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ABSTRACT

The hydrometallurgical processing of bastnasites studied byconstructing Pourbaix
(potential vs. pH) diagrams at room temperature using HSC Chemistry 5.0 software.
Different systems were considered to understand the overall behaviors of bastnaste and i
species in aqueous systems. Most of the thermodynamicwaata takenfrom HSC
databaseothers were colléed from literature and someere estimatedThe standard
Gibbs free energy of formation of bastnasREFCQ, wereestimatedising four differen
estimation method€ach method shows its applicability, and the obtained average values
were -3799 kcal/mol for CeFC@ -382.3 kcal/mol for LaFCQ, -379.8 kcal/mol for
NdFCQ and-381.3kcal/mol for PrFCQ.

RE-F-COs-H20 systems show the stabilitygiors of bastnasitevhicharelocatedn nearly
neutral to alkaline medigpH ~ 6.511). The RE-F-COs-(SQy)-(CI)-(NO3)-H20 systems

were considered tdisplaythe decomposition behaviors of bastnasite when treated by
concentrated acid solutionBurthermore, the decomposition behavior of bastnasite by
alkaline solutions can be explained by these systém#eatment with sulfuric acid,
CeFCQ; decomposes at pH6.2 when {S@?} = 1 m while other REFC@decomposeat

pH ~ 8.0n the other hand, hyaochloric and nitric acids decompose bastnasifgH ~ 2.

The alkaline decomposition ®EFCQ is feasible at pH ~ 11n the investigationof
recoveryand recyclingof rare earthdy precipitation, the systenBE-C>0s-H-O were
considered which show the large stability regionRBbxalate hydrates over the pH range

(-2 7 11). All these trends which revealed by these systemgere relatedto the

hydrometallurgtal processing of bastnasite.
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Chapter 1

General Introduction

1.1 Brief Background

Rare earth elements are naturally occurring metals with sipridgertiesand hey carbe

foundin many mineral deposits around the wofltiese elements include scandium (Sc),

yttrium (Y) and all lanthanide@.a-Lu) except promethiunPm)which is a radioactive

element that is not found in nature (Gupta and Krishnamurthy, 20&bf, 2013).
Lanthanidesare knownfor their distinctive characeristics like the 4f outeshell orbital

andthe steady contraction of their ionic size from La to Quita and Krishnamurthy,

2005 Kim et al., 2014 Furthermore, they are chemicalgtive and they have similar

chemical propertiesvhich are the reasons why they canpetfoundin the metallicform
andtheyceoccurinnatureRar e earth el ements are called |
and | ow concentration in the earthdahsat crust
makes their separation a difficult task (Moldoveanu and Papangelakis, 2012; Gupta and
Krishnamurthy, 2005).

Currently, the most important sources of rare earths are bastnasiteh is a
fluorocarbonate of rare earths [RE(§)E] and monazitewhich is a phosphate mineral
[RE(PQy)] (Gupta and Krishnamurthy, 2005; Campbell, 20T#ese two minerals contain

almost all the rare earth elements, but bastnasite is rich in lighter elemeiNd)(@hile

monazite is rich in heavier elements (&) (Gupta and Krishnamurthy, 2005

Rare earth elements have a great variety of applications including optical, medical,
superconductor, electronics, high strength magnetic, lasers, catalytic esemd

nuclear technologies (Gupta and Krishnamurthy, 2@8d&ish Geological Survey, 2011;



Naumov, 2008 Theseextensie applications of rare earths arise because of the distinctive
chemical, optical, electrical, catalytic and magnetic properties of rare earth elékients

etal.,, 2019.

Bastnasite is one of the main rare eartherals and it is a magmderived fluorocarbonate

mineral of lightrare earth elemen{&upta andrishnamurthy, 2005Moldoveanu and
Papangelakis, 20)2t contains 6575% rare earth oxides with Ce, La, Pr and Nd oxides
constituting about 98% of these oxidasdsmall amounts of Sm, EuY and Gdoxides

(Gupta and Krishnamurthy, 2005; Jordens, 2048ng et al, 2012 The radioactive rare

earth element, thorium (Th), caiso be found inthis mineral(Yongqi et al., 201p
Bastnasite is considered as the most abund:

about 70% of the world production &re earths (Kul et al., 2008hi et al., 2004

1.2 Motivation

One of the most challenging ta&sk rare earths processirgghe separation of eoccurring

rare earths from theminerals. Usually, rare eargirocessing involveboth physical and

chenical steps that convert the ceexisting compands to engbroduct metals or
intermediate compound$(pta and Krishnamurthy, 2005Challenges were increased
recently due to the new r egeromousdemmasdofof Chi
RE materialavorldwide (Campbell, 2014)In order to meet these challenges effectively,
significant improvements in extraction efficiencies would be needed of the powerful
predictivetools that may be used the quest for improved dissolution and precipitation
processess the Pourbaix (or EipH) diagram, which provides a graphical display of the

agueous stability of different solidater systemslhese diagrams cdre usefully applied



to the hydrometallurgical processing of rare earth minerals. A previous fstudythis
laboratory investigated the aqueous stability of rare earth elements in monazite processing
in this regard Kim and Ossed\sare, 2012 In spite of its relative abundance, there are no
previous studies using EtH diagrams for elucidating hydratallurgical processing of

bastnasiteThis research seeks to bridge this gap in our knowledge.

1.3 Objectives

Theprimaryobjectiveof this researcis to construct the EpH diagrams fothe bastnasite
water systenmn order to investigate the solubility relations and the aqueous staibilitg
relevantRE speciesThesediagramswill help in identifying thenatureand conditions of
the stability of each species, which in turn wgtovide improved insight into howo
increase the extractn efficiency ofrare earthsWhere necessary, missing thermodynamic
data (e.g., Gibbs free energy of formation of bastnasite) are estimh&agork includes

the construction of the EpH diagrams fothe system®RRE-H.O, RE-COz-H20, RE-F-
H20, RE-COs-F-H20, RE-COs-F-(SQy)-(Cl)-(NOs3)-H20, RE-C20s4-H.O and othe

combination of these systems.

1.4 Organization of the Thesis

This work consists dfive main chapters. Chapter 2 includes a background of rare earths
and bastnasite hydrometallurgyalso discussethe literature review of the applications

of Pourbaixdiagrams in the hydrometallurgigalocessingprecipitation and recovery of
materials Chapter 3 focuses on four methods of estinggttie standardsibbs free energy

of formation of bastnasitfatused in the construction of the4ph diagrams of bastnasite



systems. Cerium systems wikk discusseoh Chapter 4 which includes multiple @ester
systems to study the behavior of cerium bastnasite in each system. The same @ocedure
continuedin Chapter Sto investigate the decomposition behasiof other REbastnasite

systems. Chapter 6 will conclude the work vatlggestioafor the future waok.
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Chapter 2

Background and Literature Review

2.1 Rare Earth Hements

Rare earth elements (REE) are a group includinglémentsthat are the lanthanides,

scandium (Sc) and yttrium (Y)Gupta and Krishnamurthy, 2005These elements are

uswally divided into two subgroups: theer i um or Al i ght rare weatr
group, which includes cerium (Ce), lanthanum (La), praseodymium (Pr), neodymium (Nd),
samarium (Sm) and europium (Eu),dhdy t t r i um or fAheavy rare ea
group which consists ofyttrium (YY), gadolinium (Gd), terbium (Tb), dysprosium (Dy),

holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) and lutetium (Lu) (Gupta and
Krishnamurthy, 2005; Habashi, 1997; Naumov, 20B88methium is not included in any

of these two groups because it is a radioactive elementhat foundin nature Gupta

and Krishnamurthy, 2005Scandium also is not included in any of these two groups
because of its special position in the periodic table and its unusual propectiess small

size and large electronegativity compatedther rare earths (Habashi, 1997; Horovitz,
1975).Lanthanides are known for theiniquecharacteristics like the 4f outshell orbital

with the trivalent states as the most stable ions andehdyscontraction of their iongize

from La to Lu (Gyta and Krishnamurthy, 200Baes and Mesmer, 19)/&he contraction

of the ionic sizes of the lanthanides asisecause of the penetm@tiof 5s and 5p orbitals

into the 4f subshell without shielding the nuclear chartigs causs an increase in the

effective nuclear charge that makes the ion size to contract as the atomic number increases
(Cotton, 2006).The chemical activity and similar chemical properties of the lanthanides

make them caccur in nature and they cannobe foundin their metallic form



(Moldoveanu and Papangelakis, 20X2upta and Krishnamurthy, 2005Rare earth

el ements are call ed Ar ar e dtwhsereadoustyd¢hought s o me
that they carbe foundand isolated from only a few and rare minerals and also because

they behavedasa single chemical unit and their separation was a difficult and costly task

(Habashi, 1997Gupta and Krishnamurthy, 2005

2.2Rare Earth Minerals

Rare earth elements are typically disperdidtelyi n t h ecrust dut dollediely
theyaremoreabundantthan somevery commorelements n t he eart hdés cru
shows the concentration of somse earthgompared to other common elements (Gupta

and Krishnamurthy, 2005).

Table 2.1:Concentrations of REH n e ar tcdmpared o sameommonelementsn ppm
[1] Gupta and Krishnamurthy, 2005 [2] Cotton, 2006

Element Concentration (ppm)

Cerium 66.5[1, 2]
Lanthanum 3911, 2]
Neodymium 41.5(1, 2]

Praseodymium 9.2[1, 2]

Yttrium 3311, 2]

Carbon 200 [1]

Nickel 95 [1]

Copper 85 [1]

Rare earth elementare foundco-occurring in mixtures of compounds in igneous,
sedimentary and metamorphic rock formations whesg substitutéor major ions Gupta

and Krishnamurthy, 2003ritish Geological Survey, 20)1These elements are mostly

8



found as oxide compounds in tménerals due to their strong affinity for oxygen, but mixed
combination compounds such as halides and carbonates are also found in some minerals
(Gupta and Krishnamurthy, 200British Geological Survey, 2011lRare earth elements
canbe foundin about 20kknown minerals (Gupta and Krishnamurthy, 200&ng et al.,
2012. However, only some of these minerals are economically attractive such as
bastnasite, monazite, allanite, gadolinite, xenotitdal (et al., 2003 and some clay
minerals, such as theeathered crust elutieteposited ores, are also rich in rare earth
elements (Jun et al, 2010)able 2.2 presents some thie valuableminerals and their
contents ofare earth§Gupta and Krishnamurthy, 200Berron et al., 1991

Nowadays, 95% of rareagh production comes from twarimary source: bastnasite
which is a fluorocarbonate of rare earths [REgFDand monazite which is a phosphate
mineral [RE(PQ)] (Gupta and Krishnamurthy, 2005; Campbell, 201%ihese two
minerals contain almost all the rare earth elements, but bastnasite is rich in lighter elements
(Ce-Nd) while monazite is rich in heavier elements (Ba) (Gupta and Krishnamurthy,
2005. In general, the amounts oére earthghat found in rare earth minerals differ
significantly from trace amounts up to 50@ampbell, 2011

The first operated rare eastimines were opened in the 1950s in India, Séditica, and
Brazil, followed by Mountain Pas€alifornia which was the largest RE produderthe

world between thet960s and 1980€urrently, China controls world rare earth supplies
producing more than 95% of the rare earth eleméfiesdt al, 20149 andproviding the

world with about 500 tons annually and expected to reach abo008dons annually

in 2015 Zhanheng, 2011 Recently, extra efforts are being made to find additional rare
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earth sources around the world because of the threats of limited production and increasing

export obstacles from Chin€&mpbell, 2013

Table 22: Main rare earth mineralfl] Gupta and Krishnamurthy, 200R] Ferron et al., 1991

Mineral Formula [1] Rare earth Other main Density Mohs
[1] content constituents g/cm®[2] Hardness
%[1] %[1] [2]

Bastnasite  (Ce,RE)COsF Ce03(36.9 CO, ~20% 4.87 5.2 47 4.5

40.5 %) F ~7.4%
RE0O:3 (36.3
36.6 %)
Monazite REPQ REO; (32 P.0s~25%6,ThO, 4.91 5.5 5.5
34 %) ~8%
ZrO2 (0-7%),
SiO; (0-6%)
Xenotime YPOs Y203 (5262 ThO~upto5%  4.45i 4.5
%) UO: ~up to 5% 4.59
Zr02~3%

Gadolinite (Y,RE);FeBeSiO10 Y20:(30.71 FeO ~12%,Si®@ 4.1-4.5 6.51 7

46.5 %) ~24%
REO:(5.23  ThO; ~0.35%,
%) BeO ~10%

2.3 Applications of Rare Earth Hements
Rare earthare knowrfor their great variety of applications that have been growing since
1891, when the first application of rare earths in production of bright light was reported

(Gupta and Krishnamurthy, 2005 owadays, rare earths assentiaindustrial materials
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that are used in many applications, including metallurgy, optical, superconductor,
electronics, high strength magnetic, lasers, catalytic canmgeaxhd nuclear technologies
(Gupta and Krishnamurthy, 2008a, 2014Kim and Ossed\sare, 2012; Habashi, 1997,
Moldoveanu and Papangelakis, 20Ngumov, 2008)Furthermore, medical diagnosis
uses the lanthanides due to their luminescent propdfimset al., 2014. Theseextensie
applications of rare earths arise because of the distinctive chemical, optical, electrical,
catalytic and magnetic properties of rare earth elen{®mgset al., 2014 Themetalsthat

are most frequentlysedin rare earths applicatiosse Ce, Nd, Snfzd and Eullaumov,

2008. Table 2.3 summarizes the main applications of rare earth elements (Gupta and
Krishnamurthy, 2005; Habashi, 199Tha, 2014Kim and Ossedsare, 2012; British

Geological Survey, 2011; Xie et al, 2014; Zepf, 2013; Naumov,;2088ue et al., 2004

2.4 Bastnasite

Bastnasite is one of the main rare eamtherals and it is a magmaderived fluorocarbonate
mineral of light rare earth elemenGypta and Krishnamurthy, 200Moldoveanu and
Papangelakis, 20)2It canbe foundin many geological environments such as carbonate
silicate rocks and quartz veinG{pta and Krishnamurthy, 2009t is a yellow to reddish
brown mineral with an average density of 4.97 ¢/and hardness 0f8 on Mohs hardness
scale Allaby, 2013.

Bastnasi contains 6575% rare earth oxides with Ce, La, Pr and Nd oxides constituting
about 98% of these oxides with small amounts of Sm, Eu, Gd and Y (Gupta and
Krishnamurthy, 2005; Jordens et &013).Furthermore, the radioactive element, thorium

(Th), can be found in bastnasitofigqi et al., 2012
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Table 2.3 Applications of rare earth elemerftSupta and Krishnamurthy, 2008abashi, 1997;
Kim and Ossed\sare, 2012Xie et al, 2014Zepf, 2013 Naumov, 2008British Geological
Survey, 2011Jha, 201%

Application  Rare earth technology Materials  Rare earth Global
form elements consumption
required of REE
Catalysts -Automobile catalytic converte RE oxides La, Ce, Pr, 19%
- Fluid cracking RE ions Nd
- Petrol and diesel additives  Cesalts
- Chemical processing RE oxides
Magnets - High-performancespeakers  Sm alloys Nd, Pr, Dy, 21%
- Data storage Dy compds Tb, Y, Eu,
- Power generation RE-based Gd, Ce, Ly
- Hybrid cars oxides Sm
- Air conditioningsystems RE  oxides
- Medical imaging and sulfides
Metallurgical - Lighters and torches flints RE  metals La, Ce, Nd, 18%
alloys - Irons and steel REN:Is, Pr, Y

- Superalloys compositions REFe RECa
- Hydrogen storage
- NiMH batteries

- Intermetallics
Phosphorus - Visual display and flat panels RE oxides Eu, Y, Th, 7%
- Energy efficient lighting RE sulfides Ce, Nd, Er,
- Fluorescent lamp REphospates Gd, Dy
- Glass fibers RE fluorides
- Medical andDentistry RE vanadate
Glass and - Decolorizing agents CeQ, Ce, Nd, Pr, 22%
Polishing - Glass dyes RE oxides. Ho, Er, La,
- Sunglasses Gd

- Camera anaptical lenses
- Polishing glass surface

Ceramics - Stabilizers and sintering aids CeGQ, Ce, La, Dy, 6%
- Semiconductor sensors RE oxides.  Gd, Eu, Nd,
- Capacitors Lu, Pr, Y,
- Refractories Er
Other - Nuclear energy RE oxides, Ce, Gd, Eu, 7%
applications - Defense RE alloys Y, Sm, Er
- Pigments
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Bastnasite i s considered as the most abund.

about 70% of the world production of rare eaftsl et al., 2008Chi et al., 2004 Its ore
depositin the US is found in Mountain Pass, California, and the largest deposit of bastnasite
in the world is located in Bayan Obo, Inner Mongolia, Chixia ¢t al., 2014 Due to the
discovery of the Bayan Obo deposits, bastnasite has replaced mtretarees thegprimary

source of rare earths until the 1960srfens et al., 20)3

2.5 Extraction and Processing of Rare &rths

Rare earth elements in their minerals are not useful materials to be used in different
applications and therimary task of rare earth hydrometallurgy is the processing and
extraction of rare earth elements from their ore minerals in order to use thesir iitle

range of applications.

The big challenges in rare earfim®cessingirise from the difficulties in theeparation of
co-occurring rare earths from thaninerals.The chemical similarity of rare earth elements

and their simultaneous occurrencenrany minerals with different properties are the
reasons why the separation processes of the rare earths is such a difficult task (Gupta and
Krishnamurthy, 2005Habashi, 1997 Rare earth resources usually occur as oxides due to
the strong affinity of thie elements for oxygerProcessing of rare earth resources is not a
straightforward task, but it is complex and different for each mineral due to different
properties of rare earths minerals (Gupta and Krishnamurthy, 2005; US Environmental
Protection Ageng, 2012).Both physical and chemical processarg needeth order to

produce useful rare earths materials either as rare earth end products or other compounds

for further processingQupta and Krishnamurthy, 20038Breaking down the minerals
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followed by the recovery of rare earths and finally separating the individual rare earth
elements are the main steps in rare egtbsessingGupta and Krishnamurthy, 2005
Selecting the appropriate physical beneficiation process depends on some factors such as
the nature and the composition of the minertgise of the worthless materials present in

the minerals and the environmahtmpacts of the processéBerron et al, 1991 US

Environmental Protection Agency, 2012

2.6 Processing of Bstnasite

The processing of bastnasite, which is the principal source of rare earth elememnittycurr
involves physical beneficiation and chemical treatment sipgsical processes, such as
crushing, grinding and screening, convert the natural ores as mined into a powdered
product without changing the chemical properties of the mine(@spta and
Krishnamurthy, 2005; Ferron et al, 1991, British Geological Survey,)2@lbsequent

steps seek to produce a bastnasite concentrate with increased rare earth content and may
involve up to six conditioning treatment steps followed by flotation using &atids,
hydroxamates or dicarboxyliacids (Gupta and Krishnamurthy, 2003°radip and
Fuerstenau, 1991Ferron et al, 1991 Gravity, magnetic or electrostatic separation
processes can also be used instedldedfotationto produce rare earth oxides concentrates
(Jordens et al., 2013odens et al., 20)4The physical beneficiatioprocedures used at
thetwo mainbastnasite deposits in the worigk., Mountain Pass, Cifbrnia and Bayan

Obo, China, arelifferent because in Mountain Pass, the final product is only rare earth
concentrateynlike Bayan Obo which produces rare eanthterialsasa by-product along

with other materials like magnetite, fluorite and hemd@epta and Krishnamurthy, 2005
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British Geological

Survey, 20)1The total rare eartboncentratebtainedby physical

beneficiation from these two different sites a7®% in Mountain Pass and 61% in

Bayan Obo Gupta and Krishnamurthy, 2005A simplified representation of bastnasite

physical beneficiation in Mountain Passhownin Figure 2.(Gupta and Krishnamurthy,

2005;British Geological Survey2011).

RE ore grinding

v

7 solid
60% REO oncentrat Cleaning, | 1
thickening, Bastnasite Froth flotation

Soda Ash
Fluosilicate
Ammonium lignin
«-|sulfonate
Distilled tall oil

Crushing and Ground Chemical and

steam conditioning

Ore

Ore slurry

2 04
Bastnasite (30-35%)

filtration and Concentrate

Chemical drying | o J
treatment and l y
refining v Tailings (1-2% REO)
l Overflow (waste)
RE products

Figure 2.1: Physical beneficiation of Mountain Pass bastnasite ore (Gupta and Krishnamurthy,

2005; British Geological Survey, 2011)

The chemical treatments of bastnasite convert the rare earth concentnades valuable

materials Hydrometallurgical processes such as leaching and precipitation are applied to

convert the concentrates to useful rare earth oxides which can be processed further to

produce rare earth metals in their pure forr@ugta and Krishnamurthy, 2008S

Environmental Protection Agency, 20)2Acid leaching is the principal chemical

treatment of rare earth concentrate and is utilized to remove impurities as well as upgrading

the concentrate up to 90REQ. Hydrochloric acid, sulfuric acid or nitric acateusedin

the leaching step of bastnasite processBupta and Krishnamurthy, 2008abashi, 1997

British Geological Survey, 20}1Using some other compounds or materials with the acid
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in the leaching step can enhance the recovery and production of rare dautijhiourea
was usedn H>SQy leaching of bastnasité’¢rukoglu etal., 2003. Another studyutilized

MgO and ammonium chloride to recover RE from bastnaSie €t al., 2003 Figure 2.2
represents a simplifielow diagramof the chemicaltreatment obastnasiteoncentrate

(Gupta and Krishnamurthy, 2005; British Geological Survey, 2011).

Bastnasite Concentrate

l " l

HCl leach H.SQ bake Calcination
l 300-600°C 800-900°C
- ‘, l

Calcination —

~ 650°C Water leach Grinding
l A 4 \ 4

85790% Liguid/solid Acid 57% HNQ

REO Separation digestion
| ,, |
REE RE Sulfate Filtration Residue
Purification/ precipitate
Recovery l
A
l Convert to Eit?;\i:etinotn
RE(OH)
RE products
\4
\ 4
RE
HCl leach extraction
REE RE products
Purification/

Figure 2.2: Chemical treatment dfastnasiteoncentrats. (Gupta and Krishnamurthy, 2005;
British Geological Survey, 2011).
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There are some other proposed processes for rare earths extraction and recovery such as
carbochlorinatiorchemical vapor transportMang et al., 2002and mechanochemical
treatment Zhang and Saito, 1997 Alkaline treatmentanalsobe usedn the chemial
treatment of bastnasite using concentrated alkali solutions (Habashi, $8@dies on
alkaline treatment include the use of molten sodium hydroatd#3i 777 Kin oxidative
decomposition of bastnasitghich oxidize Ce(lll) to Ce(IV)(lijima et al, 1993) and
applicationof alkaline liquids in the decomposition of bastnasite and monazitexed
concentrategYanhui et al, 2012).

Various recovery and separation techniques &fized in the final treatment steps to
obtain the rare eths including ion exchange, selective oxidation, selective reduction,
solvent extraction and fractional crystallization (Gupta and Krishnamurthy, 2005
Habashi, 1997)A new technique for rare earth recovery was proposed using biosorption
thatis supposd to be economically attractive and environmentally c{&as and Das,

2013.

2.7 Pourbaix Diagrams and their Applications

Pourbaix orpotential vs. pHEhpH) diagramsare knownfor their powerful ability to
provide a comprehensive summary of solubility relations in aqueous solutions (Pourbaix,
1966). They are used to investigate the behaviors of metals in aqueous solutions in which
they can provide goodview of the corrosion behaviors of metals in wateeyie, 200).
Furthermore, the precipitatidmehaviorsof cerium films used as corrosion coatings were
discussed using Pourbaix diagrams (Hayesd.e2002, Yu efal., 2006).Recently, a third

dimension for Pobaix diagrams was suggested to increase the efficiency of such diagrams
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(Nikolaychuk, 2014)Figure 2.3 shows a theoretical Pourbaix diagram fafi® system.

The highlighted regions are the dissolution windows of the metal. The regi@sid C
repregnt acid lakepasiclake and complexing lake, respectively. These regions are the
targetregionsin the hydrometallurgicglrocessindpecause the metal ions dagrecovered
from the solution. The linesandb represent the water stability region. Limeepresents

the dissociation of water to produce oxygen gas according to Equatievh2elline b

represents the evolution of hydrogen gas according to Equati¢@ss2eAsare, Draft).

2Ho0n P Ong) + 4H* + de- 2.1)
2H2Op + 2eP Hagg) + 20H (2.2)
M2 .
T
a M0, o
=
Eh Al p
M2+ B
Mo |
MO
M(OH)-
M ML, 2*
pH

Figure 2.3 Theoretical EkpH diagram for MH2O systen(OsseeAsare, Draft).
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In previous workfrom this laboratory, Pourbaix diagrams were used to investigate the
agueous stability relations in monazite hydrometallutgyn(and Ossed\sare, 201p

Other applications of Pourbaix diagrams in hydrometallurgy were published for ammonia
hydrometallurgyncluding Mn-NH3z-H20, Mn-NH3-COz-H20, Mn-NH3-SQi-H20 (Ossee
Asare, 1981a), FBIH3-H20, FeCOs-NH3-H20, FeNH3-SQu-H20 (OsseeAsare, 1981b)

and CuNHz-H20, Ni-NH3-H20, CoNH3z-H20 diagrams(OsseeAsare and Fuerstenau,
1978) In addition, Pourbaix diagrams were published for the heterogeneous equilibria of
gold and silver cyanide systems, -@N-H>O and AgGCN-H20 (Xue and OsseAsare,
1985). Furthermore, the leaching of sulfide minevads described by Ei{pH diagrams
(Peters, 1976). The stability diagrams for rare earth carbonates found in ocean
environmentsvere constructedy Brooking who also provided the thermodynamic data

for rare earth carbonates, hydroxides and oxiBesokins, 1983

Hydrometallurgical processing cdne earth minerals is wedistablished in the literature as
discussed above, but the increasing demand for the metals, the accompanying search for
new deposits and new processes that increase metal recovery while decreasing
environmental pollution angrocess energy costs motivate us to apply Pourbaix diagrams
in the current workThe EhpH diagrams will be constructed to investigtttestability of
bastnasite irvarious aqueous environments relevant to hydrometallurgical processing of
this rare eartimineral. This in turn will help to understand the dissolution processes of
bastnasite by different acids and bases. Furthermore, the resulting diagrams caraprovide
robust understanding of separation and selective leaching of rare earth elements in
bastnaite.Bastnasite agueous systems were studieelation toelectrophoretic mobility

and flotation behaviofHerreraUrbina et al 2013), but there is no previous research
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applying ERpH diagrams to hydrometahgical processing of bastnasitEhe previas
related works were for monazite hydrometallurgy (Kim and Og¢s=oe, 2012), recycling
and secondary separation of rare earths (G8saoe, 1997) an&tability of some rare

earth carbonasan ocean environments (Brookins, 1983).

2.8 Conclusions

In summary, rare earth materials &e¥y valuablec onst i t utes of Atoday?®6
backgroundreview d rare earths and their minerals, applications and processing was
discussed in this chaptdihe processing diastnasiténvolves two steps, i.e. ghical and

chemical treatment®ourbaix diagramwere utilized previously to study the behaviors of
monazitewater systemd-urthermore, they were used in the investigation of recovery and
recycling of rare earths and other materiatsere was no previeuwork for using Pourbaix

diagrams to predict the behaviors of bastnasigqueous systesnAs a result, this work

aims to utilize Pourbaix diagramgo study the behaviors of bastnasite inthe

hydrometallurgical processing.
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Chapter 3

Estimation of the Standard Free Energy of Formationof Bastnasite

Abstract

The standard Gibbs r ee ener gi e s % ngf of Hastmasitey (Ce,oLa, Nd, G
Pr)FCQ, were estimated using four different methods. The obtained average values were
-1589.5 kdmol for CeFCQ, -1599.5 kdmol for LaFCQ, -1589.1 kdmol for NdFCQ and
-1595.4kJ/mol for PrFCQ. T h e v a | 0 es) a Cerimcp&tnasite, CeFGQvas

used to construct theotential vs. pH (E¥pH) diagramto investigate the decomposition
behaviors of ceriurbastnasiteThe diagram shows that CeFgi®stable in neuttdo basic

conditions (pH ~ 6.5 11).

3.1 Introduction

Bastnasite is one of the mazsimmerciallyvaluablerare earthminerals and itoccursin
large deposits in Mountain Pass, California and Bayan Obo, China (Gupta and
Krishnamurthy, 2005)Four main rare earth elemerdse found in bastnasitecerium,
lanthanumneodymium and praseodymiunT.hese four elements constitute about 98% of
rare earth contents in bastnasiath small amounts of yttrium, gadolinium, samarium,
and europium (Gupta and Krishnamurthy, 2005; Jordens et al., 2Ra4R).earths are
technologically critical elements duetteeir extensive applications in many areas such as
medicine, defense, electiigs and others (Jha, 2014; Habashi, 1997).

The hydrometallurgial processing of bastnasitea challenging taskecausef the very
similar physical and chemical propertiestbé rare earth elementbat are present init

(Gupta and Krishnamurthy, 208 1Habashi, 1997Hence,there is a continuingearch for
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new techniques to improve the efficiency of extraction maudvery of rare earths from
their mineralsOne of these ways we developed from this laboratory is by using Pourbaix
diagrams to study ehbehaviors of hydrometallurgical processing of rare earth minerals.
Previous work from this laboratofgcused oimonazite hydrometallurgy (Kim and Osseo
Asare,2012) Pourbaix diagramare knowrfor their usefulness in explaining the stability
and solubility relations in aqueous systems. Examples of the applicatiorpbf Blagrams

from this laboratory include the heterogeneous equilibria of gold and silver cyanide
systemgXue and Ossedsare,1985)and the secondary separation of rare earths (©sseo
Asare, 1997).

Thethermodynamic datéor all species in th@articularsystem areequiredto construct

the ERpH diagrams One of the principal challenges in this study is to determine the
necessar thermodynamic data (standard Gibbs free energy of formatjp@;) for
bastnasite (CeFGDLaFCQ, NdFCQ;, and PrFCQ).

The primary objective of thishapteris to estimate thestandardGibbs free energy of
formationof bastnasite mineral (REFG)using four different approaches and to apply the

estimatedraluesto construct the EpH diagrams focerium bastnasite system.

3.2 Methods

Different estimation methods have been used to estimatstdnelard free energy of
formationof crystalline materia and minerals (Yoder and Rowand, 20Régavan, 2006;
Ragavan and Adams, 2011; Sverjensky, 1992; Martins, ;28&geson, 1967 Four

different methodsvereusedin this studyto achieve a reasonable estimabf theqp G; of
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REFCQ. Each method has istrengths and limitationas will be discussethter. Table

3.1summarize thesemethodsand their required inputata.

Table3.1:Di f f er ent met hodsof REEGRd t o esti mate @G

Method Relevant data needed
Simple thermodynamiapproach Kso @oBRE™, F and CQ*
SinglesaltsapproacH1] pH:,  Yadd, S° of each element and salt
Linear free energy relationshjp] P Gn, v+, amvx, buvx, mvb
Li ne &f q@telationship3] ®PGra n d % opskveral RE salts

[1] Yoder and Flora, 2005; Yoder and Rowand, 2[X)@&Ragavan, 2006; Ragavan and Adams,
2011 [3] Martins, 2014

3.2.1Simple Thermodynamic pproach
The solubility productKso) of synthetic cerium bastnasite (CeF@as used to estimate
the standard free energy of formation of Cek(Eased on the experimental valuekab
of CeFCQ (Pradipet al, 2013;HerreraUrbina etal., 2013),the free energy of formation
of CeFCQ estimateds follows:
CeFCQZz Ceg+Fant CO¥ @ (3.1)
KSO: 10—16.1
Kso= [CE] [F] [COs?] (3.2
The Gibbdreeenergyof the reactioomaybeexpressed as:
PGe= GHERTINKso (3.3
At equi |l i=Bsot um, @G
PG =-RTInKso (3.9

which is the standarilee energy of the reactiof.hus,
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PG =-(8.314 Jmol K) (298.15 K) In (16°)/ 1000(J/kJ

=91.9 kdmol
Then, using the relation between the standard free energy of reaction and the standard free
energies of formatiorof each ion (HSC database, 2002), the standard free energy of
formation of CeFC@can be determined.

PG = DPGsnt PE)+ BPEos2) - PGCr(cercos) (3.5

PGrcerco3 = PCrcesnt G+ Gplos2) - PG (3.9

o Gt (ceFco3 = (-677.01kJ mol) + (281.70kJmol) + (-527.91 kdmol) i 91.9 kdmol
Thus,

o G (ceFco3) = -1578.5kJ/mol

3.2.2Single Salts Aproach

Yoder and Flor§2005)proposed a method to estimate the thermodynamic data of complex

salts based on their constituent singdalts data (Yoder and Flora, 200%¥ oder and

Rowand; 2008 The major assumption of this approach is that the enthalpyghaof

formation of double salt from mixing singaltsis zero.In applying this to bastnasite,
pHrofthec at i on andfeaid)iwbich is sha ettdmp Bf formationwhen the
reactang are in their gamus stateof RElzand RR(COs)s wer e used t%of cal cul
RER and RE(COs)s. Fu r t h e r hiar the specigsSwvas calculated frofhd® each

element. These datae givenn Table 3.2.

After estimationof pHra n d °, g $x@n be calculated as follows:

PG = GHT S (3.7)
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whereT = 298.15 K

Table 3.2: Thermodynant data used in singkaltsapproach.

Species o Hr(kJ/mol) S°(JI/mol K)
F2 ) 0 [1] 202.76 [1]
F) -255.39 [1] -

C(graphite) 0 [1] 5.740 [1]
O2(g) 0[1] 205.138 [1]
CO3%(g) -321.3[3 -

Cegs) 0[1] 72.0 [1]
Ce(g) 3970.6 [1] -

CeFRss) -1688.913 [2] 115.269 [2]
Ce2(CO3)3(s) -3406.6 [B 100.4 [4
Ce03 -1796.2 [3] -

Lags) 0 [1] 56.9 [1]
La3*g) 3904.9 [1] -

LaFs (s) -1699.541 [2] 106.985 [2]
La2(CO3)3 (s) -3438.3 [ 58 [b]
La20s3 (s) -1793.7 [3] -

Nd (s) 0 [1] 71.5
Nd3*(g) 4050. [1] -

NdFs3 (s) -1679.458 [4] 120.792 [4]
Nd2(CO3)3 (s) -3408.5 [ 98 [b]
Nd203 (s) -1807.9 [3] -

Pr (s) 0[1] 73.2 [1]
Pr3*(g) 4005.8 [1] -

PrFs(s) -1689.081 [4] 121.211 [4]
Pr2(CO3)s (s) -3420.8 [B 98.5 [

[1] Wagman et al, 1983, [2] Barin, Part I, 1993, [3] Dean, 1972, [4] Barin, Pd®9B[a] calculated

f r o MuicadMMgCO;, [b] Estimated

UsingCeFCQ as an example, thenstituent salts are Ce&nd Ce(COzs)s. The enthalpy

of CeRk is estimateds follows:

Cag+ 32 RgY CayF
CQS) Y é+®) + 3e
3e+32RkgY 3d
Ce'g+3FgY CgoF

o Hr
o H(cation) =3970.57 kimol

3 gp¥knion) = 3¢266.39) kdmol
- p H(lattice) = 4893.31 Kinol

PHi=  Gakon+  3°@abh) - P Hattice)

g Hr, CeRs = -1689.1kJ/mol
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Similarly, the entropy of Cefis:
P Scerz= Scersi (3/2 Sr2+ Sce) =115.06 Imol Ki (3/2  202.71 Jmol K +72.00 Jmal
K) =-261.1 Jmol K

Usingequivalent methodshe enthalpy and entropy G&(COs)s are:

2Cas)+ 3 Qgraphiey+ 92 @ (Y  G(EDs)35) o Mt

2Cas)Y 2¥gp+3e 2 pication) = 2(3970.57=11911.7 kimol
6€ + 3Cgraphite)+ 912 @ Y 3 EQ 3 g%anion) = 3¢321.3) =-963.9 kdmol
2CE* )+ 3CQ% Y G(EOs)s(s) - g H(lattice) = 10383.9 Kinol

pHr= 2%+  3°%bh)- PHgaticey P Hr, Ce(CO3)3 =-3406.6 kimol

P 8= S’ce2(co3)3l (9/2 So2 + 3S¢ + 2Sce) =-984.1calmol

Based on the thermodynamic data of each constituent salt, the enthalpy and entropy of
formation of cerium bastnasiteereestimated as follows:

pHi= 1 /%&apH 1 /%Zandds)s)

= 1/3 (1689.1 kdmol) + 1/3 (3406.6kcalmol) =-1698.7kcal/mol
8= 1/3 (261.1 J/mol K) + 1/3-984.1 dmol K) =-414.2 Jmol K
Finally, the free energy of formatiaf cerium bastnasite malculatedas:
PG = GHT S

= (-1698.7 kdmol) i (298.15 K -0.4142 Jmol K) = -1575.2 kImol

Using the approach described ababeq G of variousREFCQ canbe estimated

3.2.3Linear Free Energy Rlationship

Sverjenskyand Molling (1992)proposed an empirical linear free energy relationship
equationto estimate the free energy of formation of divalent crystalline compounds

(Sverjensky and Molling, 1992t is basedn the free energy of formation of nsnlvated
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ions andtheir ionic radius of specificoordination numberlt was revisedor trivalent
lanthanides by Ragavan (Ragavan, 2006; Ragavan and Adams, 2011) as:

P S, mvx = amvx P Gh, M3+ + bmvx + mfx rmz+
where Gy, m3+ is Gibbs free energy of nonsolvatiofi the metal cation and it is the a
radi us based %wotherfreecehergy af formétionpfGqueous metal cation
M?3* (Sverjensky and Molling, 1992)ys- is the Shanno#Prewitt ionic radiugor specific
coordination numbe@wvx, bwx a n dix d&e the regression parametdrse parametea
can be calculated according to Ragaya@l11l) by correlatingthe ratio of charge to
coordination number (CNpr X. The parameteb depends on the coordination number,
but the parameteb is independent of valence or stoichiometry (Ragavan and Adams,
2011). In cerium bastnasitév®* is Ce* and Xis assumed to be (FGI3. For X,the charge
of carbon ist4, and the coordination number of it if@he F and three oxygensis a
result, the charge/CN ratio is 4/4 = 1, andaso0.16.The value ob wasestimated to be
26.32 kdmol based on the coordination number9Fof Ce in bastnasit€Jones eal.,
1996).Since there is no data for (FE)O, the parametdris approximated to be the average
of RE(OH} and REOs. This approximatiomivesb = -1728.8kJmol since they have the
similarcrystal structure of bastnasiéhe required data for this methace shownn Table

3.3.

Table 3.3:Data used inhelinear free energy relationshgpproach

Element @ Gn, m3+ (kJ/mol) [1] rms+ (nm) for CN = 9 [2]
Ce 771.37 0.1196
La 757.70 0.1216
Nd 774.61 0.1163
Pr 765.77 0.1179

[1] Ragavan and Adams, 2011 [2] Shannon, 1976
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3.24L i n e a%i o Relationship

Starting from the linear free energy relationsttiat proposed by Sverjensky (1992),
Martins (2014)assumd that there is linearrelationship betweeg Hr, mvx andgp Gr, mvx

for families of crystalline solid3Ve have extended his approach for RE crystalline solids
in order to estimate the free energy of formation of bastnasiteddtaesedare givenin
Table 3.4P 1 ot t %wsy. %apsa straightline with R = 0.999,and astraightline

equationthatused to estimatey G of REFCQ species.

Table 3.4 Thermodynamic data usedtimelinearqHr - gp Gr relationship

Salt o Hr (kJ/mol) o G (kJ/mol)
CeAlOs[1] -1753.51 -1665.31
CeCrQ[1] -1540.13 -1451.94
LaAsOy [1] -1556.87 -1455.66
Lax(SeQ)z [2] -2879.43 -2633.83
CeR|[1] -1688.91 -1611.88
LaFs [1] -1699.54 -1623.78
NdFRs [3] -1679.46 -1603.58
Pri[3] -1689.08 -1612.48
La(AsQy)s [4] -2153.07 -1988.92
Nd(AsQy)s [4] -2142.21 -1977.02
Pr(AsQy)s [4] -2155.89 -1991.32
CexSQy)s [1] -3954.29 -3602.92
Nd(SQ)3[2] -3899.49 -3547.38
Lax(SQu)3 [4] -3941.3 -3595.27

[1] Barin, Part I, 1993[2] Wagman eal., 1983. [3]Barin, Part I, 1993[4] HSC database
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3.3 Results and Discussion

3.3.1Simple Thermodynamic pproach

The availability othe solubility product constants will ensure accurate estimation of Gibbs

free energy of formation of bastnasite. However, there are few data on bastnasite in the
literature except for CeFCGOThere is no information about ti&, of LaFCQ, NdFCQ

orPrkCO:;. However, b%ofsoneaREesdeaes (RBE g dgpadd Pr) with

o G of some Cespecieswe can estimate the Gibliiee energy of formation of other

REFCQ. This correlation is possible because ofirtlemilar chemical and structural

similarity of rare earth compounds.n addi ti on, t he %adfidef er enc
compounds and oen RE compounds is lineaf.h e v al Weds of selectedpBE

compoundsre summarizeth Table 3.5

Table3.5:St andar d fr ee e n%:d)gfsome RE spetieshbnoi on ( pG

Species Ce La Nd Pr
REX*[1] -6 7.01 -686.18 -672.13 -680.28
RECP'[1] -810.13 -819.01 -805.55 -813.57
RECE[1] -1068.93 -1077.45 -1063.85 -1072.22
RER[1] -1576.54 -1580.80 -1603.58 -1612.48
RE(OH:[2] -1271.51 -1279.47 -1276.96 -1286.03
RE:Os [2] -1706.24 -1705.82 -1721.451]  -1720.891]
REx(COs)3[2] -3113.31 -3141.77 -3114.994] -3125.87
REPQ[3] -1840.11 -1848.86 -1837.61 -1848.68
REFCQ [5] -1578.6 -15886 -1582.8 -1590.8

[1] HSC databasp] Brookins, 1983 [3] Liu and Byrne, 1997 [4] Schumm et al.3 ] Estimated
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Analysis ofpGi29s0 f  Ccer i um $%pgef othee RE spesie®. gpla) in Figure

3.1shows a linear relationshipith adjusteeR? values 0.9999.

Cos*

-3200
[e)
=
S~~~
2 2700 | y=1.0071x +1.2027
— R2 = 0.9999
(2}
]
'S -2200
(]
3 o
©
3 -1700 -
® OH-
N =3
€ -1200
a8 CI-

cr
-700
-700 -1200 -1700 -2200 -2700 -3200

P G, ,05(Ce species) kJ/mol
Figure 3.1 Rel at i o fof bascconpauedss. quB=of Ce compounds

The linear correlation between Ce and La compounds are described by the following

relation:

PG (La compoundsi= 1.0071 op G (Ce compoundst 1.2027

From this equation, we can estimate the Gibbs free energy of formation of kaH®&O

o G for other REFC®estimated as well by fallving the same steps The va ues
of REFCQ from this methodare shownn Table 3.5.

The applicability of usind<so to estimate the free energy of formation dentestedor

cerium monazite, CeROIts (logKso) is -26.27 (Liu and Byrne, 1997). When the same

calculationis performed t h e v afbriCePQast184Gkimol. When the linear
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relationshipsu s e d t o % af lalQ, thérresuligpG351.8kJmol for LaPQ with

only29kJd i f f er e n &was Galtulatechbis, (¢b&38.9 kJ/mol).

The main strengths of this approach are it is very straightforwardyeartb not need to
estimate any t her mo%boy n‘aqihespediesthien redugcecttie a s  oH

error in the%estimation of @G

3.3.2Single Salts Aproach

This approachwas performedvi t h e st i ma t% ad dV fmp REECS:);. 0he  oH

o Hr was determinedrom the linear correlation of different REsaltsa n d ° wa$
calcul ated from the free % Noger gspumesghatahtei on &
o Fhix ~ O whichsimplyme a n $f dofidan=  E%hbie saits) This assumption arithe

estimateds a | u e $ra o fl % fgRE(COz)z maypropagte the error intheestimation

of the free energy of formation of bastnasite species.

The applicability of thimpproachwas testethy theestimatiorno f ‘@@ aio(PQs)sF. Its

literature value ofp G is -12982.95 kimol (Dean, 1999). Theongitute single salts are

Ca(PQy)2 and Cé#&». Following thesingle salts estimatiosteps in estimating the free

energy of formation of GaPQy)eF>, t he obt ai %wad-12v98.01kJenolo f G
with less than 1.5% difference from tabulated literature valliethermodynamic data

used in this exampleere takef r om Deanés Handbook (Dean, 1
The strength of this method is its simpligitypecificallywhen you alreadyhave the
thermodynamic data of constitute single salts. Howetgsrawbackis theassunption of

no o khix, which may not hold forthe different structuresf the complex salts and their
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constitutesingle saltsdue to crystal structure differences and stoichiomé&the final

obtained values ap Gr of bastnasite speciese givenn Table 3.6.

3.3.3Linear Free Energy Relationship

This method estimates the free energy of formation of isostructural satltsierdls. The
isostructural solids of bastnasite (i.e. REEEQH) lack the thermodynamic data.
Consequently, the regression parameter of these isostructural solids cannot be determined
by regression. As a result, the regression parameters wsexl approxnated The

par ameadad B fiwer e esti mated baseRagavan and he an
Adams(2011).In additon t he plr avmst ersti mat edOaad t he a
RE(OH) which havesimilarhexagonatrystal structure of bastnasitdi(llica et al., 1979

Ni et al., 1993Taylor, 1984)The averagewas takerb e ¢ a hbs el ofEependanthe

valence ostoichiometry of the speci€Ragavan and Adams, 201The propagation of

error from all these estimation is thraindrawback of this method. According to Ragavan

(2006) this method gives about 3% difference from the experimental values.

The values were very close to each other because RE§p€€ies are isostructural, so they

have the same values of regressiaraneters and the radius of REions and theigp G,

m3+ are similar.The free energies of formation of REF&Em this methodare givenin

Table 3.6.

Despite the errorinvolved in this method, it can be used effectively when the
thermodynamic data of some isostructural compowanesknown The linear free energy
relationship was t he%ispGarelatianshigthappmposet! byo f | i

Martins (2014).
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3.3.4L i n eHri op@ Relationship

This method is applicable families of crystalline solids. Martif011)correlated many
solid families to get the linear relationship betwepi v s . % ofgiese families. In our
approach, wecorrelatedmany REsolid families to obtaina linearrelationship for RE
solids. Then we extended this relationship to bastnasite, even thoughwererao
isostructural solidef bastnasiteised in this relationshi@’he gp M of bastnasiteisedin
this relationwas obtainedrom the single salt approacim section 2.3.2However,the
advantage of usingpH i g & relationship over single salt approach is tpE8 is not
neededwhich may reduce thpropagation of theerror.P1 ot t ¥ wng . °gug@a
straight line withR? = 0.999, solving the points witheleast squarandincluding the error

in theslope andtheintercept @vethis equation:

P Hr=1.13120 G 208+ 115.16

-4200
Ndo(SQ) _, o CEA(SQ)s
-3700 Lae(SQu)s
y=1.1312x + 115.16
R? = 0.9996
5-3200
£
2
©-2700 Lax(SeQ)s
(9}
5 La(AsQy)s
B.2200
CeCrOs X Pr(AsO)s
LaAsOs
-1200
-1200 -1700 -2200 -2700 -3200 -3700 -4200

e £,298 (kJ/mo)
Figure 3.2:Rel at i on ‘e d @ ef senverafRiE salts
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Monazite, REP@ was used as a benchmark to justify the applicability of this mefined.
estimated free energy of formation of monazite udingar i g & relationship
approach was =1784.9 kdmol which is very close (less than 3.5d¢am) tothe literature

value of-1781.5 kdmol (HSC database).

The free energies of formation of REF&f@om this methodare givenin Table 3.6 with
all values from the four different meth®andthe averagealues.
Table 3.6 Summary of thestimated values f °@REFCQ usingdifferentmethods

Method/ Method 1 Method 2 Method 3 Method 4  Average
Compound (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)

CeFCGOs -1578.6 -1574.9 -1601.6 -1603.7 -1589.5
LaFCOs3 -1588.6 -1587.8 -1603.7 -1615.9 -1599.5
NdFCOs -1582.8 -1572.8 -1601.6 -1601.2 -1589.1
PrFCOs -1590.8 -1579.5 -1603.3 -1607.5 -1595.4

Instead of choosing specific valugbe average values was considered as the obtained
values because each method shaits applicabilityto some known literature valudsis
worth notice that the estimatedGr values were close to thgp Gt values derived from

experimentaKso, which givesconfidenceo the experimentafso value.

3.3.5 EhpH Diagrams and Test of Estimateddia

In general, all estimation methods give reasonalgramsfor Cebastnasitevater

system. Howeverthe average values were chosen because of the applicabigégcbf
method Figure 3.3 and 3.4 sho@eF-COz:-H>O systemusing averagevalues with
different concentrations. The thermodynamic data used in construtttendsh-pH

diagramsare showrnn Table 3.7Previouswork was done for cerium bastnasite (CeRBCO
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behavors in aqueousystemdisplays the stability and speciation of CeFeg€pecies by
plotting log [M] vs. pH (HerrerdJrbina etal., 2013). The stability region of CeFG@
log [M] vs. pH was in good agreement with the stability region of Cef@@ourbaix
diagramsthat is in the pHrange (~6 1 11) when {Ce} = 10° mol/kg. Furthermore,
Ce(C0»)3 doesnot appeain the EhRpH diagrams whichis the same for log[Mys. pH
diagram

Table 3.7 Thermodynamic data used in-€eC0z-H20 system diagram.

Species Y& 1, 298 (k¥mol)
H.CQ -623.198[1]
HCQ -586.865[1]
H.SQ -689.916[1]
HSQ- -180.609 [1]
HF -296.813[1]
HF .578.087[1]
caz -527.908[1]
GOs2 -673.967[1]
F -281.705[1]
Cay) 0.000 [1]
ce+ .677.013[1]
Ce -508.482 [1]
CeQ -1027.10[1]
CeOs -1706.24 2]
CeOH* -877.770[1]
Ce(OHs) -1271.52[2]
Ce(OH)2+ -986.043[3]
Ce(OH)% -1729.71[3]
Ce(OH).5* -1514.90(3]
Ce(OH)s5 -1754.90[3]
Ce(OH)s* -3010.37[3]
Ce(OH) -1428.67 [4]
CeR+ -982.713 [1]
Cek -1281.75 [1]
Cek- -1868.78 [1]
CeR) -1576.54[1]
Cekis) -1753.85[1]
Ce(COy) s -3113.31[2]
CeFCQy -1589.5[5]

[1] HSC database, [2] Brookins, 1993] Baes and Mesmet976. [4] Hayes et al., 2002. [5] Estimated

in this work.
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Figure 3.4 Ce-F-COs-H20 system, {Ce} = {F} = {C} = 10% mol/kg.
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3.4 Conclusiors

In thischapter thestandard free energies of formatiorg?} of bastnasite, REFGOwere
estimatedusingfour different methodsThe four methods gave close values with a small
difference ( 25 kJmol) between different method¥he main findings of this work can
be summarizeds follows:

- The average valuegere considereddecause each method show its applicability to
known literature valuesf benchmark compound3heseobtainedvalues were
1589.5 kdmol, -1599.5 kcal/mol, -1589.1 kcal/mol and-1595.4 kcal/mol for
CeFCQ,LaFCQ, NdFCQ and PrFCQ), respectively.

- The fact that the estimatepd Gr values were close to tlgp Gr value derived from
Kso gives confidenceo the experimentdlso, value.

- Applying the estimated value ofeECG;s in constructing the EpH diagrams for
ceriumbastnasite aqueous systems sl@av¥CQO; species witlgoodagreement to
ceriumbastnasiten aqueous system in log [Ms. pH diagrans (HerreraUrbina

et al, 2013).
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Chapter 4

Cerium Systems

Abstract

Potential vs. pH (ElpH) diagrams for Gg€F)-(COs)-(SQu)-(Cl)-(NOs)-(C204)-H20
systems were constructedingthe HSC Chemistry 5.0 software. Most of the necessary
thermodynamic data were taken frahe HSC database, others were collected from the
literature and thep Gt of CeFCQ was estimated in Chapter 3. The diagrams feFE&0
systemshows a large stability regiorfor insoluble Cek (pH ~-1.517 12). The stability
domainfor Ce(CQzs)3 was revealed by the diagramsthé CeCOz-H20O systemin pH
range 4.5 12. The decomposition behaviors of CeRGas studied byhe Ce-F-CO:s-
H2>O system. The stability region of CeFg€extends from nearly neutral to basic media
(pH ~ 6571 11). The treatment of CeFGQvith different acids was investigated by
constructing EkpH diagrams for the CeF-COz-(SQy)-(Cl)-(NO3)-H20 systems.
According to tlese diagrams, CeFG©an be decomposed pH~ 6.2 when treated with
H>SQs and at pH~2 when treated with HCIl and HN(ids. Alkaline treatment of CeFGO
converts it to Ce(OH)at pH~ 11. The recovery of Ce ions was studigdCe-C>0s-H>0

system which shows a wide stabildgmainfor Ce oxalatelecahydrat¢pH ~-171 11).

4.1 Introduction

Ceriumis considered as one of the most importamd abundant rare earth me(&iabashi,
1997). It is used widely in many applications saslpolishing agents, glass components,
UV protection, mischmetals amhosphorgHabashi, 1997; Zepf, 2013)Furthermore,

cerium compounds have been suggekiedse as corrosion inhibitors faluminum alloys
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(Hayes et al, 2002) andene considered to replace chromsie corrosion protection
coatings (Yu et al, 2006)n aqueais systems, cerium ions can tvalent C&" or
tetravalent C#.The tetravalent cerium ion is the most stable tetravalentficare earths

in aqueous media antlhas been used extensively as a strong oxidizing agent (Gupta and
Krishnamurthy, 2005; Baes and Mesmer, 1976). Ceexistsin higherconcentration than
other rare earth elements time two major rare eartiminerals, bastnasite and monazite
(Habashi, 197; Gupta and Krishnamurthy, 2005). Cerium oxide constitutes aboub$0%
weight of bastnasite and monazite (Gupta and Krishnamurthy, 2005).

The hydrometallurgical processimgf cerium bastnasiteconsists of two main steps
physical bereficiation and chemical treatment (Gupta and Krishnamurthy, 2005). The
chemical treatmentvolves the decompositioof the mnerals by concentrated acids or
concentratedalkaline solutions(Habashi, 1997Gupta and Krishnamurthy, 2005The
subsequent solution pughtion and rare earth element separation include precipitation,
ion exchangeand liquidliquid extraction. (Habashi, 199Tupta andKrishnamurthy
2009. The liquidliquid extraction of cerium particularly idone using different ways such
as extraction using organic and organophosphorus extractants (Urbanski et al, 1990;
Urbanski et al., 1992; Basualto et al., 2013).

Bastnasitd REFCQ) is one of the mostbandant rare earth minerasd it contains at
least45 wt. % of Ce oxide (Gupta and Krishnamurthy, 200H)is makes itone of the
principal sources of cerium. As a result, improving éfffeciency of hydrometallurgical

and extraction processing of bastnasita worthy goalThisreason motivates us tpgaly
Eh-pH diagrams to searclor improvements in the extraction oérium from bastnasite

mineral.

48



The primary objective of this chapter is ¢onstructthe Eh-pH diagrams for Gevater
systems at room temperature usthg HSC Chemistry5.1 software(HSC Chemistry,
2002) The work spas the simpleCe-H>O system tanore complexsystemsof the type
CeF-H20, CeCOs-H20 andCeF-COs-H20. Fnally these diagrams are extendedhe
treatmentof bastnasite with acids and alkaline solutiugh asH>SQy, HCI, HNOs,

H2C204, andNaOH.

4.2 Methods

4.2.1 Thermodynamic Bta

Most of the thermodynamic data used in this weeke collectedrom theHSC Chemistry
software. The rest of the thermodynamic deg¢sie takermostlyfrom theliterature anda
few wereestimateds u ¢ h  a &0 bf IC&FC@)(See Chapter 3)This combination of
the thermodynamic data was used to construct thpHEHiagramsfor variouscerium
systems. Table 4.1 shows the thermodynamic datgloyed in this work. Someof the

literaturedatashowed some differencg but the most recent datgere used
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Table 4.2 Thermodynamic datasedfor Ce-systems.

Species Y&+ 208 Species Y&+ 208
(kcal/mol) (kcal/mol)
H.CQ -148.948 [1] Ce(OH)26+ -362.070 [4]
HCO- -140.264 [1] Ce(OH)s5+ -419.430 [4]
caz -126.173 [1] Cey(OH)s4 -719.496 [4]
H2SQ -164.894 [1] Ce(OH)Qy) -239.736 [1]
HSQ- -180.609 [1] Ce(OH)) -303.900 [3]
SQ2 -177.907 [1] Ce(OH)) -341.46 [5]
HCl -30.404 [1] CeOH* -209.792 [1]
Ct -31.372 [1] CeOH* -178.580 [4]
HF -70.940 [1] CeR* -234.874 [1]
HE> -138.166 [1] Cek* -306.345 [1]
F -67.329 [1] CeR- -446.649 [1]
H2G0u(s) -172.845 [2] Cebks) -376.801 [1]
HGOs -166.965 [1] CeRis) -419.181 [1]
CoOu2 -161.082 [1] CeClao) -255.481 [1]
HNGs -24.730 [1] CeCt -224.590 [1]
Cb 1.660 [1] CeC¥ -193.626 [1]
NQy -26.489 [1] Ce(CQy)3s) -744.100 [3]
CeNQ2* -189.207 [1]
Ce 0.000 [1] CeSQ@ -344.627 [1]
Ce+ -161.810 [1] Ce(SQ)z -523.878 [1]
Ce+ -121.530 [1] Ce(SO) 3 -861.115 [1]
CeQg) -245.483 [1] Ce(SQ) 2 -506.366 [1]
CeOse) -407.800 [3] Ce(SO)s.8H0s  -1322.62[2,6]
Ce(OHy2* -235.670 [4] CeGOs* -330.500 [7]
Ce(OH)24+ -413.410 [4] Ce(CO) -228.178[1]
Ce(C2Q)3.10HQ)  -1409.900 [7]
CeFCQs -379.9 8]

[1] HSC databasg¢?] Dean, 1999. [BBrookins, 1988, [4] Baes and Mesmer, 197pHayes et al, 2002
[6] Kim and OsseéAsare, 2012 [7Wagman et al, 198[B] Estimated (Chapter 3).

4.2.2 Hydrometallurgical Processing of CeriumaBtnasite
Hydrometallurgical processing of cerium bastnasits been discusseand is well
established in the literature (Gupta and Krishnamurthy, 2005; Habashi, 1997; British

Geological Survey, 2011). Chemical treatment of bastnasite is carried out, after physical
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beneficiation processes, using concentrated acids or concentrated alkaline solutions (Gupta
and Krishnamurthy, 2005; Habashi, 1997). The acid digestion of bastnasite includes
treatment with concentrated sulfuric acid, hydrochloric acid or concentrated aaid.
Concentrated alkali solutiose usedn thedigestionof bastnasiteHabashi, 199,/Gupta

and Krishnamurthy, 2005

4.2.3 AcidTreatment of Cerium Bstnasite
Three main concentrated acids haeen usedn the chemical processing of cerium
bastnasite. Sulfuric acid the most common, arédnbe usedn many ways. One way is
to use sulfuric acid afteemoving CQ by calcination of bastn#ée to dissolve RE&as
sulfates as represented by Equation flanotherapproach bastnasite is slurried with
concentrated sulfuric acid to produce RE anbydrsulfates with driven off gas HFCO,,
and SQ as shown by Equation 4.Bydrochloric acids also used in basasite processing
to separate Ce(lV) fromther rare earths$n this process, bastnasite@centrated to 60%
followed by calcination and thetmeated withHCI that dissolves all trivalent RE ions
leavingCée** as CeQ. HCI canalsobe used to decompose carbosaBoncentrated nitric
acid used a well in bastnasite treatment after calcination of bastnasiteraperature
greaterthan 600 C (Habashi, 1997Gupta and Krishnamurthy, 2005

2RER(s) + 3H2S0aq) © RE(SQy)3(s) + 6HF(g) (4.1)

2REFCQ@s) + 4H2SQ@aq) © 2(Bn)35)+ 2HRg) + 2002(g) + SOxg) + 3H201  (4.2)
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4.2.4 AlkaliTreatment of Cerium Bstnasite
Alkaline processing of cerium bastnasite includeseof concentratedilkaline solutions
to produce cerium hydroxid&quatiord.3) that in turn came treatedvith acidsto produce
ceriumions in the solution as shown Eguation(4.4) (Habashi, 1997).

CeFC@Qs) + 30H-0 Ce(OH)s) + F-+ COsZ (4.3)

Ce(OHye) + 3H*@aq) ©  # Ag)+ 3H20) (4.4)

4.2.5 Chemical Processing of CeriumaBtnasite andhe Eh-pH Diagrams

As mentionedabove bastnasite is #luorocarbonateof rare earth elements, and our
objective heras to apply Pourbaix diagrams to cerium bastnasite hydrometallUrigis
will require considering mulple Ce systems, such as-B¢0 systems, Cé--H>0 systems,
CeCOz-H20 systems and GE-COs-H20 systems. Furthermore, the investigation of the
agueous stabily of cerium in hydrometallurgical processing bastnasitehat includes
acid leaching, needo be considered by constructing-6€4-H,0 systems and CE-CO:s-
SOy-H20 systems for LSOy acid leaching. The same procedure sd¢edbefollowed to
inspect the behaviors of HCI acid and HN&xid leaching processes. The recycling,
separation and recovery methods of rare earth elementsasyhcipitation as rare earth
oxalatescan also be represented by EpH diagramg(Chi and Xu, 19990sseeAsare,
1997) Table 4.2resent@asummary of ElpH systems te constructednd their relation

to cerium bastnasite hydrometallurgical processing.

Typically, cerium bastnasite processing involves Higmperature calcination which can

reach 650 70 C (Gupta and Krishnamurthy, 200British Geological Survey, 20}1
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but some studies of dissolutionlmstnasite at lower temperatures have beemtegfmich

as leaching of preoncentrated bastnasite with$0x and thiourea Yorukoglu, et al,

2003 and mechanochemical treatment of bastnasite which involves acid leaching at room
temperature Zhang and Saito, 19970ur objectives here are to initiatieis longterm
research bgonstructing E¥pH diagrams at room temperature @p Future contribution

from this laboratory will extend this work to higher temperature.

Table 4.2 Eh-pH systems and their applications in cerium bastnasite hydrometallurgy

Eh-pH Systems at 26C Application

CeH:0O Dissolution of Ce oxides with alkali solutions
CeF HO Aqueous stability of Cek

CeCQ-H0O Aqueous stability of Ce(CG)3

CeCFHO Dissolution of Ce chloride with HCI acid
CeSQ- H0 Dissolution of Ce sulfate with HSQ acid
CeNGs- H.0 Dissolution of Ce nitrate with HNQ acid
CeGOs- HO Recovery of Ce as oxalate precipitate
CeFCQ-H0O Aqueous stability of cerium bastnasite

CeF-CQ-SQO- H0
CeF-CQ-CHH0O
CeF-CQ-NGs- H0

H,SQ acid dissolution of cerium bastnasite
HCI acid dissolution of cerium bastnasite

HNG; acid dissolution of cerium bastnasite
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4.3 Results and Discussion

4.3.1 CeH20 System

The ERpH diagram foithe Ce-H>O system at room temperature was first constructed by
Pourbaix (1966). However, the continuing updaté the thermodynamicdata of the
agueous speciesdéo reconstrudbon of thediagramgHayes etl., 2002; Yu egl., 2006).
The recent EipH diagram fo the CeH>O systemthat was reconstructedrom this
laboratory shows some difference frétourbaixXd s o randgthedmdramgKim and
OsseeAsare, 2012). Figure 4.1a shows tiewv reconstructecEh-pH diagram from this
laboratoryand itshowsthe appearance afvery narrow region of C& at very low pH at
{Ce} = 10° m. At highconcentration- 1 m, Ce(OH),** appearss shown irFigure4.1 b.
This trends is observed due to the extensive hydrolysis ¢ft@at results from the
relatively small Ce(IV)/Ce(lll) potential. Furthermore, €ean strongly complexes with
different oxygerndonor ligands (Baes and Mesmer, 1976).

Cerium(1V) oxide, Ce@ is known as goodreplacement for corrosion inhibitors such as
chromates (Yu et al., 2006). Thgeoperty of cerium oxide is explained by its large stability
area in the G&120 system as a passive region of #@tcovers more than half of the
water stability region. The stability of cerium oxide asarosioninhibitor in acid media

will be discusedlater.
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Figure 4.1: Eh-pH diagrams for G&l,0 system at 25C. (a) {Ce} = 10° m and(b) {Ce}

=1.0m.
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4.3.2 CeF-H20 System

In this sectionthe decomposition behaviors of Geffe discussed by constructing-gH
diagrams forthe Ce-F-H>O system. Figurd.2 shows EipH diagram forthe Ce -F-H>O
systemCeR is hard to dissolve in acid, specifically HCI acidl ¢t al., 2013. The Eh-pH
diagrams can show this behavior byldrgestability region of solid Ceffrom very acidic
media (less than pH 1) when the concentration of}{i5 1 mol/kg. Even when the
concentration of fluoride is equal to tbencentratiorof Ce the stability of Ceflies inan
acidicdomain(pH ~ 1.5 9). As noted fronthe Eh-pH diagrams, the Ceftabilty region
shrinksas the concentration of fluoride decreases. The acid leaching etdCpfoduce
Cée** proceeds as represented Byuation 4.5 The alkaline treatment of Ceproduces
Ce(OH), Equation 4.6 which can be treated with acid after thatptoduce C¥& as
mentionedearlier.

CeRs) + 3H* P Cét(aq + 3HF(g) (4.5)

Cels) + 30H P Ce(OH}s) + 3F(ag) (4.6)
Furthermorethe Ce-F-H20O system shows Cespecies (i.eCeFR, CeQ; and C&") which
helps in selective separation of €&Ce** and other REE. Again, CeGhowed inlarge

stability area irthe Ce-F-H20 system as before.
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Figure 4.2 Eh-pH diagrams for G&-H,O system at 25C. (a) {Ce} = 103 m, {F} = 1.0 m, (b)

{Ce}=103m, {F} =103 m.
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4.3.3 CeCOs-H20 System

The Eh-pH diagrams for G€0z-H>0O systenwere constructed to investigate the stability
of Ce(CG0s)3 in the hydrometallurgical processing of cerium bastnasite. Furthermore, the
dissolution of Ce carbonate in acidic and alkainedia can be interpreted ngithese Eh

pH diagrams. Figuré.3 shows E#pH diagrams fothe Ce-COz-H>O system

Acid leaching of CgCGQs)3 can be done using one of these acids; HCE® or HNO;s
(Gupta and Krishnamurthy, 200British Geological Survey, 2011.i et al, 2013 Bian et

al, 201). As seen inthe Ce-COs-H20 system, there is a large stability regiorCeflV) as
CeQ and Cée", which can help in selective leaching of other*REaving C€IV). As
observed from the figure, the stability region ob(@#s)3 is shrinking as the concentration
of carbonatelecreasesCeriumcarbonates stable in approximately neutral to basic media
(pH = ~67 11). Ce(C0s)s3 can be converted to Ce(OHy alkalnetreatment according
to the Equation 4.7Furthermorgit can beconverted to soluble Geionsby acid leaching

in order to recover cerium &" as represented Fquation 4.8

Ce(CQ)3@i) + 60H(ag) P 2Ce(OH)(s) + 3COs2- (ag) 4.7)

Ce(CQ)3i) + 6HY (aq) P 2Ce+ (ag) + 3COz(g) + 3H20y) (4.8)
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{Ce}=10°m, {C} =103m.
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Since most of the speci¢isat appeared in GEO:-H2O systems are solid, the primary
objectiveof RE hydrometallurgy is to convert these solids to recoverable dissolved species
(i. e. C&3or other ionic compounds) in order to recover them or separate them by know
separating techniqueAfter converting CgCOz)z to Ce(OH3}, the later can be leachbyg

acidto produce C¥ as shown by Equation 4.9

Ce(OH}i) + 3H*(aq) P Ce8*(ag) + 3H20y) (4.9)

4.3.4 CeF-COs-H20 System

After consideringCe-F-H2.O and Ce-COs-H20 systems separately, in this section the
fluorocarbonatspecies will baliscussedn one systento investigate the stability and the
dissolution behaviors @erium bastnasit@ alkaine and acid treatments. Figut& shows
Eh-pH diagrams forthe CeCOz-F-H>O system. Cerium bastnasite (CeRLOlearly
appears in the figurand itsstability regionlocatedin neutral to alkaline conditior(pH ~

61 12). On the other hand, € 0s3)3 disappeared from this systemmich was locatedn

the sameegionof CeFCQ. In cerium bastnasite aqueous system which was represented
by log [M] vs. pH diagrams, Ce carbonate was disappeared agHeeteraUrbina etal.,
2013).As the concentrations dfuoride and carbonatdecrease, the stability regions of
CekR decreases while the stability regions of Cek@@d Ce(OH increaseThe allaline
treatments of Ce fluoridend the corresponding reactions werentioned in section 4.3.2
while the treatment of cerium bastnaditeconcentrated sodium hydroxigerepresented
by Equation 4.1@Habashi, 1997).

CeFC@s) + 3NaOHaq) P Ce(OH}(s) + NaF(ag) + Na2CQag) (4.10)
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It canbe noticedfrom Figure 4.4that all present species are ssl&kcept forCe** and

Cé". In hydrometallurgy, dissolved species are the ones needed in order to recover the
useful and pure materials. From this point of view, adding some ligands to form soluble
complexer dissolved species of REE is one way to increase the dissolution winfiows

RE elementsThetreatment of cerium bastnasite withS€,, HCl, HNO; andH2C>04 will
introduce theironsas ligands thatancomplex with cerium ionsCerium, which constitute
about half of the contents in bastnasite, can be recovered by oxidiZAhtp@x after
treatment of bastnasite with acid (Mioduski et al., 1989).

The fluorocomplexes were appeared in cerium bastnasite systaersthe concentration

of Ce is very low (~ 18 m) compared to high F concentration (1.0 m). The formation of

someCe fluoro complexes is represented by Equatibh$, 4.12 and 4.13

Cé*+F-P CeR* [ (4.11)
Cé* + 2F-P CeR* [2 (4.12)
CeRP Cé+ + 3F- Kso (4.13)

w h e 1 i®thefverall stability constant for each reaction aggikthe solubility product.
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Figure 4.4 (Continue) EhpH
diagrams for C&Os-F-H20O system at
25°C. (b) {Ce} = 103 m, {C} and {F}
=103 m, (c) {Ce} = 10° m, {C} and
{F} =1.0 m,(d) {Ce} = 10° m, {C}

and {F}=103m.



The solubility (S) of Cefcan be calculated as a function of][Fi an@ Ks, according to

Equation 4.140OsseeAsare, draft).
Y Ouoop I "0 710 (4.14)

Figure 4.5 shows log Svs. logJforCek. The via banelks,are £.35b10°,
8.91 10°, and 1.69 10 respectively (Itoh et al., 1984; Schijf and Byrne, 1999). It can
be noted from the figure that the solubility of Gefirst decreases as JRncreases until
reaches a minimum then starts to increase asfffeases.
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Figure 4.5:A'log S vs. log [A plot for Ceks).
The formation of sucliluorocomplexesof Ce(IV) helps in theextractionof ceriumby
organic extractants such as dgthylhexyl) phosphoric acid (Zhaowu, at al., 2008)e
Cefluoro complexes appear every Ce fluoro systems when the cemication of cerium

is very low compared to fluoride concentration
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4.3.5 CeSOy-H,0 System

Sulfuric acidis the principal acid used in acid leaching of bastnasite in Bayan Obo, China
(Gupta and Krishnamurthy, 2005). Usually, Ce(®H8)treated with sulfuric acid after
alkaline treatment. The first step consideringthe sulfuric acid digestion of cerium
bastnasite is to construct ¥ diagrams for G&Qy-H-0 at to investigate the dissolution
behavior of cerium wheBQ:* is introducedo the systemFigure 4.5 represents i
diagram forthe CeSQy-H>O system.As nded from the diagrams, the introduction of
sulfate (S@) as a ligand results in the formation of ionic and solid Ce sulfate wktehd

thier stability regions fronacidic to basic conditions (pH-% 1 8). Thesestability regions
aredecreaseds the concentration of sulfate {$Q decreasesOn the other hand, the
stability region of Ce(OH)decreases as the concentration of sulfate incred$es.
solubility of Ce sulfate complexes £8Qu)s8H-0 is relatively high at roortemperature
unlike Ce(OH} which is insoluble in water (Haynes, 2014). This property will increase the
chance to dissolve RE elements in order to recover them. Further detailsSé-8e0O

systemwere discussepreviouslyfrom this laboratory (Kim and Ossésare, D12).
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{Ce}=0.2m, {§ = 0.1m(Kim and Ossed\sare, 2012).
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4.3.6 CeF-COs-SO-H20 System

The decomposition behavior of cerium bastnasiteuilfuric acid solutions explainedn

this section byhe constructinon oEh-pH diagram for the GEOz-F-SQ-H20 systems
Sulfuric acid iswidely used in the treatment of bastnasitbjch converts cerium and other

rare earths tesulfates with the evolution of carbon dioxide dndairogen fluoridegasses
(Gupta and Krishnamurthy, 200%urthermore, sulfuric acid has the advantage over other
acids by replacing fluorine from the system and allows for a good recovery of RE sulfates
(Berber, 1960)Figure 46 represents EpH diagramdor the Ce-COs-F-SQy-H20 system.

It can be seen from the figure that the introduction of sulfate ions to cerium bastnasite,
helps in maximizing the stability areas of dissolved species in the form of Ce8@d
Ce(SQ)2 which increase as the concentration of sulfuric acid incre@sesequently, this

will reduce the stability regions @fefks, and it is completely disappeared from Figure 4.6a
when the concentration of sulfatel.0 m This suggest that increasing theomcentration

of sulfuric acidwill help in the processing of cerium bastnasite. In addition, the equilibrium
potential (Eh) of Ce(IV)/Ce(lll) decreases when the concentration of sulfate increases as
shown in the figuresAs a result,the oxidation of Ce(lll) to Ce(lV) becomes more
favorable when the concentration of sulfuric acid increases which help in the selective
separation of Ce(lV) from other rare earth metals (Kim and G&sace, 2012)On the

other hand, the stability region§ cerium bastnasite (CeFGand Ce(OH)show aslight
change when theoncentration of sulfate changes. It is cleathgervedrom the figure

that Ce(SQy)s and Ce(SQu)sA 8.8 are notpresent
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Figure 4.7. Eh-pH diagrams for GE€0s-F-SO-H,0 system at Z%C. (a) {Ce} = 103 m, {C} =
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The possible reactions of this system are representedumtions 4.15, 4.16 and 4.17
CeFCQ@s) + 4H2SQaq) P 2Ce(SQ) (ag)+ 2HF(g) + 2COxg) + 2H20) + 2H*  (4.15)
CeFCQ@s) + H2SQagq) + H* P CeS@* (ag) + HF(g) + COp(g) + H20y) (4.16)
Cek) + H2SQyag) tH* P CeS@* (aq) + 3HF(g) (4.17)

Considering Ceg) it hasabroadstability region that is slightly affected by the addition of

sulfuric acid, which makes & goodcorrosion resistant as discussed in section 4.3.1.

FurthermoreCeQ is widely usedn other applications such as insulators and polishing

materials.Synthesis of Cefcan be achievedy many ways, one of themras discussed

by Brigante and Schul2012 who used Ce(S@). as the precursan alkaline media

According to the EipH diagrams in Figure 4.6, Ce@an be synthesized from Ce(§©

by alkaline teatmenfas represented by Equation 4.18

Ce(SQ)4s) + 40H @@ P CeQ (s) + 2Su2-(aq) +2H 20y (4.18)
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4.3.7 CeCl-H.0 System

The second most important acid usedha chemical treatment @erium bastnasite is
hydrochloric acidThis acid has been usgdthedecomposition stepf cerium bastnasite,
which convert the fluorocarbonate mineral to rare earth fluorides and rare earth chlorides
with evolution of carbon dioxide (Gupta and Krishnamurthy, 2005; Habashi, B8€gh
Geological Survey, 2031To investigate and study the H&rid dissolution when used in
cerium bastnasite processing, it is good to start with constructipiHEhagrams fothe
CeCI-H20 systemFigure 4.7 shows EpH diagrams fothe Ce-CIl-H>O systems. In the
figure, Ce chloride species are stablethie acidic media and cover the regiotisat
originally covered by C¥ in CeH.0 systems. The number of chloride species increases
as the concentration of chloride increasmdthe aqueou€eCk(a) and CeCl" does not
presentunless the concentration of chloride is 3 m or mbliewvever, the stability region

of Ce(OH} is not affected by the introduction of chloride in these systems but it helps in
the dissolution of Ce(OH)Cek andCeFCQ as will be discussed in the follovgrsection.

The results from this section suggest that, HCI acid need to be concentrated in order to use
it in acid leaching in cerium bastnasite processing. The dissolution of C2§HYLI can

be representeldly Equation 4.19Habashi, 1997).

Ce(OHX(s) + 3HClag) P CeCi(aq) + 3H20y) (4.19)
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Figure 4.8 Eh-pH diagrams for G€I-
H,O system at 2%C. (a) {Ce} = 103 m,
{CI}=1.0 m,(b) {Ce} = 10%m, {Cl} =

0.1m, (c){Ce}=103m, {Cl} =3 m.



4.3.8 CeF-CG0s-Cl-H20 System
The decomposition behavior akerium bastnasite byydrochloric acid will be discussed
in this section. As discussed the Ce-COs-F-SQi-H20 systemthe Ce-COs-F-Cl-H20
systems will be discussed here without consideringCOgCI-H.O or Ce-F-Cl-H20
systems separately. Figure 4.8 representpHtEhdiagrams forthe Ce-COs-F-Cl-H20
system. There are mouchdifferences in the behavior of Ce from what basn discussed
in the previous section. @em chloride species are only stable in thé'Geability region
in bastnasite systems. There are no effects of increasing the concentration of hydrochloric
acid in order to increase the stability regions of dissolved species. Furthermore, the stability
regions of CefFand CeFC®show very slight diierence whether the concentration of HCI
acid is low or high. Again, Ce chloride speadiktsappeared when the concentration of HCI
is 0.1 m and the aqueous species GePpeas when the concentration of HCI is 3.0
m. The overall trends in Gehloridesystems are the same as in<t#fate systems but the
sulfate have shown large stability regions compared to chiwhd# suggestthat sulfuric
acid is more efficient to use in cerium bastnasite leaching instead of hydrochlorithecid.
decomposition of cerium bastnasite by hydrochloric acidgeds according to Equation
4.20(Habashi, 1997).

3CeFC@s) + 6HClag) P 2CeCl(ag) + CeFg(s) + 3COx(g) + 3H20) (4.20)
This equation represented in the diagrams, addingtaadrium bastnasite convert it to

Cek and Ced in acidic media.
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Figure 4.9 Eh-pH diagrams for G€Os-
F-CI-H,0O system at Z8C. (a) {Ce} = 10
S m, {C}=10°m, {F} =103 m, {Cl} =
1.0 m,(b) {Ce} = 103 m, {C} = 10°*m,
{F}=10°m, {Cl}=0.1m, (c){Ce} =
103m, {C}=103m, {F} = 103 m, {CI}

=3m.



