of modern lifestyle, demand for rare
earth elements increased since they are indispensable for defense industry,
rechargeable batteries, cell phones, fluorescent lighting, permanent magnets, auto
catalysts, petroleum refining polishing compounds and much fWweng Z. ,
Jowitt, Mudd, & Haque, 2015)During the past decades, there has been an

explosion in demand for many devices that require rare earth metals. In fact, twenty

years ago very few people used mobile de
of people use widely these technological devices which requires the R&eEsf

Moreover, with developing technology and increasing competition between
compani es 6 utREEsdizerified and enlargegKag H. bl.f 2020)

In the past, the previous research did mainly focus on the facts and information
aboutREEbearing mineral s; however, i n today

for concentrates of these minerals, topi®R&fEsand related possible beneficiation
methods become very crucial. Rare eaftimentsare important inputs into the
development and manufacturing of many green and-eigih products which leads
uncontrollable increase in the requirement of these critical metals. Moreover, rare

earthelementscarry international strategic importance since supply chain for this
1



material is controlled by ChinfCampbell, 2014)It is an undeniable fact that,
development of feasible processing method R&E bearing minerals is major
requirementin order to decrease dependency of foreign sources and become a
shareholder of developing industry.

Although there were a lot of systematic studies conducted on characterization and
concentration methods f&EEs it is obvious that, lots of gaps and lack of know
how still exist. Although, each ore carries unique properties, therefore requires
development of individual characterization and concentration methods; conduction
of the possite feasible processing route for specific ore will provide general

information for the other similar types.

The main objective of the thesis study is the investigation e€é@neentration and
concentration possibilities for Beylikova baritaorite and REO complex ore. One

of the most important motivation of the thesis subject is the assessment of-the pre
concentration possibilities for REO minerals with respect to differences in physical
properties and selective concentration of barite and fluorite by application of froth
flotation under most feasible operation conditions resulting with maxipassible
recoverygrade values. With the consideration of significant importané&&iisin

terms of economics, in order to present a complete processing route, determination
of the most feasible hydrometallurgical treatment conditions including reagent

type, temperature, duration, type of methodwas identified.



CHAPTER 2

LITERATURE REVIEW

In order to achieve catruction of the most feasible flowsheet for Beylikova
complex oran terms of technigl and economic aspects having genpeapective
about minerals within the ore body brings advantages. From that point of view

extensive literature survey was perfromed

2.1 Barite

Barite (BaS@) as a main industrial sourder barium element is the heaviest non
metallicmineral(Penalozaet al, 2023) This unique property of barite is source of

its name derived from Gr eek (Edemetml, 66 bary
2024) Mass proportion of barite is 66% BaO and 34% of; §&nalozaet al,

2023)

Although quality and properties of barite mineral differs according to depth of
occurrence, types of associated minerals and location of the source; in general term

barite mineral is heavy presenting specific gravity €f.83and norrmagneticin

nature Atomic number of barium is 5&hile it has atomic weight as37.327, ionic

radius as 1.36 and electronegativity of 0.89. Melting point of Barium igCr27

while it boils at 1808C (Penalozaet al, 2023) In addition,baritehas a refractive

index of 1.63 and -3 . 5 hardness a c c o prekentinggood o Mo h 6
stability, moderate rigidityand high absorption of harmful radiatidrurthermore,

barite is almost insoluble in most widely used chemicals under ordinary conditions
(Edemet al, 2024) Appearance of barite differs according teeoasting minerals

but in general they are white, brown, pink or séransparent. Moreover, barite



minerals recognized by tabular or I|dikk aggregate structure with edges
protruding into perfect cleavageMineralogy of barite is defined as rombi
cholohedral similar with other sulfides, presenting a microstructure of ordinary
terahedrons. While @toms placed at the corners, S atoms exist at the center which

makes extremely symmetric barite crysi{@slawoleet al, 2019)

The primary utilization area of barite in accordance of drilling purpose in the oll
and gas industrffAfolayan et al, 2021) Taking the advantage of barite high
specific gravity which increases the density of drilling mateaiatl decreases
requirement of solidwhich enables control of formation pressure, lowers
operational costs and allow easy operafidiles, 2009) In addition, barite isised

as filling material in paper, paint, rubber and glass industry. Furthermore, minor
application areas of barite is its utilization as raw matéiaarious material such

as filler materials in explosives, radiation shields, noise reduction engine

compartments and bariubased chemicalRkaju, et al., 2016)

Commercial value obarite can vary according to associated gangue entities. The
most significant factor effect barite value is reduction in specific gravity. If specific
gravity of barite decreases below 4.0 it is classified as-goade barite mineral.
Barite mineral classified as higirade in case of presenting specific gravity
between 4.21.5. The most widglassociated minerals with barite can be divided in

to three as; quartzalciteand fluorite(Wanget al, 2014) The barite occurrence is

seen in extensive mineral veins or beds. Depending on ore geometry, barite ore
deposits can be classified into three as; bedded, veinand resi@ualn s u & ¥zt ¢r k,
2020) Bedded deposits can be divided into two group as bedded volcanic and
bedded sedimentary. The majority lodrite resources of the world is originated
from bedded sediment deposits in which most widely seen gangue entities are
sulfide minerals such as quartz, iron oxide, pyrite and clays. In order to compare
barite ore deposits with the consideration of difficulties in beneficiation techniques
concentration of barite mineral occurred in bedded sediment deposits are easier
(Penalozaet al, 2023) Beddedvolcanic deposits can be defined as almost massive
deposits of barite bodies containing igneous and sedimentary rDlo&sbarite

4



grade can be reached up to 90% or barite mineral exists in bedded volcanic
deposits can be eexisted with quartz, clays and sulfides. As second type of barite
deposits vein deposits are tabular shaped which are disconnected but traceable over
very large aredPenalozeet al, 2023) Lastly, residual deposits can be defined as
poorly consolidated and occurred by weathering of preexisted def®sifith &

Paytan, 2012)As it was indicated abovearite mineral presenting specific gravity
higherthan 4.2 classified as high grade. Howedere to depleting global reserves

of high-grade barite, the American Petroleum Institute published an alternative
standard for utilization of barite mineral presenting.14 specific gravity as
weighting agents 2010 From that point of view, estimated reserves datealed
according to adoption of the 4.1 specific gravity standihte production and
reserve data related with barite belongs to 2023 and 2024 are presented in Table 2.1
(USGS, 2025)

Table2.1 Production and Reserve Amount of Barite with respect to Countries
(USGS, 2025)

Mine Production Reserves
(thousandmetric ton) (thousandmetric ton)
2023 2024

United States NA NA NA

China 2,000 2,100 110,000

India 2,600 2,600 51,000

Iran 300 310 100000
Kazakhstan 650 650 85,000

Laos 300 300 NA

Mexico 320 330 NA

Morocco 1,000 1,000 NA

Pakistan 130 130 NA

Russia 250 250 12,000
Terkiye 216 220 34,000

Other Countries 314 320 NA

World Total 8,080 8,200 NA




2.2 Fluorite

George Gabriel Stokes, British scientist, discovered that fluorite has the capability

to convert light into blue glow in 1852. This ability of fluorite was expressed by his

word asyHEH\RQG WKH YLROHW THI®hefmanok it cdlee] &W U X P 11
00f | uor e s c(Kingec20XLChemycal formuta of fluorite is CaFCrystal

structure of the fluorite mineral can contain rare earth elements, transition elements

and alkaline elements placed in Ca s{tés et al.2022) Fluoritemineral presents

diverse range of colors such as purple, blue, green, yellow andBlh& Calas,

1978) Variation in fluorite color is explained by different propositions which

would be divided under three main head as @tion of impurity elements, crystal

defects and organic matt@eet al, 2022)

Fluorite is very easy to identify within the consideration of cleavage, harcmabss
specific gravity. Fluorite is the only common mineral which has four directions of
perfect cleavage, often broken into pieces with the shape of octahedron. It has also
a hardness value of four in the Mohs Hardness Séaleddition fluorite has
specific gravity approximately 3.2 which is nearly more than most of the other
minerals(Liu, Song, & Li, 2019)

In general term, fluorite deposits are identified as massive or form layered crust,
globular and botryoidal aggregates or comb textures. In addition, fluorite presents
diversity of replacement textures, fill hairline fractures, occur as disseminations
into host rock or exists with different gangue entities which are calcite, gaadz
barite. The types and quantities of gangue entities have significant effect on
financial value of individual depositsStrong, Fryer, & Kerrich, 1984 )Fluorite
deposits basically can be classified under thsabtitles as; fluorite deposits
associated with felsic igneousck; fluorite deposit associated with carbonatite
and fluorite deposit associated with carbonate sedimentary rocks. This

classification is based on lithological associaflagotraet al, 2017)

Fluorite presents crucial importance for wide range of industrial applications which

are presented in Figure 2.1. In recent years due to increasing requirement for
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fluorite due to development of relevant applications, lots of countries identified

fluorite as strategic mineréGaoet al, 2021)

i Inorganic Fluoride Industry

; Hydrofluoric Application:
i acid Manufacturing gas
i . Battery material
! = | Inorganic — Optical materials
{| | Fluorine Industrial Solvent
! | gas | other
Application . j—
distribution Fluorite l;){ HF I_g_ _______
Fluorine chemical
. ISy PSS | i
! QOrganic Application:
'f fluorinated Refrigerant
: chemicals Solvent
t| Fluorocarbon Pesticide
[ industry \ H ﬂ Medicine
[ 25% ) \| ! -
| Chemical | : Fluorinated
| | mdsuzsq-? |I| i Application: monomer Application:
Muminum I| / i g:r;f:trant * Fiber membrane
smelting | : _ Filter membrane
18% i Macromolecule [ Coating
i Rubber
| i Organic Fluoride Industry

Figure2.1 Utilization Areas of FluoritdGaoet al, 2021)

Mine production and reserve data related with fluorite belongs to 2023 and 2024
are presented in Table QSGS, 2025)

Table2.2 Production and Reserve Amount of Fluorite with respect to Countries
(USGS, 2025)

Mine Production Reserves
(thousand metric ton) (thousandmetric ton)
2023 2024
United States NA NA NA
China 6.000 5.900 86.000
Germany 100 100 NA
Mine Production Reserves
(thousand metric ton) (thousand metric ton)
2023 2024
Iran 121 120 7.600
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Table 2.2 (contdd)

Mexico 1.160 1.200 68.000
Mongolia 1.210 1.200 34.000
Pakistan 55 52 NA
South Africa 345 380 41.000
Spain 165 160 15.000
Thailand 48 76 3.600
Vietnam 146 110 16.000
Other Countries | 180 170 46.000
World Total 9.530 9.500 320.000

2.3  Rare Earth Elements BearingMinerals

The name of rare earth is directly related with their discoveries. In theet@ury,

only one deposit of rare earth elements found in quarry which was placed in
Sweden. Therefore, they were thought to be rare. The term earth in the name of
rare earth comes from French term used for extracted oxides which also literally
means earth. Most of the rare earth elements are discovered iff"tbent9ry with

the exception of yttrium (1794), lutetium (1907and promethium (1943)
(Voncken, 2015)

Through 1980s, rare eartlementswere not considered as a major strategic
concern for business or governmental point of vi€iaull, 1884) Rare earth
elementswere generally used for mixtures with low puritgw value and they

were also available in USA (bastnaesite ore) and monazite ore sites was located in
Australia and Malaysia. During the early 1990s production of rare ebathents

has become focused on bastnaesite instead of monazite sources in China.
Requirement of product with higher purity become more pophtavever skills

of supplier and current technology were not enough to meet demanded product

gualification. Although production of rare eaglementsvas not strategic concern
8



at that time, with increasing requirement for this product used in green and high
technology product including military purposes importance of the topic become

noni gnorable in todayodos worl d.

Bashasite monaziteand xenotimeare the most commoREE bearing minerals.
Bastnasite is a fluorocarbonate mineral containing nearly 70% of rare earth oxide
which are mainly Ce, La, Pand Nd counting for approximately 98% of total REE
content(Gupta & Krishnamurthy, 1992)Bastnasite would also be identified as
cerium bearing miner al however, t his
interchangeable nature of the lanthanide elem@#sbron, 1986)Following the
discovery and development of Bayan Obo deposit and Mountain Pass deposit in the
USA, bastnaesite has replaced monazite as the chief minerals sourRteEsf
(¥zbayo] |l u &. Badsicgptopesties of basthésite with different REE
contents given ifable 2.3(Anthonyet al, 2001)

Table2.3 General Properties of Bastnaesite Min¢faithonyet al, 2001)

Weight Percentage

Mineral Chemical Density | Magnetic (%)
Name Formula (g/cm?®) | Properties
REO | ThO2 | UOz2
Bastnaesite 4.90 _
(Ce,La)(CQ)F Paramagneti¢ 70-74 | 0-0.3 | 0.09
(Ce) 5.20
Bastnaesite _
(La) (La,Ce)(CQ)F NA Paramagneti¢ 70-74 | 0-0.3 | 0.09
a
Bastnaesite 3.90 )
Y(CO3)F Paramagneti¢ 70-74 | 0-0.3 | 0.09
(Y) 4.00

Monazite is a phosphate mineral containing nearly 70% of rare earth oxide which

are mainly Ce, La, Pand Nd counting approximately 83.5594.5% of total RE

content in which variation resulted from type of depo6itgfonoc, 1963) On the

contrary of bastnaesite, monazite contairi2% of thorium and different amount

of uranium. The most significant deposits of monazite minerals are associated with
9
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beach sands and placer depo$sipta & Krishnamurthy, 1992)Characteristic

properties of monazite minerals are gived able 2.4(Anthonyet al, 2001)

Table2.4 General Properties of Monazite Mine(Anthonyet al, 2001)

Mineral Chemical Density | Magnetic Weight Percentage
Name Formula (g/cm?®) | Properties (%)

REO | ThO2 | UO2
Monazite | (Ce,La,Nd,Th)|4.985.43| Paramagneti¢ 3571 | 0-20 | 0-16
(Ce) POy
Monazite | (La,Ce,Nd,Th)|5.175.27| Paramagneti¢ 3571 | 0-20 | 0-16
(La) POy
Monazite | (Nd,Ce,La,Th)] 5.43 | Paramagneti¢ 3571 | 0-20 | 0-16
(Y) POy

The demand for rare earth elements increased in last years because of growing
utilization areas in high technology applications including high strength permanent
magnets, phosphors for electric displays, and applications in a variety of renewable
energy technologies and as alloying agents in mdi@mewn, 2011) Main
utilization areas with respect to required specifications of REE contents are given
in theTable 2.5

Table2.5 Rare Earth Element Requirement by Applicatjpong et al.,2010)

REE Applications La (%) | Ce (%) | Pr(%) | Nd (%) Y (%)
Magnets NA NA 234 69.4 NA
Battery Alloys 50.0 334 3.3 10.0 NA
Metal Alloys 26.0 52.0 5.5 16.5 NA
Auto Catalysts 5.0 90.0 2.0 3.0 NA
Petroleum Refining 90.0 10.0 NA NA NA
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Table 2.5 (cont dd)

Polishing Compounds 31.5 65.0 3.5 NA NA
Glass Additives 24.0 66.0 1.0 3.0 2.0
Phosphors 8.5 11.0 NA NA 69.2
Ceramics 17.0 12.0 6.0 12.0 53.0
Other 19.0 39.0 4.0 15.0 19.0

REEsar e rel atively ab yhodexan tninablecorcdnteatiobsa r t h 0 ¢
are less common than most of the other mineral commodities. Approximately

51.4% of global rare earth oxidmineralsresources are hosted by carbonatite

deposits and bastnaesite, monazite »@rbtimeare the three most significant rare

earth element bearing minerals which are counting 90% of the total resources
(Weng et al., 2015) According to published report by USGS, production and

reserves amount of rare earth bearing minerals with respect to countries are given

in theTable 2.6(USGS, 2025)

Table2.6 Production and Reserve Amount of Rare Earths with respect to Countries
(USGS, 2025)

Mine Production Reserves
(thousand metric ton) (thousandmetric ton)
2023 2024
United States 41,600 45,000 1,900,000
Australia 16,000 13,000 5,700,000
Brazil 140 20 21,000,000
Burma 43,000 31,000 NA
Canada - - 830000
China 255000 270,000 44,000000
Greenland - - 1,500,000
India 2,900 2,900 6,900,000
Madagascar 2,100 2,000 NA
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Table 2.6 (contdd)
Malaysia 310 130 NA
Nigeria 7,200 13,000 NA
Russia 2,500 2,500 3,800,000
South Africa - - 860,000
Tanzania - - 890000
Thailand 3,600 13,000 4,500
Vietnam 300 300 3,500,000
Other 1,440 1,100 NA
World Total 376000 390000 >90,000000
(rounded)
2.4  Concentration Methods
24.1 Pre-Concentration of Rare Earth Bearing Minerals

Generally, theREE containeddeposits are complex and most of the BR#aring
minerals ar@btainedas byproducts, so associated elements such as iron, titanium,
tin, barite and fluorite are determinant for applied concentration route. From the

processing point of view, the following points are the major considerations for the

determination of treatment process applied to rare baghngminerals;

x Type and complexity of the deposit

X Type and nature of other valuable minerals presentREh

X Type and nature of gangue minerals present in the deposit

X Type and composition ®REEbearing mineral¢Ferron, 1991)

The following concentration techniques are applied in industry to produce REESs.

12




2.4.1.1 Gravity Separation

Gravity separation is one of the most common physical concentration and/or pre
concentration method which is applied tosireorder to separate targeted/valuable
minerals from gangue Within the scope of this method, separation of minerals
from each other takes place by taking the advantage of presenting differences in
specific gravities which provide various relative motion of particles in response to
gravity and one or more other forces, the latter often being the resistance to motion
offered by a viscous fluid, water or gWills, 2016) This process presents several
advantages of generally low capital and operating costs besides lack of chemicals,
excessive temperature and pressure requirements which also shows that it is
environmentally friendly. From the mineral processing point of view the most
common gravity separation equipment are; jigs, spirals, shaking tables, falcon,

multi gravity separators and hydrosizers and cycl¢Rakoner, 2003)

x Jig: Separation of minerals presenting different specific gravity is
achieved in a particle bed, which is fluidized by a pulsating current of
water, producing stratification based upon density. While partiaibs
low density flows upward with water, denser and coarser particles settle
down. Jigging is generally used to concentrate relatively coarse particles
and the method is successful in separating fairly edtwed particles
(Wills, 2016)

x Spiral: The spiral is basically an inclined chute with a spiral shape. The
main principle line behind this process is that the combination of
gravitational and centrifugal forces acting on material presenting
different specific gravities lead fine and light particles flow through
upper stream while coarse and heavier particles segrégaleoner,
2003)

x Shaking Table: Shaking table is one of the most common utilized
gravity separator and the principle of separation is the motion of
particleswith different size and specific gravities moving in a slurry

through inclined table oscillates backwards and forwards. During
13



movement of the table under water flow; fine and heavy particles move
slower and accumulate upper part of the table. At that time, coarser and
lighter particles move faster and discharged from lower end of the table
(Falconer, 2003)

x Falcon: Working principle of the falcon concentrator is based on sluice
and continuously operating centrifuge. This equipment is capable of
operating at a high speed of rotation which provide separation of fine
particle with different specific gravities through side wall of the device
(Wills, 2016)

X Multi Gravity Separation: Provides an enhanced gravity separation
with the combination of centrifugal motion of rotating drum and
oscillating motion(Falconer, 2003)

x Hydro-sizer and Cyclones:The working principle of these two gravity
separators are based on achieving separation between fine/ light particles
andcoarseheavi er particle based on the devi

motion of the flow inside thergFalconer, 2003)

Within the scope of mineral processing of rare earth element bearing minerals
which presents relatively higthensity(4-7 g/cn?), gravity concentration is a very
common technique to obtain a grencentrate and/or concentratetloése types of
minerals Especially, for the treatment of heavy mineral sand and placers from
Australia, India and United States. Gravity separation method is applied for the
processing ofoarsegrainedheavy mineral sands where monazite and other rare
earth oxide minerals are recovered asplgducts during the treatment of
zirconium, titanium, tantalum, niobiurand tin mineralgFerron, 1991)In order to

give example for the application of gravity separation on REO minerals Rdlre
presents flowsheet of the processing plant conducted to recover monazite in Idaho
USA.
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In order to diversify the examples of applied gravity separation techniques to
concentrate rare earth oxide minerals, it would be beneficial to mention takout
study conducted to treat Beyiika ore with the aim of procuring bastnaesite
concentrate. Within the scope of the study, material subjected to sieve analysis
which shown that most of the bastnaesite particles are ¥sthem si ze r ange. Fro
that point of view, the ore crushed-th65mm and subjected to attrition scrubbing

for 1 hour with certain solid to liquid ratio. Attrition scrubbed pulp was deslimed
by three hydrayclones which were operated in series. The overflow is collected as
pre-concentrate with 28% REO grade and 72.6% recovery. In order to increase
REO grade of the concentrate collected-gwacentrate fed to the Mozley multi
gravity separator. As a result, bastnaesite concentrate with 35.5% REO grade and
48% recovery was producéd¥ zbayoj l u & Atalay, 2000)

Another study was conducted on the treatment of rare earth oxide minerals by a
combined flotation and gravity separatioBample material was taken from
Mountain Pass mine which bearing bastnaesite as REO mineral with barite, quartz
and calcite as the major impurities. Primarily, material was subjected to the
flotation which resulted with 44% REO grade and 91% of calcite rejected.
Furthermore, obtained concentrate was fed to the Falcon separator which already
upgraded concentrate of REO to the 47% while rejecting the remaining 40% of the
calcite(Williams & Anderson, 2019)

2.4.1.2 Magnetic and Electrostatic Separation

Magnetic and eleabistaticseparators are mentioned under the same subtitle since
both methods generally overlap in the applicatidoreover, they commonly
applied for the beneficiation of heavy mineral sands in which both magnetic and
electrostatic separation processes are crucial to achieve adequate sefditigion
2016)
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Magnetic Separation

Magnetic separation is one of the physical concentration processes which utilized
the difference in magnetisuspectibilitiesof various minerals. The magnetic
fraction would be gangue or valuable depending on its endRaeko, 2021)
Working principle of magnetic separation process is based on differences in
magnetic properties of particles. In the context of the mineral processing, materials
would be divided into two basic groups as diamagnetic and paramagnetic.
Diamagnetic particles do not attract from magnetic force therefore they are
generally called as nemagnetic. In addition, paramagnetic particles generally
presence of unpaired electrons which create magnetic dipoles and result with
magnetic attraction. Ferromagnetic material would be thought as type of
paramagnetism presenting relatively more attraction to magnetic (\lts,

2016)

Electrostatic Separation

Within the scope of electrostatic separation process, the main separation principle
is based on differences in electrical conductivity between different minerals. This
method is generally applied for beach or stream placer deposits. Although, almost
every material presents some conductivity, this method presents disadvantage of
providing low capacity which cause bottleneck during the application of the
procesgFerron, 1991)

2.4.2 SelectiveConcentration of Barite and Fluorite by Froth Flotation

Barite (BaSQ@) and Fluorite (Cafj are principal industrial minerals presenting
wide application areas such as petroleum drilling, barium chemical industry,
weighting agent of oil, refrigeration, pesticide asttlers(Liu et al.,2019) (Liu, et
al., 2020) Moreover, many developed countries define fluorite as strategic source
(Liu, Song, & Li, 2019) Barite and fluorite minerals are strongly associated,
existed generally together with quartz and calcite in low temperature hydrothermal
veins(Denget al, 2019) The most efficient and widely used separation method to
17



selective separation of barite and fluorite is froth flotati@men, et al., 2019)
However, due to their quite similar surface properties of salt type minerals of barite
and fluorite mixed type ore deposits are hard to t(Bdrinakis & Shergold,
1985) In order to ensure maximum possible grade and recovery values in terms of
both barite and fluorite at desired selectivity, operational parameters such as pH,
type and dosage of the collectord modifierdoecomecrucial aspest(Chen, et al.,
2019)

2.4.2.1 Selective Flotation of Barite

In order to treat barite ore which are existing generally with fluorite, carbonates,
silicate and clay minerals, processing routes including hand sorting, jigging,
electrostatic and magnetic separation were preferred within the scope of
beneficiation of highgrade barite ore. However, due to depletion in high grade ore
resources and increasing industrial demand for high grade concentrates these
methods are nogfficient (Penalozaet al.,2023) From that point of view; froth
flotation is the most widely used processing method for barite ore(Gipen, et

al., 2019) (Deng et al., 2019) (Penalozaet al., 2023) (Marinakis & Shergold,

1985) Flotation is gohysiochemistrypased mineral processing method which takes
the advantage of differences in surface properties of the minerals. Philosophy
behind the froth flotation is complex relying on three phases of material (solid,
water, air) and interaction between chemical and physical conditions. The forces
between three faces systere presented inFigure 2.3.Chemical factors have
control on transition of mineral between hydrophobic and hydrophilic state. The
attachment of target minerals to air bubbles and recovered in concentrate fraction
without gangue entities is the most significant decisive factor for an effective
flotation operation. This selectivity between gangue and targeted minerals are
provided by using chemical reagents which ensure differences in surface properties
of particles within the pulp resulting with attachment between air bubble and target
mineral and lifting to the water surface while gangue minerals presenting

hydrophilic charactefWills B. , 2016) From that point of view in order to ensure
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selectivity there are different factor which play important role on flotation behavior
of barite and operational selectivity which are solubility, wettability, electric

charge and flotation reagen{®enalozaet al.,2023)

Water

Ywa
Air
Vsa g
<%
Solid

Ysiw

Figure2.3 Representation of Contact Angle and Surface Tension FQA#s B. ,
2016)

Barite is one the most insoluble saith water solubility as 2.6 mg/(Fenteret al.,
2001) The dissolution equations of Barite are presented in three steps within the

scope of Equation-3 (Shi, Kan, Fan, & Tomson, 2012)

BaSQ (s)z Ba*?+ SQ* (2.1)
SO% +H,0Z HSO" + OH (2.2)
Ba? +OH = BaOH' (2.3)

In addition to solubility, wettability is another important factor that affect flotation
behavior of barite which can be determined by contact angle. Floatability enhances
by higher contact angléwWang et al., 2022) The most significant operational
condition affecting contact angle is type of collector. While the contact angle

bet ween baritel water interface without

bet ween water interface and barite condi:
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and contact angle between water interface and barite conditioned by lauryl
phosphate is reported ase§Chenet al.,2018) From that point of view, it is clear
that type of collector and adsorption of collector is crucial to construct flotation

mechanism resulting with maximum possible recovery and grade values.

pH has considerable importance on the selective adsorption of reagents by minerals
surfaces. Mineral particle in the pulp presents a surface charge which causes
attraction of positive or negative counter ions to the double layer in order to
maintain electroneutralitfWang, et al., 2021)Figure 2.4 presents schematic
representation of electrical double layer simple model for a mimextr interface

model.
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Figure2.4 Electrical Double Layer Basic Representatiboerstenau & Pradip,
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According to schematic representation, t he
defined as Stern plane which indicates closest distance between hydrated counter

ion to the mineral sur f acegywhidhhregqualdtot a | doubl
approximation of zeta pot en t-waterdsystem ) . The s
presents crucial importance in order to construct selective and efficient flotation, in

which charges arise from number of different sources. However, in case of salt type

mineral such as barite, surface charges sourced from one of the lattice ions from the

solid particle according to aqueous phase. In terms of flotation behaviors of the

mineral particles, unique and the most significant parameter affecting electrical

double layer of a mineral in aqueous system is the point of zero charge where
surface charge is zero. The pulp condition:
isoelectric point or point of zero charg€&uerstenau & Pradip, 2005)According

to thesis study revealed by a researcher from Hacettepe University, zeta potential of

pure Barite mineral is revealed as 5(@%ascano, 2023) The electrical charge at

barite mineral surface would be described as in the Equatibrisidng, Zhang, &

Shi, 2007)

BaSQ + 2H' = B&* + H.SQy (2.4)
BaSQ + 20H = SO + Ba(OH) (25)

The point of zero charge/ isoelectric point of barite was identified by measuring
zeta potential as a function of pH without addition of electrolyte. Measurement

results are presented graphically in Fig2e(Hang, Zhang, & Shi, 2007)
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Figure2.5 Effect of pH on Zeta Potential of Barite Partic{elang, Zhang, & Shi,
2007)

According to graphical representation of relationship between zeta potential and
pH value, isoelectric point of barite is approximately pH 7.8 where concentration
of Ba¢*and SQ” is equal in Equation 4 and 5. If pulp pH value belove the point of
zero charge barite surface charged positif€lyauet al.,2009)

From that point of view, in order to achieve efficient and selective adsorption
between mineral surface and flotation reagents, pH of the pulp presents crucial
importance by changing surface charge of the mineral surfaces. Therefore, previous
to construction of successful and selective flotation for barite minerals, pH value
required to be adjusted. According to literature survey, it is revealed that study
performed by the researcher from Algeria namely Mohammed and Arbia Kecir;
barite flotation conducted under pH 9.5 resulted Wdhte recovery between 92

98%. Moreover, calcite was the one of the major gangue entities with in the ore
body subjected to the study is depressed under pHK®&ir & Kecir, 2016)
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Moreover; a study performed to investigate affect of pH on barite and fluorite
flotation behaviors at pH-80 barite recovery is found as maximum. Result of the

tests are given in the Figu?e6 (Duanet al.,2021)

Recovery of Fluorite and Barite vs. pH

Crnaor =2 X 107% mol/L
100+ NaOl /

—&— Fluorite
—e— Barite

80

60

Recovery (%)

40t

201

pH

Figure2.6 Flotation Recovery of Barite and Fluorite as a Function of[ptnet
al.,2021)

In addition to these studies; flotation test performed to achieve selective flotation of
barite without gangue entities, effect of pH has been investigated on barite
recovery. Results of the test revealed that pH value-@b barite recovery was

found above 90% as it is indicated in Figure (@@énget al.,2019)
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Figure2.7 Effect of pH on Barite and Calcite Recovery by Flota{ipbenget al.,
2019)
As it was indicated before, the ore mat e

Beylikova Complex Baritd-luorite and REOminerals bearing ores. In order to
construct expedient literature survey it is thought as it can be beneficial to mention
about the studies conducted by using exactly same ore. From that point of view,
according to thesis study performed by a researcher from Hacettepe University pH
role on selectivity of the valuable entities has been revealed. Meaningly, pulp pH
above 9.5 resulted with approximately 90% of recovery and %65 graobits,

while fluorite and REO minerals recovery values found 30% and below. Graphical

representation of the results are presented in Figure 2.8 a(ida&c@ano, 2023)
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Figure2.9 Effect of pH on Recovery of Barite, Fluorite and REO Minerals
(Lascano, 2023)

Moreover; based on another study conducted by using Beylikova Bardate
and REO Minerals ore, particular part of the performed test program focused on
effect of pH on barite and fluorite flotation behaviors. Results of the parametric

tests revealed thdtarite flotation was performed at pH above 9, results with
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maximum grade and recovery values. Results of the test program in tebbargef
and fluorite grade and recovery values are given in the Figut@ as graphical

representatiof ¥ z b a k., 1993)
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Figure2.10 Effect of pH on Flotation Behavior of Barite Minefal¥ z bak, 199 3)

Collector

Fatty Acids,or in other words carboxylic acids are the most commonly used
primary flotation reagents as collector in barite flotation. Sodium oleate, oleic acid,
tall oil, oxidized paraffin soap can be listed under list of widely preferred collector
in order to concentratebarite ore (Penalozaet al, 2023) The fundamental
mechanism between carboxylic functional group and barite mineral can be
described as formation of insoluble structure by adsorption of polar part of
carboxylic organic group by metal ions on the surface of the mifiEaalet al.,
2024)
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Oleic acid presents powerful collecting capability and reasonable price. In addition,
adsorption of oleic acid on mineral surface is provided by chemical adsorption
(Yue, 2001) Adsorption mechanism of oleic acid on barite surface is presented in
Figure2.11 However, oleic acid has major disadvantage as poor selectivity which
cause requirement of excessive addition of inhibitoleppressant§Tao et al.,
2024)
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r/// P W1 A2
R o  The form of existence
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LUMO: 0031709 ¢V

RCOOH=RCOO +H ,__

aqucous solution.

Figure2.11 Adsorption Mechanism of Oleic Acid on Barite Surfg§€eaoet al.,
2024)

Since hydrocarbon chain in oleic acid decompose more easily, sodium oleate is
more stable collector than oleic acid. Adsorption mechanism of sodium oleate on
barite surface is presented in Fig2ré2 (Taoet al.,2024) Although, utilization

of sodium oleate for barite flotation results with high grade concentrates, obtained
concentrate is generally unacceptable especially for drilling applications, due to
damaged settling characteristic of barite because of adsorbed oleate. Removal of
adsorbed oleate can be provided by treatment under heat, however this application
also brings technical and economic bottle nd&laawole et al.,2019) (Penaloza

et al.,2023) Moreover, even though several scientific research indicates strong
collecting ability to sodium oleate for barite flotation systems, it is found as
sensitive to slimes and not effective at
quietly limits flexibility of operation(Chen, et al., 2019)The last and the most
significant disadvantage of utilization of sodium oleate for barite flotation is poor
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selectivity especially in the existence of fluorite in ore body. Fluorite and barite
presents quite similar flotation behavior under effect of sodium oleatez b a k
1993) (Denget al.,2019) (Liu, Song, & Li, 2019) (Lascano, 2023)Penalozaet

al., 2023) (Kecir& Kecir, 2016) (Duanet al.,2021)

e 3%

N
14 L COONa~C-H COO+Na
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Figure2.12 Adsorption Mechanism of Sodium Oleate on Barite Surfdeeet al.,
2024)

Sodium Petroleum Sulfonais,a widely used anionic surfactant including sulfonic
group attached witlalkyl (RSQNa). Alkyl part is intensely hydrophobic suifo
group in which R represents approximately 14 to 18 carbon g@®emalozeet al,

2023) Sodium sulfonate is mixture of fuel oil and watgith mahogany brown
color and molecular weight is relatively low. Moreover, it is a viscous liquid which
is able to dispersed in hot watéKecir & Kecir, 2016) Although sodium
petroleum sulfonate extensively used for flotation of silicate and iron ore, it has
been widely preferred for selective flotation of barite minef@lsen, et al., 2019)

In order to provide more precise approach for literature survey on selecting the
optimum type of collector for the ore type which is subjected to this thesis subject,

scientific studies performed by using Beylikova ore was focused on it, as well.
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Although there are lots of studies indicate that petroleum sulfonate type collector
performance was quite successful on barite flotaiRenalozaet al.,2023) (Kecir

& Kecir, 2016) (Chen, et al., 2019}t is decided to indicate studies performed by
using Beylikova ore sample. From this point of view; the thesis study performed by
a researcher from Hacettepe University thought as reasonable example, since barite
flotation was resulted with 77.51% grade and 95.93% recovery values by using
petroleum sulfonate collect¢kascano, 2023Moreover;in otherstudy performed

by Kazém ¥zb a barité contentradetwehdo4.52% grade and 36.91%
recovery values was achieved from Beylikova Ore sample by using petroleum
sulfonate type collectof ¥ z b a Kk , Lastly9 8c8oyding to result of a study
performedby using Beylikova ore, Barite concentrate with approximately 94%
purity was achieved as a result of flotation performed by using petroleum sulfonate
type collector(Deniz, Umucu, & Deniz, 2022)

Modifiers

Barite as a saltype mineral presents high soluble character than oxide and silicate
minerals. Other salt type minerals can be listed as fluorite, gadcite scheelite
which are generally occurred togeth{®tarinakis & Shergold, 1985)The major
co-existed minerals with barite indicated as quartz, flupatel calcite(Deng et

al., 2019) As it was mentioned before, flotation is the most commonly used
method to concentrate barite however, selective beneficiation of barite is not
simple due to its quite similar surface properties witlexisting minerals. In other
saying, flotation characteristics of barite mineral is strongly parallel to calcium
bearing minerals since both Ca and Ba belong to the same main group in periodic
table so presenting similar chemical characterigdt®nget al.,2018) Therefore,
selective beneficiation of barite from calcium bearing minerals is nearly impossible

without using effective modifier@.iu, et al., 2020)

In order to depress major gangue entities such as quartz and fluorite in barite
flotation most widely known depressants are listed as sodium silicate, acidified
water glass, -bhoshonobutan&, calcium lignosulphonate, sodium phytate and
citric acid (Deng et al.,2019) However, in order to construct selective flotation
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utilization of excessive amount of depressant brings disadvantages in terms of both
operational economy and environmental aspect by producing tailings with dilute

chemicals. From this point of view selection of effective depressant is crucial

(Duanet al.,2021)

Sodium silicate namely water glass and acidified water glass are the most widely
utilized inorganic depressant presenting ability to construct complex with metal
ions by using its silicate group and they provide economical advantage by being
economic(Denget al.,2019) A study performed by a group of researcher from
Kunming University clearly revealed that positive effect of sodium silicate on
barite grade and recovery values. Graphical representation of parametric tests is
presented in Figur2.13(Wanget al.,2022)
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Figure2.13 Effect of Sodium Silicate Dosage on Barite Concenif\atang H. ,
Dai, Yang, & Li, 2022)

According to another study, effects of acidified water glass and water glass on

depression of fluorite was compared. Results of the parametric test prove the
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positive effects of both depressants. Graphical representations of parametric test

results are presented in Fig@d4(Denget al.,2019)
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Figure2.14 Effect of Depressant Dosage on Barite &adcite Floatabilities(Deng
et al.,2019)

In addition to water glass, citric acid is also primary depressant specifically utilized
for depression of fluorite during barite flotati(lulatovic, 2015) The reason leads

citric acid being primary depressant for fluorite during barite flotation is; citric acid
provides complete selectivity by providing inhibitory effect only for fluorite
without effecting barite mineralgLiu, et al., 2020) The study performed by a
group of researchers can be given as an example for sharp effects of citric acid on
depression of fluorite minerals during barite flotation. Within the scope of

parametric test, effect of citric acid dosage on fluorite flotation tendency was
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investigated. Results of the test is given as graphical representation in Eitfure
(Liu, et al., 2024)
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Figure2.15 Effect of Citric Acid Concentration on the Floatability of the Minerals
(Liu, et al., 2024)

On the other hand; a study performed in order to achieve seleotigentratiorof
barite by application of flotation from complex basiteorite ore samples was
conducted and selectivity is achieved by using citric acid. During conducted
parametric experimentspdium oleatavas usedscollector at constant dosage in
order to reveal effect of citric acid dosage on flotation capabilities of barite and
fluorite. Results of the experiment program is given in Figude (Liu, et al.,
2020)
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Figure2.16 Effect of Citric Acid Concentration on the Flotation of Barite and
Fluorite5 (Liu, et al., 2024)

2.4.2.2 Selective Flotation of Fluorite

Fluorite (Cak) is the prominent source for fluorine and widely used in various
industrial areas such as cement, glass, ceramics, metallurgy, medicine, aviation and
refrigeration production. In addition, as it was indicated before due to great
demand, fluorite is defined as strategic source by many coufaeset al.,2021)

In order to concentrate fluorite by means of selective separation of its gangue

entities froth flotation is the most widely used metkiod, Song, & Li, 2019)

Efficiency of fluorite flotation is controlled by the surface chemistry and separation

process is depended on the selective formation of a hydrophobic surface state

(Zhang, Wang, & Miller, 2014) The most typical crystal surfaces within the

fluorite are {111}, {110}, {100} and {310}. These crystal surfaces present
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different surface propertig&aoet al.,2019) Fluorite presents both hydrophobic
and hydrophiic feature and the degree of hydrophobicity is expressed by contact
angle which is defined in Figure 28.literature different contact angle values for
fluorite were reported. This difference can be caused by sample origin, sample
preparation methqdnd potential contamination. Contact angle values with respect

to crystal surfaces of fluorite is presented in Table

Table2.7 Contact Angle of Fluorite Surfaces

Fluorite Crystal Surfaces
Surf Reference
urface | r111} | {100} | {110} | {310}
20 0 0 (Miller, Fa, Calara, & Paruchuri, 2004
Contact | 404 | 32.4 (Gao, Sun, Hu, &
Angle
79.2 | 721 (Gao, et al., 2018)
20 (Zhang, Wang, & Miller, 2014)

According to the table it can be indicated that natural fluorite provides slight
hydrophobicity and able to be floated by air bubbles without flotation reagent in
tube type flotatiordevice However, efficiency of this process is strongly depended
on the pH of the pulpGaoet al.,2021) As it was discussed previously, the surface
charge of mineral particles in minesshter system has crucial importance to
achieve selective flotation operation in where zeta potential is defined as total
double layer potential. Zeta potential of a mineral is a function of pH and a study
performed by a researcher from Hacettepe University published a graphic to
present zeta potential of fluorite under different pH values. According to this study
iso electric point/ point of zero charge of fluorite mineral is defined a8.8.1
During the study, pH was controlled by usingp@@s and HSQs (Lascano, 2023)
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Figure2.17 Zeta Potential of Fluorite Under Different pH Valyéascano, 2023)

A study conducted by wusing fTlgu&iatatee mi ner a
potential variation as a function of pH under effect of different salts has been
studied. According to study, ésoelectic po
mineral in water is determined as 3.6. In other words, zeta potential of fluorite

mineral is zero at pH 3.6 in water. Results are presented in Rgl8d U- ar &
¥zdaj,. 2002)
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Figure2.18 Zeta Potential of Fluorite Mineral as a Function of pH Under Effect of
DifferentSaltf U- ar & ¥zdaj], 2002)

Moreover, different scientific source indicates different point of zero charge (pzc)
which can be resulted by applied measurement methodology and different
properties of different fluorite samples taken from various sources. TaBle
presents pzc values of fluorite mineral revealed by different researchers.
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Table2.8 Point of Zero Charge of Fluorite Minerals from Different Sources

Point of Zero Charge | Condition Reference

10.6 Natural (¢el i k, 1994)

3.6 Natural (U-ar & ¥zdaj, 2
6.2 Natural (Hanna & Somasundaran, 1976)
3.6 Natural (U-ar & ¥zdaj, 2
8.1-8.8 Natural (Lascano, 2023)

9.5 Natural (Zhao, et al., 2013)

8.2 Natural (Liu, Song, & Li, 2019)

10.5 Natural (Ayhan, Bozdoj an

As it can be observed from Table 2.8 point of zero charge of fluorite varies
between the range of 168366. In addition, it is indicated that fluorite is quite
sensitive to the existence of carbon dioxide which cause replacemenwah F
carbonate resulting with shift in zero chaf@aoet al.,2021) Although variation

on pzc can be caused by various reasons, but at least the study performed by
Lascano conducted by using Beylikova Ore which belongs to exactly same region
where the ore sample for this thesis study was taken from. From that point of view,
pzc for Beylikova ore can be estimatedasveer.1-8.8 where surface of fluorite

is positively charged at pH lower than p@eenalozaet al., 2023) Moreover,
occurrence of positive charge can be resulted due to reactions af kiinerals

surface in presence of water according to following equati®aset al.,2021)

F + HO /AEFH + OH (2.6)
Ca*+ HO /EH" + CaOH (2.7)
H* CaOH AECaOH?* (2.8)
FH + H* EFH," (2.9)
CaOH /ECaO +H (2.10)
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In order to conduct successful flotation process resulting with maximum possible
grade and recovery values and provide selectivity pH value required to be adjusted
properly(Zhao, et al., 2013Moreover, since fluorite present quite similar surface
properties with its c@xisting minerals (calcite, barite) to enhance selectivity pH
needed to be considered prope(Bulatovic, 2015) According to thesis study
perfor med by elsanplécontahbdirabarite adrfluorite was aimed

to selectively concentrate by application of flotation. From this point of view, since
pH has the crucial role in terms of both selectivity and gradevery values, he
conducted parametric flotation tests under different pH values by keeping other
operational parameters as constant in order to investigate effect of pH. Test results
are presented in Tab®9( ¥ z b a k., 1993)

Table2.9 Effect of pH on Fluorite Flotation from FluoritdBarite Complex Ore
(¥zbak, 1993)

Fluorite Concentrate

pH Grade (%) Recovery (%)
CakF2 BaSQ CakF2 BaSQu
4 56.15 28.01 88.32 91.02
5 56.10 27.82 87.39 89.54
6 56.40 27.90 84.44 86.26
7 58.50 25.49 78.94 71.06
8 62.65 20.46 76.18 51.39
9 64,65 17.93 71.17 40.76
10 64.75 14.72 59.33 27.86
11 68.15 12.32 51.81 19.35

According to test result it can be concluded as slightly alkali conditions provide
best conditions for fluorite flotation in terms of gradeecovery optimization and
operational selectivity. The operational conditions of different scientific studies
performed to selective concentration of fluorite by flotation is summarized in Table
2.10
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Table2.10 Fluorite Flotation Recovery Values with respect to Different

Operational Conditions

Fluorite Fluorite

Ore Type pH Collector Type | Recovery | Grade Reference
(%) (%)

Baritei Fluorite 7 NaOl >90 NA (Chen et al., 2018)
Baritei Fluorite 8 NaOl 89.14 92.89 | (Liu, Song, & Li, 2019)
Baritei Fluorite- | ¢ o NaOl >90 NA (Ren, et al., 2017)

Calcite
Baritei Fluorite 7 NaOl 94.32 NA (Chen et al., 2018)

Fluorite 9 Oleic Acid 61.5 66.5 (Ayhan, Bo

Temel, 2006)

Barite1 Fluorite 7 Hydroxamic Acid 94.71 94.18 (Duan et al., 2021)

Sodium Petroleun

Baritei Fluorite 7 Sulfonate >80 NA (Chen, et al., 2019)

Barite- Fluorite 8 Tall Oil 80 NA (Lascano, 2023)
Fluorite 8 MOdT\i% Fatty 93 NA (Zhao, et al., 2013)
Fluorite 7 NaOl 84.18 97.89 (Peng et al., 2014)

In addition to pH; in order to construct selective concentration of fluorite by

application of flotation utilization of correct reagent is esse(Balatovic, 2015)
Collector

Collectors that are used to achieve selectemcentrationof fluorite can be
divided into four group according to composition of polar groups as; anionic,
cationic, amphotericand microbial collectors. Anionic fatty acid collectors are the
most commonly used collectors. However, they have the disadvantage of being
slightly soluble in water which makes them difficult to use at low temperatures. On

the other hand, utilization of anionic and amphoteric collectors causes various
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technical and economic problems as high operations cost and requirement of
complicated flowsheets. From that point of view, serious amount of reseasch
been performed in order to develop alternative solution by using different kinds of
collectors(Gaoet al.,2021)

Fatty Acid,are the most widely used collector type in fluorite flotafiGaoet al.,
2021) (Bulatovic, 2015) (Liu, Song, & Li, 2019) (Zhenget al; 2017) (Pugh &
Stenius, 1985) Moreover, fatty acid are the primary collectors used in
beneficiation of many nosulfide minerals since it provides main advantages as
strong collecting ability, being highly available and low c@Sto et al.,2021)
Despite its advantages; fatty acids present critic bottlenecks which limit operational
flexibility and selectivity. Additionally, since fatty acid and its derivatives interact
not only with fluorite but also with its eexisting minerals such as barite process
requires excessive utilization of modifiers to provide selectivity which cause
environmental risk especially in tailing management since waste water involves
residues of these modifief®uan et al., 2021) Among fatty acid collectors,
sodium oleate is the most commonly preferred one due to its high natural
abundance and low melting temperature, providing low cost and ease of use
(Foucaud, et al., 2021%tructure of sodium oleate is presented in Figut®(Zhu,

et al., 2021)

N
C=C 9
/ 0\

C—ONa

H,C(H,C)gH;C CH,(CH,)sCH,

Figure2.19 Structure of Sodium OleateU- ar & ¥zdaj , 2002)

According to literature survey; general acceptance about adsorption of sodium
oleate on fluorite surface is occurred by reaction between carboxylic acid

functional groups and Ghasites on fluorite surfac¢Gao et al., 2019) Anion
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exchange between the sodium oleate carboxylate group and mineral surface can be

expressed as follow§oucaud, et al., 2021)
Cak + NaOctanoate = CaFOctanoate + NaF (2.11)

Flotation of fluorite by using oleic acid or sodium oleate as its derivative has been
studied extensively by plenty of researclEwever in order to provide selectivity
modifiers required within the scope of all test works. In order to be concrete,
following examples are given. According to study performed in order to be conduct
selective beneficiation of barH&iorite complex ore, contact angles of barite and
fluorite without reagent, contact angles of barite and fluorite with sodium oleate
and contact angles of barite and fluorite wstbdium oleateand modified were
measured. As indicated before contact angle can be defined as measure of
hydrophobicity(Leja, 2004) According to result of the conducted systematic tests,
it is revealedhat while sodium oleate enhance contact angle of natural fluorite and
barite it does not provide selectivity. In order to providerite, concentrate with
possible minimum amount of barite modified (MS) was used. Graphical

representation of the test results are presented in RAg20¢€Chenet al.,2018)
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Figure2.20 Effect of Flotation Reagents on Floatability of Barite and Fluorite
(Chenet al.,2018)

According to chart presented in Fig2e2Q positive effect of sodium oleate on
fluorite hydrophobicity by increasing contact angle can be observed. However,

since it effects barite exactly same utilizatioradtlitionalreagent was required.

In order to support reality of low selectivity of sodium oleate used in fluorite
concentration by application of flotation from batibkeorite complex ore, it is
believed providing additional example on this topic can be beneficial. A scientific
study was performed in order to reveal the fact that Nm€ders same attraction

both for barite and fluorite. With the aim of overcome this difficulty additional
regent was utilized as depressant. Graphical representation of the test results which
indicates contact angles of natural barite and fluorite, contact angle of barite and
fluorite with sodium oleate and contact angle of barite and fluorite with depressant
is presented in Figur221(Longet al.,2022)

43



120 + N\ Fluorite

3 /774 Barite
~ 100 F 92.3
=
o0
=
< 60.5
e
>
3
=
=
o D4.4 6.7

I
V/
A A é Y
No reagent NaOL GG GG+NaOL

Reagent condition

Figure2.21 Effect of Flotation Reagents on Floatability of Barite and Fluorite
(Longet al.,2022)

Hydroxamic Acidjs evaluated as highly selective collectors for bdftuterite type

ores. Although it is indicated that hydroxamic acid type collectors are weaker than
sodium oleate it provides major advantages as; requirement of less amount of
modifier, provide more environmentlendly solution in terms of tailing
management and present selective collecting al§iBgoet al.,2021) Schematic
representation of hydroxamic type collectarglits derivatives on mineral surface

is presented in Figur222(Pradip, et al., 2001)
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Figure2.22 Adsorption Geometry of Hydroxamic Acid on Mineral Surf@ceng
et al.,2022)

Although concentration of irofrREES tin, and tungsten minerals have been studied
by using hydroxamic acid, beneficiation of fluorite mineral by using hydroxamic
acid has not yet been expldrm detail. However, since selectivity of fatty acid is
still unsolved problem flotation of fluorite mineral by using hydroxamic acid can
be evaluated as valid solution since it provides selective solution for flotation of
fluorite by not effecting its most common -e@isting minerals such as calcite,
barite, quartz, fluorapatite minerals which present quite similar surface properties
with fluorite (Pradip, et al., 2001)

A study performed by a group of researchers conduct test program in order to
reveal selectivity of hydroxamic acid on fluorite concentration by application of
flotation from baritefluorite ore. During the test program octylamibis-
propanohydroxamic acid(OPHA) was used as collector and graphical
representation of test results in terms of fluorite and barite recovery is presented in
Figure2.23(Duanet al, 2021)
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Figure2.23 Flotation Recovery of Barite and Fluorite by Using OPHA as a
Function of pH(Duanet al, 2021)

Moreover, in order to present additional example for selective beneficiation of
fluorite from its ceexisting minerals by using hydroxamic acid type collectors and
derivatives a study conducted by group of researcher is mentioned followingly.
Within the scope of the study, octyl hydroxamic acid (HXMAwas utilized.
Scope of the study was focused on utilization of hydroxamic acid to investigate
selective effect of hydroxamic acid on selective beneficiation of fluorite. During
test campaign HXMA8 was used as collector and operational parameters were
kept as constargxceptfrom collector dosage. Test results are presented in Figure
2.24(Pradip, et al., 2001)
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Figure2.24 Flotation Recovery of Fluorite, Calcite and Fluorapatite as a Function

of HXMA -8 ConcentratiorfPradip, et al., 2001)

As it can be observed from Figu2e24 recovery of fluorite isalmost100% even
application of low collector dosage while calcite and fluorapatite floatability
enhanced under extreme conditions. As a conclusion, it can be confidently
indicatedthat, it is possible to conduct selective process by using hydroxamic acid

by application of flotation method.

Alkyl Succinamateype of promoters were developed to provide more selectivity
that can be provided by fatty acids and petroleum sulfonates. In addition to
selectivity, alkyl succinamate collectors are more soluble which provides
convenience operatio(Cytecy, 2002) A-845 is the commercial name of alkyl
succinamate collector which was utilizéw thesis study in order to selective
concentration of fluorite from bariiguorite ore type. During the applied test
program not only A845 but also NaOl was used. Test results of the both
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experimentsare given in Table2.11 in order to make comparison between

conventional fatty acid collector and alkyl succinamate colldctérz b a k.,

1993)

Table2.11 Effect of Collector Type on Selective Separation of Fluorite from Barite

(¥zbak, 1993)
Fluorite Concentrate
Type of
Grade (%) Recovery (%)

Collector
Cak BaSOs Cak BaSOs
NaOl 69.10 9.77 61.96 18.10
A-845 72.70 6.84 79.20 15.39

According to metallurgical values presented in Tabl&l, utilization of A485

enhancesot only concentrate grade but also recovery values in terms of fluorite

while rendering barite in tailing fraction.

Amphoteric collectorspresent anionic and cationic polar groups within their

structures. Collecting abilities vary with respect to pulp (@4o et al., 2021)

According to study, flotation ability of fluorite by using amphoteric collector

(benzol amino benzyl phosphoric acid, BABP) was investigated. According to test

results it was indicated that utilization of 0.36 mM BABP as a collector under

slightly alkali conditions results with approximately%®53luorite recovery(Hu &

Xu, 2003)

Combined collectorsprovides also effective solution for selective flotation of

fluorite by taking the advantage of different collector types. For example, the

mixture of anionic and cationic collectors

alkyltrimthylene diamine is able to separate fluorite from bgMeo, Zheng, &

Zhang, 1995)

Modifiers

likely paraffin soap and N

Fluorite generally exist with calcite and it is strongly associated with barite.

Although the most widely usezbncentratioomethod for fluorite idlotation, since

barite and fluorite present quite similar surface properties it is nearly impossible to
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conduct selective separation of fluorite and barite without modifiers specifically
depressants and activatdtsu, Song, & Li, 2019) Among modifiers, depressants
that are used within the scope of fluorite flotation in order to ensure selectivity can
be groups under to stiltle as organic and inorganic depressd@soet al.,2021)

In order to achieve selective separation of fluorite from itexasting minerals, is

one the most commonly preferred inhibitors presenting strong ability to depress
barite, mica, sulfide, iron oxidand calcite mineral@Gaoet al.,2021) In addition,

is advantageous due to its high abundance, high availability, low cost and
environmental friendlines&henet al.,2018) Moreover, due to its high degree of
bending ability, adsorption of on the mineral surface results with adsorption of
collector on minerals surface therefore hydrophobic film on the mineral surface
candt s ho(Waoettls2024)f Hoveeeet, due to its low water solubility
has been tried to be modified by oxidizing or introducing functional gr@pset

al., 2021) Modified provides some additional advantages which are not presented
by regular such as developed solubility characteristics and water holding capacity.
Dextrin is one of the most widely known modified obtained by partial thermal
degradation under acidic conditio(Bulatovic, 2015) It is indicated as effect of
modified directly related with causticization of . Interaction mechanism between
modified (indicated as GS) and barite surface is presented in @& €Tao et
al.,2024)

A N
I X
GS ¢ adsorption ', 1
NaOL
Barite ‘ 5 : e 374 Blocking
) Hydrogen Bond Hydrophilic Surface

..........................................................................................................

In the pulp system

Figure2.25 Interaction Mechanism Between Modified and Barite Sur{de® et
al.,2024)
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According to research study performed to reveal effect of modified on selective
separation of fluorite from barite, complex batfligorite ore was used and NaOl

was preferred as collector. Test results proved that increasing dosage of modified
results with decrease in Barite recovery as a result of flotation application.
Graphical representation of the test resislisresented in Figur.26 (Chenet al.,

2018)
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Figure2.26 Effect of Dosage on Barite Recovdfyhenet al.,2018)

Moreover, another study performed to provide selective flotation of fluorite from
fluorite-calcite ore modified (hydroxypropyl ) was utilized. According to results of
the parametric laboratory tests; while modified showed stightessingffect on

fluorite, calcite recovery is decreased to 10% from 9@, et al., 2021)

In addition to , gellan gum can be given as an example for organic depressant with
the consideration of its significant effect on calcite. A study performed by using
gellan gum and sodium oleate as collector proved its depressing effect on calcite.

Test results showed that contact angle of calcite decreased to 32.7 from 101.4
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under the effect of gellan gum while contact angle of fluorite effected slightly
(Wang, et al., 2024)

Tannin (quebracho) is another organic depressant extracted from the roots and
shells of some plants and used in order to depress calcite and quartz during fluorite
flotation (Gao, et al.,2021) (Bulatovic, 2015)

In order to focus on inorganic depressants preferred during fluorite flotation; water
glass and acidified water class can be evaluated as major alternatives. Sodium
silicate and its derivatives includes different proportions o, %@ NaO which
provides not only successful depression for calcite and silicate type gangue entities
but also efficient dispersant effect for slime. Acidified water glass (acidified
sodium silicate) has the quite similar mechanism with regular sodium silicate
except that the existence of acid results with the formation of collsiltz (Gao

et al.,2021) A study performed with the aim of proving effect of water glass on
depression of quartz. During conducted parametric tests, NaOl used as collector
and water glass as depressant. Graphical representation of the test result is
presented in Figur2.27(Zhanget al, 2017)
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Figure2.27 Effect of Water Glass on Fluorite and Quartz Recoy&hanget al,
2017)

As it can be seen frorigure 2.27 even by using low dosage of water glass
recovery of quartz found as significantly low. However, in case of utilization of

extreme amount of water glass it decreases recovery of fluorite.

Polyphosphates such as sodium hexametaphosphate (SHMP), sodium
pyrophosphate (SP) and trisodium phosphate (TSP) and sodium tripolyphosphate
(STPP) can be defined as inorganic depressants which are utilized during selective
fluorite flotation due to its depressing effect on barite mineral suffaeeet al.,

2021) A scientific study conducted in order to prove depression effect of TSP on
barite by Cheng Liu and his colleagues. During performed parametric test studies,
TSP (100 mg/ L) was used as*ma/ke)pusedass ant and
collector under different pH values. According to results of the test campaign, at
pH 8, while fluorite recovery was found as approximately 90%, barite recovery
was calculated dbow 10%. Graphical representation of the results is presented in
Figure2.28(Liu, Song, & Li, 2019)
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Figure2.28 Effect of TSP on Selective Separation of Fluorite from Bdzdteang
et al, 2017)

In order to provide selective separation of valuable entities from complex ore such
as baritefluorite complex ores sequential applicatiorcohcentratiotechniques is
preferred. From that point of view, during baritduorite flotation in case of
flotation of barite is performed prior to fluorite flotation in order to obtain barite
concentrate with possible minimum amount of fluorite, fluorite required to be
depressed as it is discussatter the title 2.4.2.1 Selective Flotation of Baofe

this thesis statement. Therefore, as subsequent step during fluorite flotation
depressed fluorite should be activated. From that point of view NaF is most widely
utilized activator. To support this indication result of the study performed by a
group of researchers can be given. During performed parametric tests, different

dosages of NaF used in order to observe its effect on fluorite grade and recovery
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values. According to test results increasing dosage of NaF has positive effect on
fluorite concentrate graeecovery values. Tabl@.12 presents the test results
(Taguta, Teme, & Ngobeni, 2020)

Table2.12 Effect of NaF Dosage on Fluorite Concentr@taguta, Teme, &
Ngobeni, 2020)

Fluorite Concentrate
NaF Dosage
@) Grade (%) Recovery (%)
g Cak2 Cak2
0 84.00 83.00
500 96.4 85.00
750 93.8 86.00

Finally with the consideration of importance of pulp pH during fluorite flotation
especially in terms of operational selectivity selection of pH regulator has crucial
role. Sulfuric acid is the most widely used pH regulator during fluorite flotation
due to disadvantages of hydrochloric acid as being volatile and nitric acid as being
oxidable(Gaoet al.,2021)

2.4.3 Processing of Bastnaesite

Bastnaesite presenting chemical formula of (REEFC€xch in cerium, followed

by lanthanum, neodymium and praseodymi(@astor & Hedrick, 2006)These
elements present significant importance for high technology applications,
greenfield operations, nuclear technology, medicinal industry, hydrogen storage,
batteries, superconductors, metal alloys due to their fabulous physical and chemical
properties (Shahbaz, 2022) Although rare earth elements have significant
importance for wide range of applications, ores containing these elements can not
be directly used as product for listed applications. Ore material, presenting complex

rare earth mineral entities require physical or metallurgical or hydrometallurgical
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or their combination processes to be converted to end products ready to be used in

variety of purposefim, Choi, & Lee, 2025)

Figure 2.® demonstrate alternative processing methods from beneficiation to
extractive metallurgy. Within the scope of this thesis stuirition scrubbing
followed by size classification applied esncentratiohpre-concentration process

of run of mine in which preoncentrate relatively rich in terms BREEsobtained

via satisfying metallurgical grade and recovery values. For this reason, subsequent
processing applications with the aim of converting concentrated ore into valuable

form of REEsintensively investigate(Kim, Choi, & Lee, 2025)
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Figure2.29 Alternative Processing Methods for Rare Earth Recovery from
BastnaesitéKim, Choi, & Lee, 2025)
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24.3.1

Metallurgical processing of bastnaesite generally starts with thermal processing

Metallurgical Processing of Bastnasite

which can be grouped under four main titles as; oxidative roastingpxdative

roasting, acid baking/ roastingnd caustic digestion. These methods have been

studied and applied since early 19%0sn, et al., 2021)

Table2.13 Development History of Metallurgical Treatment of Bastnaesite
ConcentrategCen, et al., 2021)

Year Method Characteristics
1959 Nitric Aud Digestion and solvent] 98% of REE was recovered
extraction
Caustic Roastinil water leachin NaOH roasting convert the fluoride into
1959 . 9 9| soluble alkali fluoride, then water leachir
- flotation . X
followed by flotation to remove barite
1960 Sulfuric Acid Leaching Concentrates dlsso_lved in warm
concentrated sulfuric acid
Oxidation Roasting HCI Europium oxide and lanthanuamriched
1965 - . X
leachingi solvent Extraction products were obtained
1965 HCI Bakingi NaOH Fluorides in the leach residue decompog
decompositionHCI Leaching by NaOH and REOH dissolved by HCI
. Caustic Soda can convert the fluoride tg
1960s C_austlc_Soda ConversiérHCl hydroxide which enable to dissolved in
dissolution i
HCI solution
Oxidation Roasting H.SOy Selective separation between bastnaesi
1960s . ;
Leaching and monazite
1966 NaCOs; bakingH>SOy Leaching | Clean process but operational high cost
1967 Chlorination Process Simple, low cost but high fluoride end
product
1967 Directly Preparing a Polishing | Calcined with hydrogen fluoride at 760
Compound 1150eC for more th
Sulfuric Acid Roasting water Heated with Concent_ratedzEQ to
1980s . convert rare earth minerals into water
leaching
soluble sulfate
1980s NaOI-_| Decompositioi HCL Clean however high operational cost
leaching
Sulfuric Acid decomposition .
o Enable recovery of cerium from the long
1990 water leaching double sulfate ’
L term stored residue.
salt precipitation
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Tabl o

2.13 (contodd)

Leaching

Year Method Characteristics

Oxidation roasting HCI leaching ) .
1990 L Selective Operation

double sulfate salt precipitation

Oxidation Roasting H.SOy leaching | ]
1990 B o High purity end product

i double sulfate salt precipitation

S ) ) Selective leaching of necerium rare
1990s Oxidation Roasting HCI Leaching
earth elements

1998 NaCO; Decompositiori HCI F in bastnaesite can be converted in

NaF

Oxidative Roasting

This method is one of the most commonly preferred processing method for

bastnaesite mineral, especially when selectivity between cerium arderiom

REE is required. Oxidative roasting of bastnaesite mineral takes place at between

400

oxyfluoride and oxide. At the same time, this process cause oxidizatmariom
(1) to CeG; according to Equation2land 13 given in the below(Zhao, et al.,

2018)

4REFCQ(S) /EREOF(5)+ REZQ(S)+ REF?,(S)+ 4CQ(g)

8CeFCQs)+ Oz A£2CeOFs)+ 4 CeQ 5+ 2 Ceki)+ 8COyg)

and

800eC wunder

oxi dati ve

(2.12)

(2.13)

envi

N on me

Oxidative roasting of bastnaesite mineral followed by HCI acid leaching in order to

obtain noncerium rare earth chloride solution while leach residue can be defined

as cerium concentrate containing-B®0 REO and 5%50% CeQ. The leach

residue (cerium concentrate) is exposed to caustic digestion in order to convert

REF in to REOH which is soluble in HCI solutigdha, et al., 2016)Equations

related to explained processes are given below.
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REF: + 3 NaOH = RE(OH)+ 3NaF (2.14)
RE(OH) + 3 HCl = REC} + 3 H,O (2.15)

Since the processes consist of multiple sequential steps it can be defined as
complicated. Moreover, resulted with low REE recovery and disposal of large
amounts of waste water containing fluoride compound causing serious

environmental effect&/Vanget al.,2013)

Non-Oxidative Roasting

Another alternative is neaxidative roasting to convert Ce compounds into soluble
form in HCI solution. This process prevents the oxidation of Cerium and makes
possible to dissolve REE(II) in HCI acid solution. While oxidative roasting
requires caustic digestion in order to convert REEF in to REEOH form, non

oxidative roasting does not presuppose this @hpo, et al., 2018)

Non-oxidative roasting generally takes place temperature betwees8 P00 e C,
under inert atmosphere obtained by using argon, nitrogen or mixture of argon and
nitrogen gases. In spite of the conditions, partial oxidization of bastnaesite
observed because of the its reaction with carbondioxide released from Eduéation
Reaction equationd.6-18) are presented in belofiim, Choi, & Lee, 2025)

REFCQs) £AREOFRs)+ COyg) (2.16)
3CeOks) A£CeO35)+ Cebs) (2.17)
Ce0zi)+ COy g A£2CeQis)+ CQy) (2.18)

Acid Baking/ Roasting and Caustic Digestion

In largescale applications acid baking/ roasting and caustic digestion are the most

commonly preferred methods. Within the scope of acid baking/roasting or caustic

digestion bastnaesite concentrate is exposed to concentrated acid and digested

under set temperature. While acid baking generally takes place undér@@e¢e C,

acid roasting is conduct(nd& Azimi, 20280nper at ur es
Following to digestion, acid and concentrate mixture exposed to water leaching or
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leaching by using mildly acidic solution. This process is suitable for low grade ores
and/or concentrates. The reaction for sulfuric acid baking/ roasting of bastnaesite is
presentedKim, Choi, & Lee, 2025)

2REFCQs)+ 3H:SQu) AEREA(SQy)3(5) + 2HRg) + 2COy(g) + 2H0(g) (219

On the contrary of acid baking/ digestion, in order to extractRibBtent of the
bastnaesite from relatively higirade ore caustic digestion is applied. Alkaline
reagents are utilized instead of acids. This process allows convert F compounds in
to sodium fluoride and provide namomplicated purification steps. However, due

to high reagent consumption this process is not favorable especially for low grade
ore deposits or concentratésucas et al., 2018) Equation related to caustic
digestion is presented beldiim, Choi, & Lee, 2025)

REFCQs)+ 3 NaOH)y A£RE(OH)gis)+ NaF )+ NaeCOgs) (2.20)

2.4.3.2 Hydrometallurgical Processing- Leaching of Bastnaesite

Leaching is the main step to processing bastnaesite ore/ concentrates to extract
REEs content. Within the scope of leaching, RE#issolved into the lixiviant

under suitable pHEh conditions while gangue entities remain in solid phase as
leach residu€Kim, Choi, & Lee, 2025) For the hydrometallurgical processes of
bastnaesite concentrates, 3 strong acids as HSQ+br HNG: are the one of the

most preferred chemical€en, et al., 2021 Reaction between bastnaesite and HCI

is given in the Equatio21 (Jha, et al., 2016)eaction between bastnaesite and
sulfuric acid is given in Equatioh9, and reaction between bastnaesite and nitric

acid is given in Equatio@2 (webqc.org)
RER-REx(COs)s + 9 HCl = REE + 2 RECE + 3HCI+ 3 RO + 3CQ (2.21)
REFCQ + HNOs; = CO; + HF + REQ + NO, (2.22)

Although metallurgical processing of bastnaesite provides selectivity between rare
earth entities and results with relatively high recovery values, due to high energy

consumption, requirement of multiple processing stage, generation of toxic gases
59



application of metallurgical methods found as disadvantageous in terms of both
operational economics and environmental conc€kis, Choi, & Lee, 2025)

From that point of view, direct leaching of, bastnaesite, monazite and complex rare
earth ore/ concentrate has been studied intensively by many resedtagheztal,

2021) ( Kur kun, Terzi,(K&rkambalTombBallki & Ter zi ,
& OsseeAsare, 2011) (Isehaq, 2015)(Agarwal, Safarzadeh, & Galvin, 2017)
Moreover, due to increasing environmental concerns relatively mor&iecdly
methods such as bacteria leaching and organic acid leaching has been studied
(Hassanien, Desouky, & Hussien, 201@3topic & Friedrich, 2019)However,
according to performed intense literature survey it is understood that lack of studies
on organic acid leaching of bastnaesite, monazite or complex rare earth

ore/concentrates exist.

Within the scope of the studinvestigatingHCL, H.SQs; and HNQ leaching
performance by using bastnaesite mineral and their comparison have been revealed.
Main objective of the study is to determine effect of acid type and leach duration
on recovery of REEwithin the mineral. Duringhis study, operational variables
except from duration and acid type such as acid concentration, stapied,
temperature, solitlquid ratio and particle size kept as constant. Results of the
study evaluated by taking consideration Ce since it is the most dominant element
within the bastnaesite mineral and its leach behavior is much more complicated
than otheREEs(Cheng S. et al., 2024)estsare conducted by using 1M of HCL,
H>SOsand HNQu nder 25eC at 530 rpm stirring speed
30, 60, 90 and 120 minutes. The parametric results revealed that, leaching
performance of BEBQy and HNQ are more successful in terms of Ce recovery by
comparing HC acid leach test. The reason behind this would be explained by the
fact that Cek is not soluble in HCI solution. Since bastnaesite mineral directly
exposed to leaching without metallurgical eatment according to Equati@j,

CeR compound remained as fluoride compound instead of converting RECI. The
leaching results are presented as graphical representation in FRu(eIR.et al.,

2021)
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Figure2.30 Recovery of Ce from Bastnaesite Mineral by Using Different Chemical
(Lin et al.,2021)

Within the scope of another study performmudirect leaching of complex rare

earth by using HCI has been investigated. The main objective of conducted study is

to understand effect of operational variables such as leaching time, HCI
concentration and pulp temperature on extraction performance of Th, CandNd

La. According to test results it is revealed that HCI concentration, leaching time

and pulp temperature presents direct proportion with RE€overy however it is
indicated that wunder high temperature su
result of the study the most feasible operational conditions determined as 5.48 M
HClI, 220 min. of | each time and 70eC pul
Th, 77.12% Ce, 70.12% Nd and 71.13% La recovery valu&su r K u n Ter zi
Tombal, 2015)

In adifferent study leach behavior of complex bastnaésiteonazite rare earth ore

under different operational condition by usingS@x and HNQ has been

investigated. Results of the parametric test can be concluded as wH$Omnore
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efficient than HSQy in terms of Th and REEextraction Under the most feasible

operation conditions extraction ratio of Th, Ce Nd and La calculated as 90.88%,
77.45%, 67.15% and 60.22% respectivelK u r Kk u n ,

Tombal ,

& Ter zi

Direct HCI concentration on leaching of bastnaesite and effect of operational

variables on REE leaching behavior has been evaluated. Operational variables were

determined as HCI concentration, leaching temperature, liquid to solid ratio and

particle size. Optimum operational conditions resulting with the maximum possible

dissolution ratio has been revealed as leaching for 90unind e r

M HCI resulting with89.6% REx(COz)s and 1.5% REfdissolution(Xue & Yin

Shaehua, 2011)

90eC

by us

Taking consideration of environmental effects of designed processes, it is

important to utilize ecdriendly chemicals. Although organic acid leaching of

bastnaesite mineral is not mentioned widely in literature, one novel study has been

found. This study is aiming the oiséep direct leaching of bastnaesite ore resulting

with selective leaching of REE with maximum possible recovery rates. Within this

scope, aceti

c

aci d

and

ci tri

c

aci

d

wi t h

(g/L) solidliquid ratio for 30, 60, 12@Gand 180 minwas applied. According to

results of the tests it is revealed that increasing leach duration results with increase

in recovery of REE Test results presented in Figur8R and 2.32(Stopic &

Friedrich, 2019)
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REE
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1I%dissolved after 3h [14,18(15,67|12,11|25,71|36,00/20,83|19,94|74,98

Figure2.31Dissolution of REE and Major Impurities During Acetic Acid Leaching

(Lin et al.,2021)
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Figure2.32 Dissolution of REE and Major Impurities Durii@jtric Acid Leaching
(Lin et al.,2021)

2.4.4 Processing of Monazite

Monazite is aREEs containing mineral presenting a crystalline structure which
causes poor leaching ability. Effective leaching of monazite mineral only possible
under suitable conditions and acidic/ alkaline rotsahbaz, 2022)integrated
processing methods are applied in order to recover rare earth entities in monazite
which would be divided into two as direct leaching by using acidic or alkaline
solutions or leaching of decomposed material after metallurgical treatihentri

et al.,2015)

2.4.4.1 Metallurgical Processing of Monazite

The metallurgical treatment of monazite can be grouped under two headings as
acid treatment by sulfuric acid and alkaline decomposition by sodium hydroxide.
While sulfuric acid treatment preferred for low grade ores, alkaline digestion is
applied for highgrade rareearth ores in industrial application{€heng et al.,
2024) Conceptual flowsheet of metallurgical treatment of monazite followed by
hydrometallurgical application is presented in Figurl@3ZKim & OssecAsare,
2011)
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Figure2.33 Integrated Processing Route for Monatfitm et al.,2021)

Sulfuric Acid Roasting

The sulfuric acid roasting process followed by water leaching is one of the most
widely known and applied method in order to recover RE&n monazite. The

main principle of the process is destroying phosphate structure und8r@@e C by
using concentrated sulfuric acid and convert RE®ARESQ which is suitable for

water leachindCheng S. , et al., 2024Reaction equation related to acid digestion

is given in Equatior23 and 24 (Shahbaz, 2022)Moreover, process flowsheet

belongs to acid digestion process is given in Figusé. 2.
2REPQ + 3H,SQu A (RE)(SQu)s + 6H' + 2PQ* (2.23)

(RE)(SQy)s. nHO(s) A2REs+ + 3SQ% + nHy0 (2.24)
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Figure2.34 Sulfuric Acid RoastingWater Leaching Processing of Monazite
(Cheng et al., 2024)

The concentrated sulfuric acid roasting is one of the most widely known and
conventional method to recover REEom monazite mineral. Although this
method is applied inndustry, it has some significant disadvantages as; waste
thorium resources, extreme waste amount, generation of exhaust harmfyHgases
et al., 2024)
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Alkaline Digestion

In order to decompose orthophosphate lattice of monazite, sulfuric acid or alkaline
digestion under high temperatures are applidd, et al., 2016)Moreover, since
alkaline chemicals are less harmful for environment for large scale applications,
alkaline digestion is more favorali®hahbaz, 2022Main principle of the method
underlies, converting RERGnto more soluble REOH at 1405 0e C usi ng NaOH
digestion which is followed by acid leaching to extractEREJha, et al., 2016)

NaOH digestion method recovers large amount of rare earth entities and trisodium
phosphate which provide significant market value. In addition, recovery of thorium
and uranium achieved through these processes. Reaction equations are given in
Equation25 - 26 (Shahbaz, 2022and process flowsheet given in Figur&3.
(Cheng et al., 2024)

REPQ, + 3NaOH ARE(OH) + NaPQy (2.25)

Tha(PQy)s + 12NaOH AE3Th(OH) + 4NaPQy (2.26)
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Figure2.35 Alkaline Digestion- Acid Leaching Processing of Monaz{teheng et
al., 2024)

Caustic soda (NaOH) digestion followed by HCI leaching is applicable and
favorable method since NaOH is suitable to decompose both bastnaesite and
monazite compositions. For this reason, method is also practicable for complex
REEsdeposits and used in industry for Bayan Obo Rare Earth Deposits. However,
due to increasing concern on environmental impacts of the systems and operational
costs this method presents various main disadvantages such as expensive waste
water disposal, expensive consumables (NaOH) and restriction of a low

concentrate grad€heng et al., 2024)
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2.4.4.2 Hydrometallurgical Processing- Leaching of Monazite

Although metallurgical treatment of rare earth minerals brings advantages such as
efficient decomposition, fast kinetics, high selectivity and high recovery, it also has
major disadvantages as requirement of additional steps, high energy consumption,
toxic gases generation, high acid consumption and high operationa{Kiost

Choi, & Lee, 2025) In addition, since direct leaching provides operational
simplicity, high recovery values and being suitable for low grade ores evaluation of
direct leaching method becosienportant.

Sulfuric Acid Leaching

The sulfuric acid is one of the most widely used chemical to recoves R&fa
monazite. Through sulfuric acid leaching 8@ons of HSQu reacts with REE at

high temperatures. Reaction equation is given in Equaii¢dkumariet al.,2015)
2REPQ(s)+ 3H:SQy = (RER(SQu)3(s)+ 6H" + 2PO*> (2.27)

The process is applied in Unites States for the selective solubilization of both Th
and rare earth entities from monazite under definite operational conditions in large
scaledParker & Baroch, 1971)

Nitric Acid Leaching

Nitric acid utilization is another alternative applied for direct leaching of monazite
and found as more successful than sulfuric gBidnus & Dumitrescu, 1992)
Reaction equation is given in Equati®®(Kumariet al.,2015)

REPQys)+ 3HNO; Z£RE)®" + 3NOQs ) + HsPQy (2.28)

HCI Acid Leaching

HCI acid leaching is another alternative method preferred by many researchers in
order to recoveREEsfrom monazite mineralRabie, 2007)(Abdulvaliyevet al.,

2024) Reaction equations of CeRP@nd LaPQ is given within the scope of
Equation29 and30 (Abdulvaliyevet al.,2024)
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LaPQy+ 3HCI ALaClz + HsPOy (2.29)

CePQ + 3HCI ACeCk + HsPOy (2.30)

According to comparative study performed by group of researcher from University
of Kentucky, monazite mineral exposed to HC}SEy and HNQ leaching under

exactly same operational conditions in order to reveal effective of difference acid
types onREEsdissolution efficiency. Results of the parametric tests determined
that nitric acid is the most effective chemical. Graphical representation on

comparison of the test results is given in FiguB62.
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Figure2.36 Recovery of Ce from Monazite Mineral by Using Different Chemical
(Abdulvaliyevet al., 2024)

Bioleaching

Bioleaching is om of the alternative method providing inexpensive, efficient,
sustainable method to recover heavy metals from reso(Mesgem, et al., 2019)

Extraction of rare earth elements from minerals by using solvent extraction, ion
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exchange and precipitation are commonly used methods. However, these methods
present some disadvantages such as high reagent costs, production of metabolites
and labor intensive. For this reason, bioleaching is evaluated as mefreendty

method by researchefllyas et al.,2010) (Das & Das, 2013)

Organic Acid Leaching

The extraction of different minerals such as apatite, chalcopyrite, monazite and
variety of Chinese soils was studied under effect of organic (&tidn, Lian, &
Wen, 2002) (Goyne, Brantley, & Chorover, 200§Goyne, Brantley, & Chorover,
2010)

According toa study; extraction possibilities of rare earth entities from monazite
by using different organic acids has been investig@tedoet al.,2017) Although

rate of extraction found low, considering environmental advantages of organic
acids dissolution of REE under optimum conditions by using organic acid required
to be focused. According to parametric test results, extraction rates of rare earth

entities is given in Figure 27 and 238.
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CHAPTER 3

MATERIALS AND METHOD

3.1 Materials

Beylikova Barite, Fluorite and REO Complex Omsasused within the scope of

this thesis study. Approximately 250 kg ore sample was delivered to METU
Department of Mining Engineering Mineral Processing Laboratory. In order to use
in characterization studies and furth@e-concentration and¢oncentrationtests,
representative samples were prepared according to standard cone and quartering
method. Details about samplirgharacterization studiesd performed processing

techniquesrepresentedn the following subsections.

3.2 Methods

The main motivation of the thesis study is to establisbgrated, applicable and
selective processing flowsheet in order to recover barite, fluorite and REE
maximum possible grade and recovery values. Moreover, another fundamental
objective of the study is investigation of grencentration possibilities dREEs

which was planned to provide capacity enhancement, selective separation between
valuable entities, reduction in operational cost and convenience for further
concentratiorapplications. From that point of view, in order to determine the most
feasible preconcentration method, detailed physical, chemical and mineralogical
analysis were conducted. According to results of detailed characterizatioit tests
revealed that application of attrition scrubbing cooperated with size classification
provides preconcentration possibility foREEsprior to sequential flotation tests
which were performed to ensure selecteacentratiorof barite fluorite entities at
maximum possible grade and recovery values. In additioraltove listed

advantageous of pmeoncentration of rare earth entities, application of attrition
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scrubbing prior to sequential flotation prevemd possibleloses of rare earth
entities during concentration of barite and fluoménerals As it was indicated
before following to attrition scrubbing and ptencentration of rare earth entities
sequential flotation tests were applied to provide selective concentration of barite
and fluorite under determined optimum operational conditions. In order to
determine optimum conditions for flotation tests series of parametric flotation
experimentswere performed under different operational variables. Subsequently,
with the consideration of undeniablereasing demand for rare earth entities due
to highttech application and their strategic importance, further concentration of rare
earth elements was provided by application of hydrometallurgical processing
method namely leaching. In order to construct applicable and feasible operation in
terms of both technical and economic aspects operational conditions for leaching of
rare earth entities were optimized with the help of two level full factorial statistical
model. Fundamental stepsf constructed integrated processing flowsheet and

characterization tests were listed below

X Preparation of representative samples to be used in characterization studies,
pre-concentration and concentration test.

X In order to reveal and examine mineralogical and chemical composition of
the ore; XRD, SEM, XRF, IC®ES and ICAMS analysis of the
representative run of mine were performed.

X Within the scope of physical characterization of the ore, particle size
distribution analysis was performed by using series of laboratory type sieve
set.

x According to results of particle size distribution analysis of the ore, it is
revealed that REE are concentrated in fine particle size which is
particularly -380m mainly containing clay minerals which is already
enriched in terms of rare earth element&rom that point of view,
representative run of mine exposed to particle size classification by using
sieves with the size of 108n and 380m. Orefraction withparticle size of
-106+380m was separated in order to be used in sequential flotation tests

74



while material finer than 38m was kept as rare earth grencentrateOre
presenting particle size greater than £ subjected to attrition scrubbing
tests in order t@achieve selective liberation of clay entities which covers
and coats surface of large particte®l rich in terms of rare earth minerals

In order to ensure optimization of operational conditions pralvide
maximum possible recovery of rare earth entities series of attrition
scrubbing tests were performed under different operational conditions.
Within the scope of performed test campaigalid ratio (%), rotational
speed and duration were determined as operational variables since they
have the highest potential &dfect the results. Following to each attrition
scrubbing tespulp was subjected to additional size classification by using
sieve with the size of 3®m. Under size material combined with pre
concentrate which was previously kept as-gwacentrate while over size
material was combined with previously classified flotation feed.

Following to achieve preoncentration of rare earth entities sequential
flotation tests were applied. Main motivation of applied flotation tests is to
ensure selective concentration of barite and fluorite mineral at maximum
possible grade and recovery values with minimum possisiesof rare

earth entities under applicable and feasible operational conditionsder

to optimize operational conditisrand ensure selective recovery of barite
and fluorite minerals at maximum possible grade and recovery values series
of flotation tests were performed. With in the scope of performed test
campaign reagent types and dosages, pH, conditioning times and particle
size were determined as operational variables.

Tailing fraction of flotation test performed under optimized operational
conditions combined with preoncentrate obtained at the beginning of the
flowsheet was exposed to leach tests in order to ensure further
concentration of rare earth elements at maximum possible recovery and
minimum dissolution of gangue entitieBrom that point of view to

constructoptimum leach application leaching tests were designed according
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to two level full factorial statistical design under four operational variables

which are; acid type, acid concentration, durgtaord temperature.

3.21 Preparation of Representative Samples

In order tobe usel in characterization studies and furthesncentrationtests,
representative samples were prepared according to standard cone and quartering
method by using differeramplingequipment. Flow sheet related to representative

sample preparation procedureigsentedn Figure3.1.

R.O.M.
y
Cone and
* Quartering l
Stored
J Jones Riffle l
Representative Sample Representative Sample

Figure3.1 Representative Sampling Flowsheet

Representative samples which were usedcfmmicalcharacterization tests were

groundto particle size finer than B m.

3.2.2 Characterization of the Ore

3.2.2.1 Chemical Composition

Representative ore sample of Beylikova Bariteluorite and Complex REO Ore

feed material is assayed for @ementacomposition, particularly to determine the

76



extent of Barite, FluoriteRare Earth Oxide mineraland Th The main objective

of the conducted analysis is to determine Barium (Ba), Calcium [(@ajhanum

(La), Thorium (Th), and Cerium (Ce) gradebloreover, another objective of the
chemical analysis is to identify major gangue entities. Within the scope of chemical
analysis of the run of mine ore, representative ore samples grouidst® m a n d
ICP-OES and ICRMS were utilized. Compositional characteristic of the ore

sample is given in Tablg1.

Table3.1 Chemical Composition of Run of Mine

Sample _ La Th
Ca (%) | Ba (%) | Fe (%) | Si (%) | Ce @0)
Code (%) | (ppm)

R.O.M. | 2947 19.76 2.65 1.22 1.18 101 | 47222

Assay results revealed that Ba and Ca grades of the run of mine are 19.76% and
29.47% respectively. From that point of view BaSf0ade of the run of mine was
calculated as 33.58% while Gagrade was determined as %57.4. From now and
end of thecomplete metallurgical discussionsall the amount of Ca content
associated with fluorite since mineralogical analysis of the run of mine proved that

ore does not contain additional Ca bearing mineral.

3.2.2.2 Mineralogical Composition

As it is widely known from both literature and any other technical sources,
Beylikova complex Ore is consists of Barf&iorite and Rare Earth Minerals
which needs to be effectively and selectively concentrated by application of
combinedphysical, physica&chemical and hydrometallurgical methods. From that
point of view in order to be conduct proper flowsheet for this complex ore,
mineralogical proof of existence of target minerals in addition to the chemical
composition is crucial. Within this scope, parallel with chemical analysis

mineralogical analysis have been completed for run of mine and size classified
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materials. Mineralogical analysis has been completed by using XRD. XRD

diffractogramof run of mine is presented in Figu3e.
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Figure3.2 XRD Diffractogram of Run of Mine

According to the XRay Diffractogram of thdROM Sample, major characteristic
peaks of Flourite (Calcium Flouride) and Barite (Barium Sulphate) were observed
as the most dominant mineral phases. In addition to these, characteristic peaks of
Quartz was also determined and minor peaks of BastnadRie (COs)F),
Monazite RE (PQs)) and Montmorillonite ((Na,Ca,AIMg Silicate)) were

indicated.

Moreover, as it was explained befpseze assay correlation of the run of mine was
revealed that (presented in following sections) rare earth entities are concentrated
in fine particle size fraction which is determined-380m particularly.Within this

scope in order to support this statement, XRD analysis of ore samples presenting
particle size greater and finer than & were performed separately. XRD

diffractograms of size classified materials are presented in Figure 3.3.
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Figure3.3 XRD Diffractograms of Size Classified Samples

Figure 3.3 shows that both particle size fractions contain &adF BaSQ@, but the
+38em fraction has more intense peaks
concentration of these compounds in the coarser partiéldditionally; intensity

of the peaks related with bastnaesite which are represented by triangle symbol are

increased in upper XRD diffractogram.

3.2.2.3 SEM - EDS Analysis

Parallel with chemical and mineralogical analysis of run of mine ore in order to
more detail characterization of run of mine in terms of qualitative and quantitative
matters, &M and EDS analysis were conductedusing representative samples of
runof mineAnal ysi s were conducted parall el
cross sectionsEDS analysis of run of mine fat 0 0 wide cross section is
presented in Figure 3.4, while EDS analysis of run of mine foré@wide cross

section is presented in Figure 3.5.
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Figure3.5 SEM andEDS Analysis of Run of Mineford® Om Wi de Cr oss

Although EDS analysis was performed by using extremely limited surface of the
ore sample, outcomes present coherence with chemical analysis results. In addition,
as it was observed from XRD analysis, dominancy of barite and fluorite is
supported by EDS results since mass percentages &@aBand F elements found
fairly high.
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Moreover, in order to identify morphology of the run of mine with colored labels of
elements within the run of mine SEM images of the run of rhirer b ot h 500
and 100 Om wi drepresentedsirsFigsreX6tand®.i.s

MoK
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B Mg-K
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Figure3.7 SEMMicro-imageo f Run of Mine for 500 Om Wi
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3.2.2.4 Investigation of Particle Size Distribution and Size Assay

Correlations

In order toinvestigate the variation of the extenttafgetedelementswith respect

to particle size and to identify if any preferential enrichment/accumulation exists
for any element at specific size fraction(s), sassay correlations were studied for
Barium (Ba), Calcium (Ca),Lanthanum (La), and Cerium (Ce). The
representatively prepared feed pulp sample was wet sieved down eim 38
classify the ore into narrow size fractions to determine and assess the extent and
distribution of the aforementioned elements. Each size fractions were dried under

1 0 5 Gldénd ground down t¥5em for the chemical analysis.

Size fractions of the feed sample and corresponding weights are given in the Table
3.2 and Figure3.8 and cumulative size distribution is presented in Figau&

According to the obtained particle size distributioB3,226 (weight basis) of the

materi al I's f i ner 2%t(wegm basit) &f the matesial & 1 3.

accumulatedn size fractionof1 06 + 38 & m.

Table3.2 Particle Size Distribution of Representative Ore Sample

sample| Fracton | paice Spe| WS | Weight | ierSie | oversize
( Om) (%) (%)
+9530 9530 169.13 3.42 3.42 96.58
-9530+6350 6350 158.87 3.21 6.63 93.37
-6350+3350 3350 360.03 7.28 13.91 86.09
-3350+2360 2360 213.64 4.32 18.23 81.77
-2360+1680 1680 244.06 4.93 23.16 76.84
Feed -1680+1200 1200 334.35 6.76 29.92 70.08
-1200+850 850 305.82 6.18 36.11 63.89
-850+600 600 318.40 6.44 42.54 57.46
-600+500 500 197.61 4.00 46.54 53.46
-500+420 420 184.22 3.72 50.26 49.74
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Tablo 3.2 (contdd)
Sample Fraction quina! Weight | Weight Cum.. Cum.
Code ( Om) Particle Size © (%) UnderSize Oversize (%)
(Om) (%)
-420+300 300 187.95 3.80 54.06 45.94
-300+210 210 201.44 4.07 58.14 41.86
-210+150 150 254.95 5.15 63.29 36.71
-150+106 106 173.31 3.50 66.79 33.21
Feed -106+75 75 226.46 4.58 71.37 28.63
-75+53 53 246.49 4.98 76.36 23.64
-53+38 38 195.65 3.96 80.31 19.69
-38 973.87 19.69 - -
Total 4946.25 | 100.00

According to particle size distribution of the representative ore samglaeya?

determined as 2.1 mm. Graphical representation of particle size distribution and

cumulative particle size distribution are presented in Figure 3.8 and 3.9.
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Figure3.8 Particle Size Distribution Graph of Representative Run of Mine
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Figure3.9 Cumulative Particle Size Distribution Graph of Representative Run of
Mine
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Feed Sampldé Barium vs. Particle Size

Evaluation of size assay correlation results particularly Bar grade and
distribution values, it is revealed that Ba grade of the representative sample
determined as 18.96% and approximately 91% of Barium Chgigied in particle
size greater than 38 Om. Accor dassag t 0 me
correlations; ore sample enriched in terms of Ba grade assiays¥40.49 Ba

particularly for particle size fractions e300+ 38 Om. Gr ade and di str
of Ba content with respect to particle size fractions are presented in 3.8ble

besides the related graphical representations which are given in BigOrand

Figure3.11

Table3.3 Barium Assay and Distribution vs Particle Size Fractions for
Representativeeed

Sample Fraction Nominal Weight | Ba DE:;_ Cum Oversize Cgm. Under

Code Size (%) (%) (%) Ba (%) SizeBa (%)
+9.35mm 9390 3.42 16.96 |3.06 |16.96 18.69
-9.35+6.35mm 6350 3.21 17.20 (291 |17.08 1874
-6.35+3.35mm 3350 7.28 14.67 |5.63 |1582 19.08
-3.35+2.36mm 2360 4.32 13.15 |3.00 |1518 19.40
-2.36+1.68mm 1680 4.93 11.64 |3.03 |14.43 19.89
-1.68+1.2mm | 1200 6.76 11.83 (422 |1384 20.67
-1. 2+85(850 6.18 11.40 (372 |1342 2157
-850+ 6 0600 6.44 11.60 |3.94 |1315 22.69
-6 00 +50|500 4.00 13.19 |2.78 |1315 2340

BNT [-500+ 4 2 (420 3.72 16.53 [3.25 |1340 2391
-420+ 30300 3.80 19.73 |3.95 |1385 24.26
-300+21(210 4.07 2492 |535 |14.62 24.19
210+15/|150 5.15 31.24 |849 |15.98 2320
-150+ 10106 3.50 38.43 |7.10 |17.15 2160
-106+75|75 4.58 40.37 |9.75 |1864 1859
-75+530|53 498 4259 1119 (2021 1353
-53+380|38 3.96 39,89 |832 |2118 8.24
380 19.69 (8,24 |856
Total 100.00 |1896 |10000
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Barium Grade (%)
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Figure3.10 Barium Assaywith respect tdParticle Size Fractions
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Feed Samplé Calcium vs. Particle Size

Evaluation of analysis results particularly for Ca content, grade of the feed sample

was determined as %26.56 and approximately 84% of Ca content presenting
particle size greater than 380m. Accordi
assay correlations; ore sample enriched in terms of Ca grade as it assay %35.67 Ca
particularly for particle size fractions ol 2 0 0 + 8 Bfad@nand distribution

values of Ca content with respect to particle size fractions are presented in Table
3.4besides the related graphical representations which are given in BigjRsnd

Figure3.13

Table3.4 Calcium Assay and Distribution vs Particle Size Fractions for
Representativeeed

Sél(r)ndpéle Fraction Nosr?zizal V\I(iz/iog;ht (OC/Oa; Cz(:t)/oD)ist Curg 6i.)(\;/i)rsize Un d%:o%i]z'e c4
+9.35 mm 9390 3.42 27.62 | 3.56 27.62 26.52
-9.35+6.35mm | 6350 3.21 26.57 |3.21 27.11 26.52
-6.35+3.35mm | 3350 7.28 28.83 | 7.90 28.01 26.32
-3.35+2.36mm | 2360 4.32 32.10 |5.22 28.98 26.02
-2.36+1.68mm | 1680 4.93 33.08 |6.15 29.86 25.56
-1.68+1.2mm | 1200 6.76 34.15 |8.69 30.83 24.73
-1. 2+85(0850 6.18 35.67 |8.30 31.66 23.67
-850+ 6 0 (600 6.44 35.36 |8.57 32.22 22.37
-6 00+ 500500 4.00 33.33 |5.01 32.31 21.55

BNT [-500+ 4 2 (420 3.72 31.67 |4.44 32.26 20.79
-420+30(0300 3.80 29.42 (4.21 32.06 20.07
-300+21d210 4.07 24.81 |3.80 31.56 19.61
-210+15(0150 5.15 21.92 |14.25 30.77 19.29
-150+106106 3.50 18.65 |2.46 30.14 19.36
-106+75475 4.58 16.45 |2.84 29.26 19.82
-75+530 |53 4.98 15.46 |2.90 28.36 20.74
-53+380 |38 3.96 16.82 [2.51 27.79 21.53
-380 19.69 |21.53 |15.96
Total 100.00 |26.56 |100.00
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Calcium Grade (%)
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Feed Sampldg Cerium vs. Particle Size

Evaluation of size assay correlation results particularly @& grade and

distribution values, it is revealed th&te grade of the representative sample
determined ad.1®6 and approximatelp5.08% of Ce content concentrated in

particle sizefinert han 38 Om. According to metall urt
assay correlations; ore sample enriched in tern@egfrade as it assays326Ce

particularly for particle size fractions 68 8 O m. Grade and distrib
Cecontent with respect to particle size fractions are presented in 3.8ldesides

the related graphical representations which are given in Fgjdveand Figure

3.15

Table3.5 Cerium (Ce) Assay and Distribution vs Particle Size Fractions for
Representativeeed

Sample Fraction Nominal Weight | Ce |Ce Dist]Cum Oversize Cum. Undersize

Code Size (%) (%) (%) Ce (%) Ce (%)
+9.35 mm 9390 3.42 023 |069 |0.23 1.20
-9.35+6.35mm 6350 3.21 023 |065 |[0.23 1.23
-6.35+3.35mm 3350 7.28 020 |125 |0.22 1.32
-3.35+2.36mm 2360 4.32 019 (070 |0.21 1.38
-2.36+1.68mm 1680 4.93 021 (089 |0.21 1.45
-1.68+1.2mm | 1200 6.76 018 |1.05 |0.20 158
-1. 2+85/|850 6.18 027 (143 |0.21 1.70
-850+ 60 (600 6.44 045 249 |0.25 1.84
-6 00 +50|500 4.00 050 (171 |0.27 1.94

BNT [-500 + 4 2 (420 3.72 053 |[1.70 |0.29 2.05
-420+30(300 3.80 065 |212 |0.32 2.16
-300+21|210 4.07 079 |275 |0.35 2.30
-210+15(150 5.15 086 |3.80 |[0.39 2.50
-150+10|106 3.50 099 (296 |[042 2.66
-106+75|75 4.58 150 |589 |049 2.85
-75+530|53 4.98 180 |7.70 |058 3.07
-53+380|38 3.96 211 |7.16 |0.65 3.26
380 19.69 |3.26 |55.08
Total 100.00 |1.17 |10000
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Cerium Grade (%)
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Feed Samplé Lanthanum vs. Particle Size

Chemical analysis results revealed that La assay of feed sample is 1.05% besides
67,46% of La content is enriched in particularly particle size fractions finer than
380m. According to met al |-assay coodationse val ua
parallel with distribution rate, feed sample is enriched in terms of La grade up to

3606 f or particle size finer than 380Om.
content with respect to particle size fractions are presented in J&lilesides the

related graphical representations which are given in Fgji&and Figure3.17.

Table3.6 Lanthanum Assay and Distribution vs Particle Size Fractions for
RepresentativEeed

Sample | pragion | Nominal| WeiGht | 1 ) | L2DISt | oyersie) Undersize
La (%) La (%)

+9.35 mm 9390 3.42 0.36 1.16 0.71 1.20
-9.35+6.35mm| 6350 3.21 0.37 1.14 0.73 122
-6.35+3.35mm| 3350 7.28 0.36 2.51 0.66 1.27
-3.35+2.36mm| 2360 4.32 0.30 1.23 0.62 131
-2.36+1.68mm| 1680 4.93 0.24 1.14 0.58 137
-1.68+1.2mm | 1200 6.76 0.37 2.39 0.53 1.46
-1. 2+851(850 6.18 0.39 2.30 0.51 157
-850+ 60 (600 6.44 0.38 2.33 0.49 1.70
-6 00 +5 0 (500 4.00 0.32 1.23 0.47 1.80

BNT [-500+4 2 (420 3.72 0.39 1.40 0.47 191
-4 20+ 300300 3.80 0.39 1.40 0.46 2.04
-300+21(210 4.07 0.41 1.59 0.46 2.19
-210+15(150 5.15 0.53 2.62 0.46 243
-150+104106 3.50 0.57 1.90 0.47 2.62
-106+75(75 4.58 0.61 2.66 0.48 2.95
-75+530 |53 4.98 0.63 2.98 0.49 343
-53+380 (38 3.96 0.68 2.57 0.50 3.99
380 19.69 3.60 67.46
Total 100.00 |1.05 100.00
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Lanthanium Grade (%)
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3.2.2.5 Attrition Scrubbing Tests

Within the scope of systematically conducted attrition scrubbing tests,

representative ore samplesthpar ti cl e si ze greater than

reason for the usage of classified samples during attrition scrubbing tests is related
to the evaluation of size assay correlations results prespragenbusly in which
indicated that finerfractions mainly containing clay minerals, which is already
enriched in terms oOREEs Main objective of the attrition scrubbing is to achieve
effective liberation between mineral particles and clay entities. Additionally,
previously presented skassay correlations results revealed that, feed sample is
enriched in terms of REO entities particularly in finer size fractions. Ore samples
having particle si mgprofimaelgw® (Weiglat basi® 8fOm
rare earth content. In this context, under the favor of attrition scrubbing rare earth
minerals enriched in fine size fractions and clay entities would be selectively pre
concentrated and feed for further flotation studies present controlled and more
uniform size distribution. Briefly, attrition scrubbing is the classification and
physical preconcentration method applied by using pulp prepared according to a
certain watessolid ratio in order to disturb clayey and relatively soft material with
the help of higkspeed collision and agitator blades. In general terms, attrition
scrubbing followed by size classification in order to obtain selective separation
between clayey entities and mineral particles. At this stage, as a result of attrition
scrubbing rare earth minerals, mostly enriched in clay fractions are going to be
concentrated in finer size fractions while Barite and Fluorite minerals presenting
relatively higher hardnessesere liberated from clay entities and ultra fine

particles therefore more appropriate feed for flotatiasprovided.

In order to prepare feed samples for attrition scrubbing test, representative ore

c

on

samples were sieved from 1060m particle

proper size for the planned test program. Ore samples presenting particle size
greater than 1060Om were subjected to
define an effective test program, variable operational parameters were determined

as solid concentrate (%) of the prepared pulp, rotation speed (rpm) and test
93
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duration (min.). These parameters were identified as the most important variables
according to their potential effects on process performamduding, capacity,

performanceand operational cost.

Applied test conditions for attrition scrubbing tests are presented in Table 3.7. Test

settings and equipment used during the test program is presented in Figure 3.18.

Table3.7 Attrition Scrubbing Test Conditions

Test No Solid Ratio Rotational Speed Duration
(%) (rpm) (min.)

AY-1 35 500 15
AY -2 30 1000 30
AY-3 35 500 45
AY-4 30 1000 30
AY-5 35 1500 45
AY -6 25 1500 15
AY -7 25 500 15
AY -8 35 1500 15
AY-9 25 500 45
AY-10 25 1500 45
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Figure3.18 Attrition Scrubber

3.2.2.6 Flotation Tests

The aimof flotation tests was t@roduceselective concentration of barite and
fluorite minerals at maximum possible grade and recovery rates. From that point of
view following to preconcentration of REEgre sample presenting particle size of
-106+38m subjected to the sequential flotation test program.

Parallel to the attrition scrubbing test, sample preparation procedure was conducted

to prepare representative samples to be used in parametric flotation tests.
Previously prepared representative samples classified by usirsrddd sieve

with the size of 106 em since it has be
fl otation tests. Mat eri al presenting par
the grinding test to determined optimum grinding duration in order to prevent
production of extremely fine materials but providing sufficient liberation by means

of controlled size reduction. During grinding tests, -¢ahled rod mill was

operated,n wet condition with60% solid ratio. Rod mill and its media utilized

during the test program presented in FigRife.
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Figure3.19 Rod Mill

In order to determine optimum grinding duration, parametric test procedure applied

under 25 min, 5 min, and 7.5 min. At the end of each test program discharged
materialsievedby using 106 € sieve to be ensure re
extremely fine production. From that point of view, grinding duration identified as

25 minsinceof di scharged was determined approx
materi al (+106 ¢€) acc agdeda dextgranding eircuit,r cul at i ng
in order to be sure flotation feedi$ 06 € bu't does not i nclude

particles which may reduce flotation efficiency.

Rare earth minerals concentrated in particle size fraétm@nt han 38 & m. From
that point of view, in order to improve selectivity of overall process flowsheet and

prevent possible loose of REO entities during flotation, grodin@ 6 e m mat er i al
was subjected to the size classification b
keep that material for future hydrometallurgical treatment. As a result of combined

size classification and grinty test, representative samples presenting particle size

-106+38 e€m was prepared to be used during fI

During flotation test Denver type flotation equipment vith cell was utilized.

The picture of the flotation machine is presented in Fig.zé
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Figure3.20 Flotation Machine

Feed pulp for flotation test procedure prepared by uédtgr of material at 35%

solid-liquid ratio. In order to achieve selective separation between barite and
fluorite sequential flotation tests were performed barite flotation followed by
fluorite flotation. Flotation reagents used for barite flotation is presented in Table

3.8and flotation reagents used for fluorite flotation are presented in T&ble 3.
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Table3.8 Flotation Reagents Used for Barite Flotation

H
P Depressant | Activator Collector Frother
Regulator
Sodium N&SiOs Aero 825
Hydroxide (Sodium (Petroleum MIBC
N BaCb
(NaOH) Silicate) Sulphonate
(Merck) (Merck) (Cytec)
Aero 845
DowFroth
L (Alky!
Citric Acid . 250
Succinamate
(Merck) (DF-250)
Collector)
(DOW)
(Cytec)
Table3.9 Flotation Reagents Used for Fluorite Flotation
pH :
Depressant | Activator Collector Frother
Regulator
Sodium N&SiOs NaF Aero 827
Hydroxide (Sodum (Sodium (Petroleum MIBC
(NaOH) Silicate) Floride) Sulphonatg
(Merck) (Merck) (Merck) (Cytec)
Aero 845 DowFroth
(Alkyl 250
Succinamate) | (DF-250)
(Cytec) (DOW)
Sodum Olea¢
(Na-Oleak, Fatty
Acid)
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At the end of each flotation circuit, concentrate, middliaugd tailings were dried

by using laboratory furnaceat 1 00 N5 CU. Dried sampl es
representatively prepared to be used in chemical analysis. Metallurgical balance
tables were prepared to evaluate grest®very values for targeted minerals at the

end of each test according to analysis results and weights.

3.2.2.7 Hydrometallurgical Treatment of Rare Earth Elements

Attrition scrubbing of size classified material, followed by size classification and
froth flotation, rare earth entities have beenquacentrated. Objective of the pre
concentration of rare earth minerals is to ensure effective capacity utilization,
decrease operational cost, providing more environmémaldly solution by

decreasing chemical utilization and controlling/ limiting tailings with chemicals.

According to literature, various metallurgical, hydrometallurgical and combined
methods are utilized within the scope of various scientific studies. However, as it is
discussed in literature chapter tbke thesis statemenmetallurgical treatment has
multiple disadvantages as; requirement of high temperature, occurrence of harmful
gases and necessity of further processing steps. Therefore, direct acid leaching
preferred within the scope of this thesis study to exiR&dEsfrom bastnaesite and
monazitefrom previously obtained preoncentrateMain motivation of conducted

leach tests is to ensure maximum possible recoverREES with minimum

possible gangue dissolution.

Due to their high availability and extensive utilization areas for similar purposes,
HCl and HNQ used as acids in direct leaching of-poacentrate. In addition, due

to gaps in literatureabout organic acid leaching of bastnaesite and monazite in
literature, in order to contribute literature on this and investigate possibility to
construct more environmerdlrlendly solution parametric citric acid (C.A.)
leaching tests have been completed. For each leach reagent (HGahNO.A.),

10 leaching tests were conducted under three operational variables which are

temperature, acid concentration and duration. In this context, leaching experiments
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were designed according to two level full factorial statistical design to investigate
combined and individual effects of operational variables on recovery of target
elementswith possible minimum dissolution of gangue entities. Test conditions are

presented in Table .

Table3.10 Leach Conditions

Acid .

ggj; Acid Conc(el\;ll;ration Tem?eéa;ur)e D&rggsn Solid/Liquid Tge;re)d
L1 HCI 6 90 6 1/10 75,29
L2 HCI 6 30 6 1/10 75,35
L3 HCI 6 30 2 1/10 75,79
L4 HCI 2 30 2 1/10 75,17
L5 HCI 2 90 6 1/10 75,29
L6 HCI 2 30 6 1/10 75,27
L7 HCI 2 90 2 1/10 75,43
L8 HCI 6 90 2 1/10 75,15
L9 HCI 4 60 4 1/10 75,76
L10 HCI 4 60 4 1/10 75,74
L11 HNO3 5 90 6 1/10 75,21
L12 HNO;s 5 30 2 1/10 75,8
L13 HNO3 5 30 6 1/10 75,6
L14 HNO;s 5 90 2 1/10 75,79
L15 HNO3 1 30 2 1/10 75,07
L16 HNO;s 1 90 2 1/10 75,91
L17 HNO3 1 90 6 1/10 75,44
L18 HNO;s 1 30 6 1/10 75,18
L19 HNO3 3 60 4 1/10 75,75
L20 HNOs 3 60 4 1/10 75,82
L21 C.A. 3 90 6 1/10 75,74
L22 C.A. 3 30 2 1/10 75,38
L23 C.A. 3 30 6 1/10 75,6
L24 C.A. 3 90 2 1/10 75,35
L25 C.A. 1 30 2 1/10 75,46
L26 C.A. 1 90 2 1/10 75,86
L27 C.A. 1 90 6 1/10 75,22
L28 C.A. 1 30 6 1/10 75,53
L29 C.A. 2 60 4 1/10 75,73
L30 C.A. 2 60 4 1/10 75,67

During tests program, double walled glass tanks connected to water bath with

mechanical stirrer were utilized. Leach -gpt presented in Figure3.21
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Approximately 75 gr of representatively prepared-guacentrate samples were
used for each test at 1/10 solid liquid (acid + water) volumetric ratio and stirring
provided by mechanical stirrer set at 720 rpm. Temperature kept at constant at
defined value by using water bath during leaching and pH values recorded
regularly, at the beginning and at the end of each experimental study. At the end of
each leaching experiment solid liquid separation has been provided by using
pressure filter which is presented in Figure 23.Following to solidliquid
separation, pregnant leach solutions were measured by weight and volume and
|l each residues wer e d-scaleddurnace Omed sahflegs C by
wereweighted in order to construct mass balances. Pregnant leach solutiens
prepared representatively and subjected to-GES and ICP MS analysis to

calculate metallurgical recovery values.

Figure3.21 Leach Experiments Sétp
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Figure3.22 Solid-Liquid Separation Satp
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CHAPTER 4

RESULTS AND DISCUSSION

Beylikova complex ore, subjected to this thesis study, consists of multiple valuable
entities which ardarite, fluorite andrare earth oxide mineralswhile barite and
fluorite presenting wide utilization areas in industry creating commercial resource
(Ebunu et al., 2021) (Gao et al., 2021) primary rare earth elements exists in
bastnaesite and monazite have significance importance in terms of national and
economic security, energy independency and clean energy technolkgies

Choi, & Lee, 2025) From that point of view, in order to achieve maximum
possible advantageintegrated process flowsheet consists of particle size
classification, attrition scrubbing, froth flotation and leachingvehdeen
constructed to procure selective beneficiation/ extraction of valuable entities.
Within this scoperun of mine was subjected to attrition scrubbing cooperated with
size classification in order to ensure qgancentration of rare earth entities in fine
particle sizefraction Subsequently, sequential flotation was applied by using ore
sample presenting particle size-6f0 6 + 38 Om t o provide sel ect
barite and fluorite at maximum possible grade and recovery rates. Flotation tailing
obtained under determined optimum flotation conditions and previously obtained
rare earth preoncentrate was combined and exposed to acid leaching in order to
ensure maximum rare earth recovery with minimum gangue dissolutider

applicable and feasible conditions in terms of both technical and economic aspects.

As it was detalilly expressed in Chap8rabove mentionedombinedprocessing
methods have been optimized by application of parametric test campaigns. At the
end of each lalscaled experiment solid and/or liquid concentrate and/or tailing
fractions have been analyzed by application of different chemical analysis
techniques. According to analysis results, metallurgical calculations were

completed and process conditions were optimized. Optimization of attrition
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scrubbing, froth flotation and leach conditions with respect to calculated
metallurgical results and operational conditianedetailly discussed in following

sub-sections.

4.1  Attrition Scrubbing Tests

The main purpose of the attrition scrubbing applied on Bé&tiieritee Rare Earth
complex @e is to recover thé&REEs enriched in fine sizes and clapntaining
fractions due to the process minerology of the ore in a relatively more selective,
controlled mannerAt this stage, application of attrition scrubbing as a- pre
concentration method enhadcmetallurgical results of downstream processes in

terms of both recovergrade values.

The metallurgical balance tables and applied flowsheets within the scdpst of
coded as AYL and AY-8 are presented in Table 4.1 and Figure 4.1, 4.2.
Representatively prepared sampleish particle sizecoarsert han 106 Om
used for tests under previously determined operational; parameters as 35% solid
ratio, 500 rpm (AY-1) T 1500 rpm (AY-8) rotational speed and 15 minutes

duration.

According to metallurgical evaluation of AY test resultsa preconcentrate
containing 17.7% BaO, 26.1% CaO, 5.5% La>Os ve 7.18%6 CeG obtained with
26.080 BaO, 15.8% CaO, 58.760 LaxOs and 50.8% Ce(Q recoveries
respectively. Furthermore, as a result of application of higher rotational speed
(1500 rpm) within the scope of test coded as-&Yit is revealed that screen
undersize containing 21.92BaO, 28.62% CaO, 3.546 La;Os and 4.9% CeQ
obtained with 71.3% BaO, 35.560 CaO, 87.180 La»Os and 81.586 CeQ
recovery values respectively. As a result of increase in rotational speed, although
amount of BaO and CaO content 4h060m size fraction increased, 1@ and

CeQ recoveres in that size fraction enhanced significantBarticularly it was

detected that recovery BfEEsincreased up to 80%.
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Table4.1 Metallurgical Balance Table for Test AY (3%46-500-15) and AY-8
(35%-150015)

Figure4.1 Flowsheet of A¥1 with Metallurgical Values

105

Test | Fraction | Weight | BaO BaO CaO CaO | La203 | La203 | CeQz | CeOr
Code (Om)| ) (%) Rec. (%) Rec. (%) Rec. (%) Rec.
(%) (%) (%) (%)
+106 75.33 16.51 | 73.92 | 45.60 | 84.18 | 1.27 41.24 | 2.27 | 49.20
AY-1 | -106 24.67 17.79 | 26.08 | 26.17 | 15.82 | 5.51 58.76 | 7.16 | 50.80
Total 100.00 | 16.83 | 100.00 | 40.81 | 100.00 | 2.31 100.00 | 3.48 | 100.00
+106 50.04 8.41 | 28.61 | 51.76 | 64.44 | 0.52 12.82 | 1.11 18.42
AY-8 | -106 49.96 21.02 | 71.39 | 28.62 | 35.56 | 3.54 87.18 | 491 | 81.58
Total 100.00 | 14.71 | 100.00 | 40.20 | 100.00 | 2.03 100.00 | 3.01 | 100.00
Grade (%) Recovery[3%)
100.00 Weight (3)
Feed Sample
L [+106pm) %35 Solid 'm_
13.51 100.00 F (%)
231 100.00 La203 (%)
3.48 100.00 Ce02 (%)
Attrition Scrubbing
Wet Sieve (106pm) » |oversize (+106um) 75.33
16.51 73.92
14.60 81.38
1.27 41.24
2.27 45.20
24.67 Under Size (-106um)
17.79 26.08
10.20 18.62
5.51 58.76
7.16 50.80




Grade (% Recovery (%)
Weight (%)

o e—

F (%)

L2203 (%)
Ce02 (%)

Oyer Size

100.00 Feed Sample
1471  10000] (+106um) 435
Kat

1831 100.00
203 10000
301 10000

Attrition

Scrubbing

Wet Sieve

(106um)

49.96 Under Size

2102 7138  (106pm) 1

1230 33157
354 8718
491 8158

(+106pm)

Figure4.2 Flowsheet of A¥8 with Metallurgical Values

50.04
841 2861
2430 6643
052 1282
111 1842

The metallurgical balance tables and applied flowsheets within the scapstf
coded as AY3 and AY-5 are presented in Tablé.2 and Figure4.3, 4.4.

Representatively

prepared

sampl es having

used for tests under previously determined operational; parameters as 35% solid
liquid ratio, 500 (A¥-3) T 1500 (AY-5) rpm rotational speed and 45 maluration.

According to metallurgical evaluation of A3 test results, it is revealed that as a

results of

S i

assification by wusing
attrition scrubbing, a preoncentrate containin7.1%% BaO, 27.586 CaO, 5.2%

LaxOs and 6.796 CeQ was obtained with 35.34 BaO, 22.12% CaO, 70.3%

LaxOsz and 61.6%6 CeQ recoveries respectively from the feed material containing
15.626 BaO, 40.090 CaO, 2.4% LaxOs ve 3.540 CeQ grades respectively. At

pa
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this stage, when test results are compared with results obtained from tést BY
revealed that increase in test duration results with increase in rare earth recovery
rates significantly. However, increase in test duration does not result with recovery
improvement for BaO and CaO. As a conclusion it would be said that longer test
duration under 508pm for 35% solid ratio pulp provide selectivity in terms of rare
earth entities. In order to evaluate metallurgical results #&&tvb conducted under
same test duration and soliguid ratio but 1500 rpm rotational speed it is revealed
rare earth recovery increase up to 90%. To sum up it would be indicated that

increase in rotational speed results with enhancement in rare earth recovery values.

Table4.2 Metallurgical Balance Table for Test AY (336-500-45) andAY -5
(35%-150045)

Test Fraction \eight BaO BaO 5 Ca0 14,0, La0:  ceo, CeC

+106 67.84 | 1489 64.69 46.02 7788 1.05 29.61 200 38.37
AY-3 -106 = 3216 | 17.15| 3531 2758 2212 529 @ 7039 6.79 61.63

Total | 100.00 | 15.62 100.00 40.09  100.00 2.41 @ 100.00 3.54 | 100.00
+106  37.85 | 4.77 11.87 | 57.61 53.19 | 0.30 6.05 0.84 11.30
AY-5 -106 | 62.15 2158 | 88.13 | 30.88 46.81 286 93.95 4.02 88.70

Total | 100.00 | 15.21 100.00 40.99 | 100.00 1.89 & 100.00 2.81 | 100.00
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Figure4.4 Flowsheet of A¥5 with Metallurgical Values
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The metallurgical balance tables and applied flowsheet within the scojgstof

coded as AY7 and AY-6 are presented in Tablé.3 and Figure4.5, 4.6.

Representatively

prepared

sampl es

havi

used for tests under previously determined operational; parameters as 25%
solidliquid ratio, 500 (AY-7) i 1500 (AY-6) rpm rotational speed and 15 minutes

duration.

According to metallurgical evaluation of AY test results, it is revealed that as a

result of attrition scrubbing anaterial containingl7.486 BaO, 25.5% CaO,
5.48% LaxOs ve 7.126 CeQ obtained with26.30% BaO, 15.1% CaO, 59.3%

LaxOs ve 52.946 CeQ» recovery respectively, from a feed material containing
16.006 BaO, 4051% CaO, 222% LaO3 and 324% Ce(. At this stage, according

to the comparison between metallurgical results of-Tgdt5 min, 500 rpm, 25%

solid) and TesfL (15 min, 500 rpm, 35% solid) it is determined that decrease in

solid ratio presentsany significant effect on recovegrade values of BaO, CaO

and rare earth entities.

In addition, as a result of application of higher rotational

speed (1500 rpm) within the scope of test coded as6AN is revealed that

recovery values of rare earth oxide minerals increased up to 80%. At this stage,

according to comparison between test results of6Aahd AY-7 it is revealed that

increase in solid ratio resulted with improvement of BaO recovery value. However,

as it was expected increase in solid ratio did not result with significant change in

rare earth minerals recovery ratio.

Table4.3 Metallurgical Balance Table for Test A& (25%1500-15) and AY-7
(25%500-15)

Test Fraction | Weight BaO | BaO | CaO CaO La203 La203 | CeO:| CeO
Code ( &m) (%) (%) Rec. (%) Rec. (%) Rec. (%) Rec.
(%) (%) (%) (%)
+106 55.49 9.98 37.32 50.53 68.51 0.60 15.42| 1.33 | 23.13
AY -6 -106 4451 20.91 62.68 28.95 3149 4.10 84.58 5.52 76.87
Total 100.00 14.84 100.00 40.93 100.00 2.16 100.00 3.20 100.00
AY -7 +106/ 75.93 1553 73.70 4524 84.81 | 1.19 40.68 2.01 47.06
-106 24.07 17.48 26.30 25.57 15.19 5.46 59.32 7.12 5294
Totall 100.00 16.00 100.00| 40.51 100.00 2.22 100.00 3.24 100.00
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Figure4.5 Flowsheet of A¥6 with Metallurgical Values
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Grade (% Recovery (%)

100.00 Feed Material Weight (%)
1600 10000 (+106um) 25 B30
Solid
1644 10000 F (%)
222 10000 La203 (%)
324 100.00 CeO2 (%)
Attrition
Secrubbing
Wet Si
[IEIl]E:;.I ::I]e Over Size 7593
[+106pm] 1553  73.70
1850 8545
119 4058
201 4706
2407 Under Size
1748 2630 (-106pm) |
994 1455
546 5932
742 5294

Figure4.6 Flowsheet of A¥7 with Metallurgical Values

Metallurgical balance tables (Tablet) and flow diagrams (Figu#e7, Figure4.8)
including the distribution, grade and recovery values as a result of the attrition
scrubbing tests performed at rotation speeds of 1500 and 500 rpm for 45 minutes at
a rate of 25% pulp solids (by weight) on
given below. As the result of the test coded-8Y25% pulp solid, 45 minutes, 500

rpm rotational speed) it is reveal#tht material containing 19.57% BaO, 24.91%
CaO, 5.06% L#0s and 6.61% Cegis obtained with 38.42% BaO, %19.92% CaO,
69.81% LaO3 and 63.380 CeQ recovery values obtained from a feed material
including 15.8%6 BaO, 38.90% CaO, 2.2bLa>0Os and 3.246 CeQ respectively.

At this stage as the result of comparison between test results -6f Aa25, 45

min, 500 rpm) and AY3 (%35, 45 min500 rpm) significant changes in terms of

graderecovery values for BaO, CaO arate earth entities could nbe observed.
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However, according to metallurgical results of test coded asl@Yonducted

under the same pulp solid ratio and duration but higher rotational speed (1500

rpm), it is revealed that rare earth recovery values increased up tdvEs®aver,

according to comparison between the test resultsl8Y25%, 45 min and 1500

rpm) and AY:5 it is revealed that recovery of targeted minerals enhanced up to

10% more.

Table4.4 Metallurgical Balance Table for Test AY (25%500-45) and AY-10

(25%1500-45)

Test Fraction \weight BaO E{ZCC) cao gz(cj La-0s L:2O3 CeOz (;eOZ
Code (om) 0 () g O (o) 0 (g ) g
+106 68.89 1 14.17 61.58 45.22 80.08 0.99 30.19 1.73 36.64
AY -9 -106 31.11 19.57 38.42 2491 1992 5.06 69.81 6.61 63.36
Total 100.00 15.85 100.00 38.90 100.00 2.25 | 100.00 3.24 | 100.00
+106 5292  6.05 23.10 5242 66.25 0.32 11.33 0.86 19.52
AY-10 -106 47.08 22.64 76.90 30.02 33.75| 2.81 88.67 3.97 80.48
Total 100.00 13.86 100.00 41.88 100.00 1.49 | 100.00 2.32 | 100.00
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Figure4.7 Flowsheet A¥9 with Metallurgical Values
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Figure4.8 Flowsheet of A¥10 with Metallurgical Values
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In order to confirm test results obtained from conducted parametric attrition
scrubbing tests, two parallel attrition scrubbing tests were performed under the
mid-level parameters as 30% sdliguid ratio at 1000 rpm and 30 minutes
duration. Metallurgical balance table related with the test were given in 2&ble

and applied flowsheet including gra@lerecovery values of targeted entities are
presented in Figurd.9 and4.10. According to evaluation of test results of the
attrition scrubbing tests conducted for 30 minutes under 1000 rpm rotational speed
by using pulp with 30% solitiquid ratio; it is revealed that a material including
approximately19.50% BaO, 28.50% CaO, 4%8.a.03 and 5.506 CeQ grades
obtained at 5% BaO, 306 CaO, 836 La:O3 and 786 CeQ recovery values
respectively. As the result of evaluation of performed metallurgical calculations, it
is determined that although recovery of BaO, CaO and rare earth entities are
increasing under increasing solid ratio and test duration: selectivity decreases
accordingly. Moreover, according to comparison between test results, it is
determined that, conducted test are reliable and coherent.

Table4.5 Metallurgical Balance Table for Test AX(30%1000-30) and A¥-4
(30%-1000-30)

La203 CeO
: BaO CaO
Test Fraction - \yejght Bao i cao Laz0s CeOz
ec. ec.
Rec. Rec.
Code e (%) 0 (%) o 0
e | e O R

+106 58.74 ' 12.23 46.90 | 50.13 7181 0.72 19.79 | 149 @ 28.17

AY-2 -106 41.26 | 19.72| 53.10 28.02 28.19 4.13 80.21 541 71.83

Total 100.00 15.32 100.00 | 41.01 100.00| 2.12 | 100.00 3.11  100.00

+106 56.33 10.30 39.63  50.39 6821 @ 0.58 1467 1.25 | 21.77

AY-4 -106 44.67 | 1943 60.37 | 29.09 31.79 420 8533 558 78.23

Total 100.00 14.38 100.00 | 40.87 100.00| 2.20 | 100.00 3.19 @ 100.00
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Figure4.9 Flowsheet of A¥2 with Metallurgical Values
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Figure4.10 Flowsheet of A¥4 with Metallurgical Values
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The main motivation of conducted attrition scrubbing tests were to provide

maximum possible recovery of rare earth elements in particle size fraction finer

than 100m whi ch was ©Omassaieradl p-goacBrBatek e p t

for further hydrometallurgical treatments. From that point of view, overall
investigation of attrition scrubbing test results are based on recovery of rare earth in

fine fraction.

As a results of comparison between tests results conducted under different
operational parameter, the most effective parameter was identifi@80&srpm
rotational speed since maximum rare earth recovery was obtained from tests coded
as AY-8, AY-5 and AY-10. Among these three tests considering operational cost
and capacity AY8 found as the most successful test. In additmmotational
speed; increasa solidliquid ratio also resulted with higher rare earth recovery in
finer fractions due to intensive friction between mineral particles. However solid
ratio did not present significant effect as much as rotatispeéd Finally, as it
wasexpected longer duration resulted with relatively higher recovery of rare earth.
However, increase in test duration may results with lower operational capacity. To
sum up, as a result of complete metallurgical evaluatmperational economy and
capacity considerations the attrition scrubbing test performed un@érrfb for

15 minutes by using pulp with 35% solid ratio resulted with optimum Ce and La

recovery which are calculated as 81.52% and 87.58% respectively.

4.2 Flotation Tests

The flotation test program that has been conducted to evaluate selective
concentratiorpossibility of barite and fluorite mineral from Barikuorite REO
Complex Beylikova Ore. Previously prepared representative ore samples were used
in flotation test. The main motivation of this stage e, ensureselective
beneficiation of barite and fluorite minerals by application of flotation while ROE
minerals are concentrated in tailing fraction. Within the scope of systematic
flotation tests, effects of various modifier, depressants, collectors and frother on

flotation performance evaluated and optimized considering targeted selectivity and
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graderecovery results to conduct efficient processing flowsheet. During performed
flotation test program, direct barite flotation followed by direct fluorite flotation
experimentsvere conducted, including cleaner stages with the aim of maximizing

grade value.

As it was indicated before parametric flotation test campaign was conducted in
order to optimize operational conditions which resulted with selective
concentration of barite and fluorite at maximum possible grade and recovery
values.Within the scope of performed optimization tests-{R) representatively
prepared run of mine samples were utilized. However, at the end of optimization
tests, flotation experiment {E4) under determined optimum conditions was
performed by using feed material obtained following to-gmecentration of rare
earth entities by application of attrition scrubbing cooperated with size

classification.

4.2.1 Evaluation of Citric Acid Dosage Effect of Flotation Performance

In order to provide selective flotation of barite minerals, citric acid was used as
depressant for fluorite minerals. Within this scope, three parametric flotation tests
were conducted by using different citric acid dosages under constant operational
variables. Sodium sulfate was used as dispersapressant and-827 was used

as collector at pH=9.20. Flotation tailings of barite flotations were exposed to
fluorite flotation with the utilization of sodium sulfate as depressant, NaF as
activator and combination of Naleat and A-845 was utilized as collector. MIBC
used as frother within the scope of each flotation circuits. Citric acid dosage for
three flotation circuit is presented in Tabl® &nd flotation conditions of related

tests are presents in Tadl®, 4.6 and4.7.
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Table4.6 Citric Acid Dosages of F6, F9 and F5 Coded Flotation Tests

Test Code Citric Acid Dosage
(9/t)
F6 500
F9 750
F5 3000

Table4.7 Test Conditions of 6

Barite Rougher Flotation
pH pH Regulator
9.21 NaOH
Conditioning Conditioning Time
Reagent Dosage (g/t) Order (min)
N&SiOs 1000 1 10
Depressant — .
Citric Acid 500 1 10
Collector A-827 750 2 10
Frother MIBC 40 3
Products Barite Concentrate
Barite Cleaner Flotation
Depressant NaSiO; 100 1 10
Fluorite Rougher Flotation
pH pH Regulator
8.13 H2SOy
Conditioning Conditioning Time
Reagent Dosage (g/t) Order (min)
Depressant 200 1 10
Activator NaF 1000 1 10
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Table 4.7 (contdd)

A-845 400 2 10
Collector -
Sodium Oleate 300 2 10
Frother MIBC 25 3
Products Fluorite Rougher Concentrate
Fluorite Cleaner Flotation
Depressant N&SiOs 100 1 10

Table4.8 Test Conditions of ©

Barite Rougher Flotation
pH pH Regulator
9.24 NaOH
Reagent Dosage Conditioning Order Condmon_mg Time
(9/t) (min)
N&SiOs 1000 1 10
Depressant
Citric Acid 750 1 10
Collector A-827 750 2 10
Frother MIBC 40 3
Products Barite Rougher Concentrate
Barite Cleaner Flotation
Depressant Na2SiOo3 100 1 10
Fluorite Rougher Flotation
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Table 4.8 (contdd)
pH pH Regulator
7.8 H.SOy
Dosage — Conditioning Time
Reagent (@) Conditioning Order (min)
N&SiOs 1000 1 10
Depressant
200 2 10
Activator NaF 1000 2 10
A-845 400 3 10
Collector
Sodium Oleate 300 3 10
Frother MIBC 25 4
Products Fluorite Rougher Concentrate
Fluorite Cleaner Flotation
Depressant NaSiOs 1000 1 10

Table4.9 Test Conditions of 5

Barite Rougher Flotation

pH pH Regulator
9.2 NaOH
Reagent Dosage (g/t)| Conditioning Order Condltl(mw)g Time
NaxSiOs 1000 1 10
Depressant
Citric Acid 1000 1 10
Collector A-827 750 2 10
Frother MIBC 40 3
Products Barite Concentrate
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Table 4.9 (contdd)

Barite Cleaner Flotation
Depressant N&SiOs 100 1 10
Fluorite Rougher Flotation
pH pH Regulator
7.83 H.SOy
Reagent Dosage (g/t)| Conditioning Order Cond't'(mw)g Time
Depressant 200 1 10
Activator NaF 1000 1 10
A-845 400 2 10
Collector :
Sodium Oleate 300 2 10
Frother MIBC 25 3
Products Fluorite Rougher Concentrate
Fluorite Cleaner Flotation
Depressant N&SiOs 100 1 10

Three flotation tests (6, 9 and F5) have been conducted in order to investigate
effect of utilization of citric acid and its dosage on % loses of fluorite in barite
concentrate. According to results of the tests, it is determined that citric acid is
efficient depressant presenting direct effect on increment of fluorite hydrophilicity,
however during the parametric tests it is observed that in case of extreme dosages
of citric acid also effects barite flotation behavior negatively and decrease its final

recovery.
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Within the scope of ¥ flotation test conducted by using citric acid with the
dosage of 500 g/t; barite concentrate with 63.92% BaO grade and 62.74% BaO
recovery was obtained. Depending on the preference and end usage purpose
cleaner tailing and cleaner concentrate would be combined. In that case, barite
recovery would increase up to 94.36%. In order to evaluate test results in terms of
concentration characteristics of fluorite minerals, it is determined that firf@l Ba
concentrate includes 4.58% Ca@.order to evaluate test results by considering
fluorite loses inBaO concentrate, it is determined that 12.11% of CaO loBa®
rougher concentrate. According to result 9 Hotation test, increasing citric acid
dosage up to 750 g/t directly influence Barite concentrate selectivity positively due
to improvement of depressing effect of citric acid on fluorite mineral surfaces. As a
result of F9, barite concentrate with 66.07% BaO grade was obtained with 70.30%
recovery and similar above considerations if cleaner tailing and concentrate
combined recovery increases to 94.91%. In order to evaluate result in terms of CaO
loses in barite concentrate; it is revealed that barite concentrate presents 3.06%
CaO grade with 1.92% CaO distribution. According to comparison between test
results of F6 and F9, it can be easily indicated that, increase in citric acid dosage
from 500 g/t to 750 g/t directly effects barite flotation technical results in terms of
graderecovery values and improve selectivity. With the motivation of observation
of results under extreme conditions after Te®t &d F9; F5 flotation test was
performed by using 3000 g/t citric acid. According to results-6fiFis identified

that, although grade of barite concentrate improved in terms of BaO, recovery of
BaO significantly decreased to 52.38%. At that stage, result came up with direct
conclusion as, extreme utilization of citric acid during barite flotation results with
depression effect on barite as well as fluorite. As a result of parametric test
performed to evaluate effect of citric acid dosage on barite flotation performance, it
is observed that citric acid utilization improves selectivity of barite however,
extreme usage results with negative effect on flotation behavior on barite therefore
causebarite loses. Accordingly, citric acid dosage was determined optimum as 750

g/t. The metallurgical balance tables belong 4, 9 and F5 presented in Table
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4.10and related flowsheet including metallurgical gragleovery values presented
in Figure4.11-13.

Table4.10 Metallurgical Balance Table of Flotation Tests Coded-&sF9 and F
5

Test Erac weight | Bao | B29 | cao | €30 | La0, | 1295 | ceo, | CE
Code raction (%) (%) Rec. (%) Rec. (%) Rec. (%) Rec.
(%) (%) (%) (%)
Barit Con. 19.21 63.92 | 62.74 458 241 1.36 11.62 1.44 9.17
Barit Cleaner T. 17.57 35.23 | 31.62 | 20.19 9.70 3.64 28.52 4.53 26.43
Florit Con. 51.47 1.72 4.52 59.04 | 83.12 1.99 45.66 2.46 42.04
e Florit Cleaner. T. 3.84 2.37 0.46 27.61 2.90 3.48 5.94 6.54 8.33
Final Tailing 7.93 1.59 0.64 8.65 1.87 2.33 8.24 5.33 14.03
Total 100.00 | 19.57 | 100.00 | 36.56 | 100.00 | 2.24 100.00 | 3.01 | 100.00
Barit Con. 22.49 66.07 | 70.30 3.06 1.92 0.99 9.93 0.81 6.32
Barit Cleaner T. 13.37 38.90 | 24.61 | 18.97 7.08 3.19 19.03 4.29 19.91
Florit Con. 49.45 1.68 3.93 60.07 | 82.94 2.22 49.00 2.37 40.71
e Florit Cleaner. T. 4.72 2.16 0.48 37.54 495 3.23 6.81 5.75 9.43
Final Tailing 10.00 1.43 0.68 11.17 3.11 3.42 15.23 6.83 23.63
Total 100.00 | 21.14 | 100.00 | 35.81 | 100.00 | 2.24 100.00 | 2.88 | 100.00
Barit Con. 14.48 67.56 | 52.38 3.33 1.25 0.67 4.76 0.57 2.94
Barit Cleaner T. 3.88 36.00 7.47 18.05 1.82 2.43 459 3.69 5.12
Florit Con. 54.01 1094 | 31.64 | 52.22 | 73.32 1.56 41.00 1.87 36.08
FS Florit Cleaner. T. 16.25 7.02 6.10 42.38 | 17.90 3.20 25.37 4.62 26.88
Final Tailing 11.38 3.96 2.24 19.31 571 4.37 24.28 7.12 28.98
Total 100.00 | 18.68 | 100.00 | 38.47 | 100.00 | 2.05 100.00 | 2.79 | 100.00
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Figure4.11 Flowsheet of F6 (500 g/tcitric acid with metallurgical values
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Figure4.12 Flowsheet of P (750 g/tcitric acid with metallurgical values
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Figure4.13 Flowsheet of F5 (3000 g/titric acid) with metallurgical values

4272 Evaluation of BaCl2 Effect on Flotation Performance

In order to improve barite flotation circuit efficiency and enhance and optimize

metallurgical gradeecovery valuesBaCk was utilized. Within this scope, two

parametric flotation tests {& and F12) were performed by using P&O: as

dispersani depressant, citric acid as depressan8 A 7

as

col

ector

Within the scope of A2 to investigate activation effect 6f it wasused with the
dosage of 500 g/t while Baglid not utilized in F8. BaCk dosages of 8 and F

12 test are presented in Table 4.11.

Table4.11 BaCk Dosages of 8 and F12 Coded Flotation Tests

BaClzDosage
Test Code
(9/t)
F8 0
F12 500
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According to the test results of performed flotation tests with the aim of
investigation of effect oBaChutilization on barite recovery and grade values, it is
determined thaBaCl2 has negative effect on metallurgical performance of barite
flotation. As a results of £2 test conducted by using 500 @&Ch, barite
concentrate with 65.24% grade and 51% recovery values obtained and analysis
presented that barium content of the ore was lost in fluorite concentrate which
indicate depression effect BRCk on barite minerals. With the light of test result
related with F8 flotation test performed withoBaChk, barite concentrate with
64.44% grade and 74.53% recovery values was obtained. If cleaner tailing and
cleaner concentrate would combine flotation recovery value enhanced up to
96.29%.

As aresult of two parametric flotation testenducted to observe effect BACh,
negative effect oBaCk on barite flotation metallurgical results was detected. Test
conditions and metallurgical balance tables e8 Bnd F12 presented in Table
4.1214 andtheir flowsheets are presented in Figdré4and4.15.

Table4.12 Test Conditions of 8

Barite Rougher Flotation
pH pH Regulator
9.24 NaOH
Conditioning Conditioning Time
Reagent Dosage (g/t) Order (min)
N&SiOs 1000 1 10
Depressant
Citric Acid 500 1 10
Collector |A-827 750 2 10
Frother MIBC 40 3
Products Barite Rougher Concentrate
Barite Cleaner Flotation
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Table 4.12 (cont dd)
Depressant N&SiOs 100 1 10
Fluorite Rougher Flotation
pH pH Regulator
8.18 H.SOy
Dosage Conditioning Conditioning Time
Reagent () Order (min)
Depressant | NaSiOs - 1000 1 10
Activator | NaF 200 2 10
1000 2 10
Collector |A-845
400 3 10
Frother Sodium Oleate 300 3 10
Products | MIBC 25 4
Products Fluorite Rougher Concentrate
Fluorite Cleaner Flotation
Depressant Na:SiO; 1000 1 10

Table4.13 Flotation Conditions of A2

Barite Rougher Flotation
pH pH Regulator
9.53 NaOH
Reagent Dosage (g/t) | Conditioning Order Conditi((r):ii:)g Time
Depressant | NaSiOs 1000 1 10
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Table 4.13 (cont dd)
Citric Acid 500 1 10
Activator | BaCk 500 1 10
Collector | A-827 750 2 10
Frother MIBC 40 3
Product Barite Rougher Concentrate
Barite Cleaner Flotation
Depressant NaSiOs 100 1 10
Fluorite Rougher Flotation
pH pH Regulator
7.95 H.SOy
Dosage N Conditioning Time
Reagent (g/) Conditioning Order (min)
N&SiOs 1000 1 10
Depressant
200 2 10
Activator NaF 1000 2 10
A-845 400 3 10
Collector
Sodium Oleat | 300 3 10
Frother MIBC 25 4
Products Fluorite Rougher Concentrate
Fluorite Cleaner Flotation
Depressant N&SiOsz 1000 1 10
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Table4.14 Metallurgical Balance Table of-& and F12

Test Eract weight | Bao | Ba0 | 0 | €O | 6, | L3O | g, | CEO
Code raction (%) %) Rec. (%) Rec. (%) Rec. (%) Rec.
(%) (%) (%) (%)
Bavrit Con. 2381 | 64.44 | 7453 | 4.48 2.89 129 | 13.92 | 124 | 1050
Barit Cleaner T. | 14.39 | 31.13 | 21.76 | 22.98 | 8.95 386 | 2512 | 4.99 | 25.44
Florit Con. 49.19 | 1.17 281 | 62.06 | 8265 | 1.98 | 4405 | 2.03 | 3540
F8
Florit Cleaner. T.| 3.86 1.62 0.30 | 3639 | 3.81 284 | 4.96 5.24 7.18
Final Tailing 8.78 1.41 0.60 7.19 1.70 302 | 11.95 | 692 | 2148
Total 100.00 | 20.58 | 100.00 | 36.94 | 100.00| 2.21 | 100.00| 2.82 | 100.00
Barit Con. 14.47 | 65.24 | 51.00 | 5.36 1.96 1.07 6.83 -
Barit Cleaner T.| 9.20 | 33.62 | 16.71 | 19.67 | 4.57 342 | 13.88 | 4.58 -
Florit Con. 5855 | 9.01 | 2851 | 55.81 | 8257 | 214 | 5528 | 2.35 -
F12
Florit Cleaner. T.| 8.19 5.16 2.28 35.76 7.40 7.7 3.58 12.93 6.05
Final Tailing 9.60 2.89 150 | 14.43 | 3.50 261 | 11.07 | 551 -
Total 100.00 | 1851 | 100.00 | 39.57 | 100.00| 2.27 | 100.00 -
Grade (%] Rec (%)
weight (%)
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Figure4.14 Flowsheet of B8 (without BaC4) with metallurgic values
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Figure4.15 Flowsheet of F12 (with 500 g/t BaCG) with metallurgic values

4.2.3 Evaluation of Sodium Floride Dosage Effect on Flotation

Performance

Motivation of NaF utilization is to recovery of fluorite minerals at maximum

possible values by activation their mineral surfaces since they depressed during

barite flotation circuits. Within this scope, following to barite flotation tests

conducted by using N&iOz and citric acid as depressant8&7 as collector at pH

a 9.20; by wusing barite flotation tailing
application of and N&iOsas depressant, NaF as activator ar82X as collector.

During parametric flotation tests MIBC was used as frother. Sodium fluoride

dosages with respect to test number presented in #ai@nd test conditions of

performed flotation experiments are given in Tablkb and /.

Table4.15 NaF Dosages of Flotation Tests Coded dsdnd F2

Test Code NaF Dosage
(9/t)
F1 500
E2 1000
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Table4.16 Flotation Conditions of A

Barite Rougher Flotation

pH pH Regulator
9.1 NaOH
Dosage — Conditioning Time
Reagent (9/) Conditioning Order (min)
Na:SiOs 1000 1 10
Depressant
Citric Acid 500 1 10
Collector A-827 400 2 10
Frother MIBC 40 3
Products Barite Rougher Concentrate
Barite Cleaner Flotation
Depressant N&SiOsz 100 1 10
Fluorite Rougher Flotation
pH pH Regulator
7.8 H.SOy
Dosage T Conditioning Time
Reagent (g/) Conditioning Order (min)
Depressant 200 1 10
Activator NaF 500 1 10
Collector A-827 600 2 10
Frother MIBC 25 3
Products Fluorite Rougher Conc.
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Table4.17 Flotation Condition of 2

Barite Rougher Flotation
pH pH Regulator
9.1 NaOH
Reagent Dosage (g/t) | Conditioning Order Cond't'(m':)g Time
NaSiOs 1000 1 10
Depressant —— :
Citric Acid 500 1 10
Collector A-827 400 2 10
Frother MIBC 40 3
Products Barite Rougher Concentrate
Barite Cleaner Flotation
Depressant NaSiOs 100 1 10
Fluorite Rougher Flotation
pH pH Regulator
7.9 H.SOy
Reagent Dosage (g/t) | Conditioning Order Condltl((::il:)g Time
N&SiOs 200 1 10
Depressant
Starch 1000 2 10
Activator NaF 1000 2 10
Collector A-827 600 3 10
Frother MIBC 25 4
Products Fluorite Rougher Conc.
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Table 4.17 (cont déd)

Fluorite Cleaner Flotation

Depressant N&SiOs 100 1 10

According to results of two parametric flotation test, positive effect of increase in
NaF dosage on flotation selectivity was detected. IncreaSafdosage enhance
floatability of fluoride minerals by activating their depressed mineral surfaces
resulted with significant decrease in fluoride mineral loses in flotation tailing. In
order to explain numerically, increment in sodium fluoride dosage from 500 g/t to
1000 g/t fluoride loose in flotation tailing decreased from 21.62% to 5.64%. In
addition to that, according to the parametric test conducted to optimize citric acid
amount optimum citric acid dosage determined as 750 g/t. From that point of view
NaF dosage greater than 750 g/t which is 1000 g/t, would be more efficient in

terms of activation of depressed fluoride.

As a result of two parametric flotation test performed to investigate effect of NaF
dosage on activation of fluoride minerals during rougher fluoride flotation, it is
revealed that increase in NaF dosage enhance flotation behavior of depressed
fluoride mineral whit results with decrease of fluoride content in flotation tailing.
Metallurgical Balance Tables of-F and F2 are given in Tablel.18 and their

flowsheet are presented in Figdrd6and4.17.
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Table4.18 Metallurgical Balance Table ofF and F2

Test Fraction Weight BaO BaO Rec. CaO CaO Rec. | LaOs; | La,OzRec.
Code (%) (%) (%) (%) (%) (%) (%)
Barit Con. 11.58 54.60 37.64 1.81 0.47 0.48 7.16
Barit Cleaner T. 11.40 52.84 35.84 12.42 3.15 1.28 18.79
Florit Con. 38.28 6.37 14.51 65.51 55.78 0.42 20.57
F Florit Cleaner. T. 15.12 6.00 5.40 56.46 18.98 1.09 21.23
Final Tailing 23.62 4.70 6.61 41.16 21.62 1.06 32.25
Total 100.00 16.80 100.00 44.96 100.00 0.78 100.00
Barit Con. 30.46 65.51 81.38 4.24 3.50 1.02 31.17
Barit Cleaner T. 8.96 33.25 12.16 25.03 6.07 2.04 18.34
Florit Con. 33.73 3.16 4.35 63.01 57.52 0.70 23.79
w2 Florit Cleaner. T. 8.35 3.73 1.27 53.53 12.10 1.34 11.23
Final Tailing 18.50 1.11 0.84 21.56 5.64 0.83 15.48
Total 100.00 24.52 100.00 36.95 100.00 1.00 100.00
036 10000
i s
I riote “m—lm
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Figure4.16 Flowsheet of FL (500 g/t NaF) with metallurgic values
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Grade (%) Rec(%)

Figure4.17 Flowsheet of 2 (1000 g/t NaJFwith metallurgic values

4.2.4 Effect of Types of Collectors on Flotation Results

At this stage, parametric flotation tests have been performed in order to examine
the effect of collector type and their dosages on flotation perform&azametric
flotation tests wer@erformedby using A827, A845 and Ne&Dleate. Within this
scope, different combination of-845 A-827 and NaOleate with various dosages
performed and according to obtained resutteir dosages wer@ptimized.
Following to parametric flotation test conducted by usin§4s, barite and fluorite
flotation tests performed by application of8®7 as collector and test results were
evaluated in terms of metallurgical recovérgrade values and selectivity. After
application of A827 and A845 separately, their efficiencies with combination of
NaOleak was discussed. During all conducted barite flotation testSiNaand
citric acid were used as depressant at
performed by utilization of N&iOs, asdepressant, NaF as activator. MIBC was
used as frother for all parametric tests. Types of collectors and their dosage with

respect to test codare given in Tabld.19 and flotation conditions of parametric
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test are presented in Table20 - 22. Since test conditions of-F was presented

previously (Table 4.17)t is not given again.

Table4.19 Types and Dosage of Collectors w.r.t. Test Codes

Test A-827 Dosage A-845 Dosage Na-Oleate Dosage
Code (a/t) (alt) (9/t)

F3 - 400 (Barite Flot.) + 600 (Flugs Flot.) 300

F7 - 400 (Barite Flot.) + 300 (Flude Flot.) 300

o 400 (Barite Flot.) +
600 (Fluorite Flot.)

F4 750 400 300

Table4.20 Test Conditions of B

Barite Rougher Flotation
pH pH Regulator
9.2 NaOH
Dosage T Conditioning Time
Reagent () Conditioning Order (min)
Na&SiO; 1000 1 10
Depressant
Citric Acid 500 1 10
Collector A-845 400 2 10
Frother MIBC 40 3
Products Barite Concentrate
Fluorite Rougher Flotation
pH pH Regulator
7.98 H.SOy
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Table 4.20 (contdd)
Dosage T Conditioning Time
Reagent (g/) Conditioning Order (min)

Depressant N&SiOs 200 1 10
Activator NaF 1000 1 10

A-845 600 2 10
Collector

Sodium Oleate 300 2 10
Frother MIBC 25 3
Products Fluorite Concentrate

Table4.21 Test Conditions of #

Barite Rougher Flotation

pH pH Regulator
9.48 NaOH
Reagent Dosage (g/t)| Conditioning Order Cond't'(cr):i':)g Time
Na:SiOs 1000 1 10
Depressant — -
Citric Acid 500 1 10
Collector A-845 400 2 10
Frother MIBC 40 3
Products Barite Concentrate
Collector A-845 400 2 10
Frother MIBC 40 3
Products Barite Concentrate
Barite Cleaner Flotation
Depressant N&SiOsz 100 10
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Table 4.21 (contdd)
Fluorite Rougher Flotation
pH pH Regulator
7.91 H2SOy
Dosage L Conditioning Time
Reagent (@) Conditioning Order (min)
Depressant Starch 200 1 10
Activator NaF 1000 1 10
A-845 400 2 10
Collector -
Sodium Oleate 300 2 10
Frother MIBC 25 3
Products Fluorite Rougher Concentrate
Fluorite Cleaner Flotation
Depressant NaSiOs 100 1 10

Table4.22 Test Conditions of &

Barite Rougher Flotation
pH pH Regulator
9.22 NaOH
Reagent Dosage (g/t)| Conditioning Order Condltl((r)r:m)g Time
N&SiO; 1000 1 10
Depressant
Citric Acid 500 1 10
Collector A-827 750 2 10
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Table 4.22 (cont dd)

Frother MIBC 40 3

Products Barite Concentrate

Barite Cleaner Flotation

Depressant N&SiOs 100 1 10

Fluorite Rougher Flotation

pH pH Regulator
7.86 HoSOy
Reagent Dosage (g/t) | Conditioning Order Cond't'((;?i':)g Time
Depressant Dextrine 200 1 10
Activator NaF 1000 1 10
A-845 400 2 10
Collector
Sodium Oleate 300 2 10
Frother MIBC 25 3
Products Fluorite Rougher Concentrate
Fluorite Cleaner Flotation
Depressant N&SiOsz 100 1 10

According to test results of-& and F7 performed by using 845 collector
presenting alkyl succinamaterin at various dosages, selectivity between barite
and fluorite was not found successful. The reason behind this situation would be

due to extremely strongollecting abilityof A-845it does not provide selectivity
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betweenfluorite and barite since these mineral present quite similar surface
properties At this stage decrease in dosage ocBA 5 al s o doesnot prc

selectivity.

Within the scope of flotation test-F& A-827 type collector presentingetroleum
sulfonate form was utilized. According to the metallurgical calculations, it is
revealed that 827 provides selectivity especially for barite by increasing barite
recovery up to 93.50% in rougher stage. Howeve82A& did not provideufficient

results for fluorite circuit.

As aresult of parametric flotation tegterformed by using 827 and A845
separately, optimum flotation scenario decided as utilization -82°A in barite
flotation circuit and combination of 845 and NeDleate for fluoride flotation
circuit. Within this scope, B test was conducted which resulted with barite
concentrate with 63.32% BaO grade and 90.12% BaO recovery values and fluorite

concentratavith 62.426 CaO grade and 86.53% CaO recovery values.

The parametric tests performed to investigate effect of types and dosage of
collector on selectivity and metallurgical result of bafiterite flotation circuit

tests revealed that optimum results in terms of selectivity and -geadeery
values would be achieved by using8R7 for barite flotation and A84b Na
Oleate combination for fluorite flotation. Metallurgical balance table belongs to
performed test is presented in TaBlé2and their flowsheets are given in Figure
4.1820.

Table4.23 Metallurgical Balance Table for-8, 7 and F4

La,O 0 CeG,

Test Fraction Weight | BaO gaeg Cao gzg Laz0; R2 T ce R
. - ec. ec.
Code (%) (%) (%) (%) (%) (%) (%) (%) %)

Barit Con. 9418 | 23.90| 98.78 41.67 96.39 0.95 93.39 | 0.62 82.55

Florit Con. 3.55 6.58 1.03 37.27 3.25 1.06 3.95 231 11.65

F3
Final Tailing 2.27 2.01 0.20 6.49 0.36 112 2.66 1.80 5.80

Total 100.00 | 22.79| 100.00 | 40.72 | 100.00 0.95 | 100.00 | 0.70 100.00
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Table 4.23 (cont dd)

Bavit Con. 7411 | 2226 | 97.01 | 44.46 | 78.83 | 169 | 6158 | 2.12 | 54.67
Barit Cleaner T. 9.34 2.35 1.29 29.89 6.68 4.59 21.07 7.01 22.79
Florit Con. 8.56 2.20 1.11 57.20 11.72 1.50 6.30 2.66 7.95
| Fortcleaner. 7. | 123 | 191 | 014 | 2201| o067 | 278 | 168 | 557 | 239
Final Tailing 6.07 1.16 0.46 12.96 2.10 2.82 9.37 5.18 12.21
Total 100.00 | 17.00 | 100.00 | 41.79 | 100.00 | 2.03 | 100.00 | 2.87 | 100.00
Barit Con. 37.49 63.32 90.12 5.76 5.95 1.62 51.00 - -
Barit Cleaner T. | 6.09 | 19.83 | 458 | 3120 | 523 | 3.68 | 1882 | 463 | -
Florit Con. 5033 | 256 | 489 | 6242 | 8653 | 0.56 | 2362 | 101 | -
F Florit Cleaner. T. 2.56 241 0.23 23.79 1.67 1.36 2.92 3.43 -
Final Taing | 353 | 125 | 017 | 626 | 061 | 364 | 204 | 758 | -
Total 100.00 | 26.34 | 100.00 | 36.31 | 100.00 | 119 | 100.00 | 0.95 | -
Grade(%) Rec(%)
2 e e | —
i e -
070 100,00

100,00
ﬁn iﬁi Barite Rougher Flotation

Figure4.18 Flowsheet of 3 with metallurgic values
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Figure4.19 Flowsheet of F7 with metallurgic values

Grasde (% Rec{%)

Figure4.20 Flowsheet of F4 with metallurgic values
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4.2.5 Effect of Frother Type on Flotation Performance

The main motivation of this stage is to determine optimum frother type for barite
and fluorite flotation circuits. Within this scope two parametric flotation tests were
performed by application of MIBC and EF50. From that point of view for both
barite and fluorite flotation circuits MIBC was utilized at certain dosages.
Following to this test program, BE50 was used for both barite and fluorite
flotation tests at exactly same dosages with MIBC in order to determine effect of
frother type on flotation performance. During all flotation test, for barite flotation
NaSiO: and citric acid were utilized as depressant32Y was preferred as
collector at pH &a9.20. | n aSidand imasn, f or
utilized as depressant, NaF was used as activator and combinatic&4&fiANa
Oleate was preferred as collector. Two parametric flotation tests performed by
using MIBC and DF250, their dosage with respect to test codes are given in Table
24 and test conditions for-E3 is presented in TabléZsince conditions for 18

given before it is not Fpresented).

Table4.24 Types and Dosage of Frothers w.r.t. Test Codes

MIBC DF-250
Test Code
(9/t) Ly
- 40 (Barite Cir.)
25 (Fluorite Cir.)
40 (Barite Cir.)
F13 . .
25 (Fluorite Cir.)

According to results of two parametric flotation tests, it is observed th&t5DF
provides more stable and strong froth form for both barite and fluorite circuits.
Within the scope of A3, barite concentrate with 64.28% BaO grade and 85.52%
BaO recovery and fluorite concentrate with 58.36% CaO and 85.80% recovery
were obtainedAs it was discussed previously, as a result of perform&dbly

using MIBC as frother;barite concentrate with 6#4% BaO grade and4.53%6

BaO recovery and fluorite concentrate with 62.06% CaO and 82.65% recovery
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were obtained. In the light of these data, although differences between results of
two parametric tests are not found as significant, utilization o280 would be

more effective especially for recovery of barite minerals. The metallurgical balance
valuesof F-13 is given in Table4.25 and flowsheet of the test is presented in

Figure4.21

Table4.25 Metallurgical Balance Table ofE3

) BaO CaO La,03 CeQ,
Test . Weight | BaO CaO La,0s Ce0,
Fraction Rec. Rec. Rec. Rec.
Code (%) (%) (%) (%) (%)
(%) (%) (%) (%)
Barit Con. 27.47 | 64.28| 85.52 452 3.42 1.22 16.71 | 1.45 15.37
Barit Cleaner T. 3.90 8.94 1.69 34.41 3.68 4.22 8.20 5.78 8.69
Florit Con. 53.55 4.36 11.31 | 58.36 85.90 1.70 4541 | 1.63 33.69
F13
Florit Cleaner. T.| 4.17 2.38 0.48 27.62 3.17 4.80 9.99 7.84 12.62
Final Tailing 10.91 1.91 1.01 12.78 3.83 3.62 19.69 | 7.04 29.63
Total 100.00 | 20.65| 100.00 | 36.38 | 100.00 | 2.01 | 100.00| 2.59 100.00

Grade [%] Rec (%)

Figure4.21 Flowsheet of FL3 with metallurgic values
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426 Effect of Feed Particle Size on Flotation Performance

In order to investigate effect of feed particle size on flotation results, parametric
flotation tests by using feed material presenting different particle size were used.
Within this scope feed particle size aso 106 & m, 53 em and
representatively prepared and within the scope of these 3 parametric flotation test
other operational variables kept as constant. During all flotation tests, for barite
flotation NaSiOz and citric acid were utilized as depressanB2Y was preferred

as collector at pH &9.20. | pSiOgadddwas i on ,
utilized as depressant, NaF was used as activator and combinatie&4&fiANa

Oleate was preferred as collector. Feed particle size with respect to test code are

given in Table4.26and flotation conditions of the tests are presented in Hablke

Table4.26 Feed Particle Size w.r.t. Test Codes

Test Code Fee(lei’oa;;rticleOSriﬁ
F8 106
F10 53
F11 38

Table4.27 Test Conditions of 8, F10 and F11

Barite Rougher Flotation
pH pH Regulator
9.24 NaOH
Reagent Dosage (g/t) | Conditioning Order Conditioning
Time (min)
N&SiOs 1000 1 10
Depressant —— -
Citric Acid 500 1 10
Collector |A-827 750 2 10
Frother MIBC 40 3
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Table 4.27 (cont dd)

Barite Cleaner Flotation
Depressant NaSiOs 100 1 10
Fluorite Rougher Flotation
pH pH Regulator
8.18 H2SOy
Dosage N Conditioning
Reagent (/) Conditioning Order Time (min)
Depressant | NaSiO;1 Starch 1000 1 10
Activator NaF 200 2 10
1000 2 10
Collector A-845
400 3 10
Frother Sodium Oleate 300 3 10
Products MIBC 25 4
Products Fluorite Rougher Concentrate
Fluorite Cleaner Flotation
Depressant Na&SiOs 1000 1 10

Within this scope, flotation test conducted by using feed material having particle
sizeas=106em resulted wigrade valmgs.tMetallurngicalr ecovery
balance tables belong to parametric flotation tests is given in Bab&and

flowsheets of FLO and F11 are presented in Figu4e22and4.23

146



Table4.28 Metallurgical Balance Table ofEO and F11

) BaO CaO La,Os Ce(,
Test . Weight | BaO CaO La,0s CeG,
Fraction Rec. Rec. Rec. Rec.
Code (%) (%) (%) (%) (%)
(%) (%) (%) (%)
Barit Con. 21.31 65.06 69.59 4.42 2.68 1.18 13.66 -
Barit Cleaner T.| 13.90 | 23.87| 16.65 29.87 11.82 2.69 20.30 | 3.62 -
Florit Con. 48.22 4.88 11.81 55.06 75.59 1.77 46.35 | 1.71 -
F10
Florit Cleaner. T. 6.83 3.35 1.15 37.21 7.23 3.05 11.31 5.52 -
Final Tailing 9.75 1.65 0.81 9.64 2.68 1.58 8.39 4.97 -
Total 100.00 | 19.92| 100.00 | 35.12 | 100.00 1.84 | 100.00 | 2.19 -
Barit Con. 20.59 | 63.73| 65.90 5.07 2.92 0.83 10.03 | 0.75 6.87
Barit Cleaner T. 15.80 20.18 16.01 34.21 15.12 2.15 19.95 2.87 20.25
Florit Con. 47.61 6.70 16.03 54.36 72.42 1.81 50.62 | 1.74 | 37.00
F11
Florit Cleaner. T.| 6.47 3.79 1.23 38.23 6.92 2.86 10.86 | 4.75 | 13.72
Final Tailing 9.53 1.74 0.83 9.83 2.62 01.53 8.54 5.20 22.15
Total 100.00 | 19.91| 100.00 | 35.74 | 100.00 1.70 | 100.00 | 2.24 | 100.00
Grade [%) verim [%]
100,00 - “ﬁ e
* labo
ceoz (%)
2,19 100,00
= ] [ ]
100,00 Barite Rewghet Flatstsn Hatston _@
e : : R P
[ase e
457
imr‘—‘ Flucrite C1. Talling
6,83
“‘
5.52
uu'n 5, -
I | - P o
[ e e
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Figure4.22 Flowsheet of FLO (Dio=530m) with metallurgic values
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Figure4.23 Flowsheet of FL1 (Dioc=380m) with metallurgic value
4.2.7 Final Flotation Flow Sheet

Flotation optimization tests were conducted by using run of mine ore. In order to
apply realistic flowsheet which is coherence with proposed flowsheet final flotation
test was performed by usimgpresentative sample excludipge-concentrated ore
under optimum condition determined according to flotation optimization test
results.From this point of view; proposed and applied flowsheet within the scope
of this thesis study is presented in Figure 4.24. Additionally, final flotation test
under determined optimum conditions was conducted by using feed material

obtained after preoncentration of rare earth entities.
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Figure4.24 Proposed Flowsheet

Following to size classification performed after attrition scrubbing test under
previously determined optimum conditions, ore sample presenting particle size
greater than 168n grounded in controlled manner than combined with ore sample
presenting particle size 6106+38(0m. Chemical composition of representative

sample used as feed material for optimum flotation test is presented in Table 4.29.

Table4.29 Chemical Composition of Feed Material Used for Optimum Flotation
Test (F14)

Sample Code| Frac. Ca (%) Ba (%) La(%) Ce (%) Th (ppm)

BNT F-14 | Flot. Feed 30.30 21.92 0.38 0.64 420.83

According to performed flotation test campaign determined optimum conditions
which are also applied within the scope of final flotation test4)-presented in

Table 4.30.
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Table4.30 Test Conditions of Optimum Final Flotation Testl(#)

Barite Rougher Flotation

pH pH Regulator
9.5 NaOH
Dosage | Conditioning . . .
Reagent (/) Order Conditioning Time (min)
NaSiOs 1000 1 10
Depressant — -
Citric Acid 750 1 10
Collector A-825 750 2 10
Frother MIBC 20 3 1
Products Barite Rougher Concentrate
Barite Cleaner Flotation
NaSiO; 250
Depressant 1 5
Citric Acid 250
Collector A-825 250 2 10
Fluorite Rougher Flotation
pH pH Regulator
7.5 H.SOy
Dosage | Conditioning I . .
Reagent (/) Order Conditioning Time (min)
Depressant NaSiOs 1000 1 10
Starch 200 2 10
Activator NaF 1000 2 10
A-845 400 3 10
Collector -
Sodium Oleate| 300 3 10
Frother MIBC 20 4 1
Products Fluorite Rougher Concentrate
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Table 4.30 (contdd)

Fluorite Cleaner Flotation

Depressant N&SiOs 250 1 5
Activator NaF 250
Collector A-845 100 2 10

According to ICPOES and ICRMS analysis results of obtained concentrate,
tailing and cleaner tailings fractions metallurgicalculations were conducteds

a result of calculations it is revealed that barite concentrate with 58.22% Ba grade
which equals to 98.95% Ba%Qvas obtained with66.4%6 recovery rate.
Depending on end usage purpose or in case of requirement of increase recovery
cleaner tailing and concentrate would be combined. In that scenario, barite
concentrate would present 85.48% Ba$tade with 843%% recovery. Following

to barite flotation, fluorite flotation was conducted under above presented
conditions. As a result of fluorite cleaner flotation, fluorite concentrate obtained
with 95.17% Cak grade with 66.63% recovery rate. Similar with barite case, if
cleaner concentrate would be combineith cleaner tailing fluorite concentrate

with 93.84% Cakgrade at 72.6% recovery would be obtained. In order to evaluate
flotation results with the consideration of rare earth entities, metallurgical
calculations revealed that under optimum flotation conditions, flotation tailing
presents 1.90% Ce and 0.84% La grades at 52.26%, 38.65% recovery rates
respectively. Metallurgical balance table constructed according to analysis results
is presented in Table 4.2ihd flowsheet with metallurgical values are presented in
Figure 4.25 Moreover, images of obtained barite and fluorite concentrates are
presented in APPENDPA.
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Table4.31 Metallurgical Balance Table ofF4

Sample Weight | CaRec o BasSQ, | BaRec o La Rec o | Ce Rec
Coded Frac. %) (%) CaF,(%) %) (%) La (%) %) Ce (%) (%)
FK 41,33 66,63 95,17 12,34 13,69 0,31 33,59 0,38 24,61
BK 25,04 2,54 6,00 98,95 |66,49 0,11 7,22 0,10 3,92
FTA |4,34 5,97 81,20 9,26 1,08 0,56 6,37 1,20 8,16
BNT F14
BTA |11,74 7,90 39,70 56,76 | 17,89 0,46 14,16 0,60 11,04
FNA | 17,55 16,96 57,03 1,80 0,85 0,84 38,65 1,90 52,26
Total | 100,00 100,00 59,03 37,26 100,00 (0,38 100,00 0,64 100,00
Grade (% Rec (%)
Weight{%}
suslwﬂrnom *mx
Th %)
29635 100,00 La (%)
038 100,00 e (3]
064 100,00
10000 |—|
3726 100,00 Barite Rougher Flotamon Fluorite Rougher Flotation @l
29635 10000 v 17.55
038 100,00 180 0.85
064 100,00
osa 66
150 5226
[reas]
56.76 11.;‘;2& v 16.90
o6 110a o5 o3
120 816
m ;; 1234“1!12!.6!
o3 e

Figure4.25 Flowsheet of FL4 with metallurgic values

4.3 Leach Tests

The main motivation of conducted leaching tests was to achieve maximum
extraction rates of Ce, l.and Th elements from bastnaesite and monazite minerals
with possible minimum dissolution of iron as major impurity under applicable and
feasible operational conditions in terms of both economic, technical and

environmental concerns. In accordance with this purpose, three different lixiviants
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were utilized as hydrochloric acid, nitric acid and citric acid. In this context,
experimental parameters were optimized based on theetwb full factorial
statistical design. Within the scope of design of experiments (DOE), types and
ranges of the variable parameters were determined according to data obtained from
scientific sources and previous studies in which some of them are mentioned in
2 Literature Review chapter of this thesis statement. Acid concentration,
temperature and duration were determined as the most critical operational
parameters which have the highest potential to effect extraction rates of the rare
earth bearing entities. For each lixiviant type, three individual test campaigns were
designed and each of them consist of 10 experiments under above mentioned
variable operational conditions. According to HOES and ICRMS analysis
results of the pregnant leach solutions and operational conditions statistical model
was constructed by using Design Expert software. In this way, individual and
combined effects of variable parameters on rare earth extraction and iron
dissolution rates evaluated in details. Moreover, besides the statistical model,
regression equation of each model with varying responses were already

constructed.

4.3.1 Hydrochloric Acid Leaching

The objective of hydrochloric acid test program is to achieve maximum possible
extraction rates of Ce, La and Th with minimum possible dissolution rate of Fe
under the most feasible operational conditions. In accordance with this purpose,
experimental parameters were optimized by application of two level full factorial
statistical design. From that point of view, as it was explained previously, acid
concentration, temperature and duration were determined as operational variables
and 10 systematical ladraled experiments were performed in order to construct
statistical model. According to IECBES and ICAMS analysis of pregnant leach
solutions, maximum Ce, Land Th extraction rates are calculated as 87.95%,
82.17% and 41.72% respectively while iron dissolution is calculated as 54.51%.

Metallurgical balance tables of hydrochloric acid leaching is given in APPENDIX
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B. Parameter codes and assigned values for hydrochloric acid leaching and goal of

the test program is presented in Tab&24.

Table4.32 Parameter Codes and Assigned Values for Hydrochloric Acid Leaching

Name Goal Lower Limit Upper Limit
A: Acid Concentration In Range 2 6

B: Temperature In Range 30 90

C: Duration In Range 2 6

Ce Extraction (%) Maximize 411 87.95

La Extraction (%) Maximize 9.46 82.17

Th Extraction (%) Maximize 0.51 41.72

Fe Dissolution (%) Minimize 5.38 65.08

According to the metallurgical results of the test campaign, individual and

combined effects of operation parameters on Ce, La, Th extraction and Fe
dissolution rates were determined. From that point of view, coefficient factor of

each parameter and coefficient factor for their interrelations which constitute

regression equations for Ce, La, Th extraction and Fe dissolution were indicated.
Factors and corresponding effect on each response presented in Table 4.33.

Table4.33 Factors and Corresponding Coefficients on Targets of Hydrochloric
Acid Leaching

Intercept A B C AB AC BC ABC

Ce Extraction

(%) 56.34 6.20 | -13.63| 3.45 | -2.88 | 18.23| -0.74 | 19.51

La Extraction

(%) 4118 | 12.29| 081 | 411 | 8.38 | 16.09| 0.29 | 16.36

Th Extraction

(%) 23.32 276 | -2.77 | 1.05 | -2.19 | 10.39| -0.48 | 9.64

Fe Dissolution
(%)

Regression equations for each response were given below;

40.99 7.72 | 16.80| 3.07 | 9.89 | 0.078| 1.07 | 3.02

Ce Extraction (%)3.=63I6B B&. #8HBAR 0+ A18. 231 AC

0.741BC +19.511 ABC
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La Extraction (%) = 41. 148 .43 812AB2 9+ Al 6+ 009.1
+0. 291 BC +16.361 ABC

Th Extraction (%W.E7R2B.8211*0RR86+F A10. 39T,
0.481 BC +9.641 ABC

l ron Dissolution (%) = 40. 9499 .89KAB2I A
0. 07811A07+3B@®21 ABC

Regression equations consist of operational variables and their coefficients which
are indicatives for effectiveness of each individual variable and their interrelations.
From that point of view; according to regression equation of Ce extraction,
temperature is the most significant operational parameter which has the highest
impact on Ce recovery presenting inverse proportion. In addition to that, acid
concentratiorduration combined effect also has direct and significant effect on Ce
extraction ratio. 3D response diagrams presenting relationship between operational

parameters and the responses are presented in Figéare 4.
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Ce Recovery (%)
(adjusted for curvature)

@ Design Points

4,10786 - 87,948

Ce Recovery (%)

Ce Recovery (%)
Ce Recovery (%)

A: Acid Concentartion (M)

C: Duration (Hour) C: Duration (Hour)

Figure4.26 Representation of Variation in Ce Extraction Rates with respect to

Three Operational Parameters and Their Combinations by Using Hydrochloric

Acid

In order to evaluate -B surface diagrams, Ce extraction rate increases to its
highest point under the effect of the combined impact ofahgestduration and

acid concentration. In addition to thatD3 surface diagrams also approve the
intensive indirect proportion of temperature. The graph located atupgptrt of

the Figure 4.26 shows Ce Recovery (%) increases significantly by decreasing the

temperature.

With the consideration of variation in La extraction rate with respect to operational
variables, according to regression equation, acid concentration is the most effective

parameter presenting direct relation with La recovery (%). Moreover, similar to Ce
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case interrelation between acid concentration and duration also has significant
effect on La extraction ratio. 3D response diagrams presenting relationship between

operational parameters and the responses are presented in FAgure 4.
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Figure4.27 3-D Representation of Variation in La Extraction Rates with respect to
Three Operational Parameters and Their Combinations by Using Hydrochloric

Acid

According to 3D surfaces related with La extraction, interrelation between
duration and acid concentration has significantly and directly related with La
recovery ratio. In addition, intensive individual effect of acid concentration can be
easily observed from-B surfaces.

Regression equation of Th Extraction indicates that, although individual effects of
operational parameters are not impactfukrelation between acid concentration

and duration significantly affect Th extraction ratio. Moreover, regression
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eqguations reveals that while acid concentration and duration present direct relation
with Th extraction ratio, temperature has reverse and slight effect on it. 3D
response diagrams presenting relationship between operational parameters and the

responses are presented in Figugs4.
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Figure4.28 3-D Representation of Variation in La Extraction Rates with respect to
ThreeOperational Parameters and Their Combinations by Using Hydrochloric

Acid

3-D surfaces related with Th Extraction ratio with respect to operational parameters
show that, duration and acid concentration mutually affect Th extraction ratio.

Moreover, individual effect of acid concentration to Th recovery rate is remarkable.

As it is indicated before, evaluation of effectiveness of leaching tests not only
based on extraction ratios of rare earth elements but also on iron dissolution.
Within the context, of performed hydrometallurgical test possible minimum iron
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dissolution was targeted. According to regression equation of Fe dissolution,
temperature has the most dominant parameter on iron dissolution. 3D response

diagrams presenting relationship between operational parameters and the responses
are presented in Figure 4.29.
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Figure4.29 3-D Representation of Variation in Fe Dissolution Rates with respect to
Three Operational Parameters and Their Combinations by Using Hydrochloric

Acid
3-D surfaces related with iron dissolution with respect to variation in operational

parameters clearly reveal significant effect of temperature on iron dissolution rate.

According to constructed statistical model, software produced 65 different solution
mechanism to optimize operational conditions, which maximize rare earth
extraction rates and minimize iron dissolution rate. At this point importance of rare

earth extraction rate was prioritized since iron can be removed by using further
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purification methods in case of need. Therefore, the optimum operational
conditions provided by the program for hydrochloric acid leaching of the pre
concentrate is presented in Table44.3

Table4.34 Optimum Test Conditions Determined by the Program for Hydrochloric
Acid Leaching

Acid Conc. | Temperature Duration CeRec. | LaRec | ThRec. | FeDiss.
(M) (Ce) (hour) (%) (%) (%) (%)
6 90 6 87.95 82.17 41.72 54.51

4.3.2 Nitric Acid Leaching

The main motivation of the nitric acid leaching test program is to ensure maximum
possible extraction ratio of rare earth entities while minimizing iron dissolution rate
under applicable and feasible operational conditions in terms of both economic and
technical aspects. During test program operational variables and their ranges are
determined according to the literature survey as it was indicated previously. Acid
concentration, temperature and duration determined as variable operational
parameters. In order to define optimum operational conditions results with
maximum rare earth dissolution and minimum iron dissolution rate, statistical
model was constructed according to {OES and ICAMS analysis results of
pregnant leach solutions. Based on chemical analysis results; maximum,Ce, La
and Th extraction rates are calculated as 93.79%, 90.57% and 84.66% respectively
while iron dissolution rate is found as 55.38%. Metallurgical balance table of nitric
acid leaching tests is presented in APPEN{UXParameter codes and assigned
values for nitric acid leaching and target of the test program is presented in Table
4.35.

160



Table4.35 Parameter Codes and Assigned Values for Nitric Acid Leaching

Name Goal Lower Limit Upper Limit
A: Acid Concentration In Range 1 5

B: Temperature In Range 30 90

C: Duration In Range 2 6

Ce Extraction (%) Maximize 1.96 93.79

La Extraction (%) Maximize 3.93 90.57

Th Extraction (%) Maximize 0.51 84.66

Fe Dissolution (%) Minimize 4.04 55.45

In addition, coefficient factor of each parameter and coefficient factor for their
interrelations which constitute regression model equations for Ce, La, Th extraction
and Fe dissolution. Factors and corresponding effect on each response is given in
Table 4.36.

Table4.36 Factors and Corresponding Coefficients on Targets of Nitric Acid
Leaching

Intercept A B C AB AC BC ABC

Ce Extraction o2 0/ | 3149 -10.71] -0.082| 13.66 | -3.33 | -0.67 | 2.58

(%)
La Eég)‘)"“:“o” 4217 | 3356| 449 | 121 | 856 | 159 | 1.79 | 0.39
Th EZ&E?C“O” 41.41 | 35.65|-0.057|-0.445 519 | -2.69 | -0.79 | 1.465

Fe Dissolution

(%) 27.57 438 | 20.96| 2.05 | 0.106 | 0.14 | 0.17 | 0.15

Regression equations for each response were given in the below;

Ce Extraction (9%)}10= 7HO0BRXA1 3+. G361 ABDT A
3.33I0A®7 I BC +2.581 ABC

La Extraction (%) = 42.17 + 33.561AC+

+1. 791 BC +0.39] ABC
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Th Extraction ( %)0.95%l.BM45 [+C 3452 56549 IPA @ B
-0. 791 BC +1.4651 ABC

|l ron Dissolution (%) = 27.57 + 4.381A
0.147TAC + 0.171BC + 0.151 ABC

According to regression equations, acid concentration is the major factor that
effects all targeted rare earth entities. In addition, temperature has significant
influence on Ce extraction ratio which indirectly proportional to Ce recovery. In
order to evaluate regression equation of iron dissolution rate, temperature is the
most effective operational parameter presenting direct relation with iron dissolution
rate. Within the consideration of main objective of leaching test program which is
maximizing recovery of rare earth entities with minimum iron dissolution rates; it
is advantage to detect that while temperature has significant direct effect on iron
dissolution, it shows indirect proportion to Ce and La recovery. In other words,
while decreasing temperature enhances Ce and Th extraction ratios, iron
dissolution is lowered. 3D response graphs presenting relationship between

operational parameters and Ce recovery rates presented in Fifure 4.
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Figure4.30 3-D Representation of Variation in Ce Extraction Rates with respect to
Three Operational Parameters and Their Combinations by Using Nitric Acid

The 3D surface located at righip part of the Figure 4.30 demonstrates significant
effect of acid concentration on Ce extraction ratio. In addition, indirect relation

between temperature and Ce recovery can be observed from the-Basuef&ces.

Il n order to evaluate degree of operation
as it is for Ce case, acid concentration is the most effective parameter on La
recovery. As it can be inferred from regression equations variation in acid
concentration has great effect on La extraction presenting direct proportion. 3D
response graphs presenting relationship between operational parameters and La
recovery rates presented in Figure 4.31.
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Figure4.31 3-D Representation of Variation in La Extraction Rates with respect to
Three Operational Parameters and Their Combinations by Using Nitric Acid

3-D surfaces support the inference of significant effect of acid concentration on La
recovery. Within the consideration of temperaturacid concentration and acid
concentratiorduration surfaces at highest molarity of acid La extraction ratio
reaches to highest level. In addition, according to durdaémperature surface,
slight variation on La extraction can be observed due to their minor effects.

Similar with La and Ce extraction tendencies, change in acid concentration has
great effect on Th recovery. In addition, effectiveness of acid concentration on Th

is more than its effect on Ce and La extraction as it can be inferred from regression
equations. 3D response graphs presenting relationship between operational

parameters and Th recovery rates presented in Figie 4.
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