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ABSTRACT 

 

The hydrometallurgical processing of bastnasite was studied by constructing Pourbaix 

(potential vs. pH) diagrams at room temperature using HSC Chemistry 5.0 software. 

Different systems were considered to understand the overall behaviors of bastnasite and its 

species in aqueous systems. Most of the thermodynamic data were taken from HSC 

database, others were collected from literature and some were estimated. The standard 

Gibbs free energy of formation of bastnasite, REFCO3, were estimated using four different 

estimation methods. Each method shows its applicability, and the obtained average values 

were -379.9 kcal/mol for CeFCO3, -382.3 kcal/mol for LaFCO3, -379.8 kcal/mol for 

NdFCO3 and -381.3 kcal/mol for PrFCO3.  

RE-F-CO3-H2O systems show the stability regions of bastnasite which are located in nearly 

neutral to alkaline media (pH ~ 6.5-11). The RE-F-CO3-(SO4)-(Cl)-(NO3)-H2O systems 

were considered to display the decomposition behaviors of bastnasite when treated by 

concentrated acid solutions. Furthermore, the decomposition behavior of bastnasite by 

alkaline solutions can be explained by these systems. In treatment with sulfuric acid, 

CeFCO3 decomposes at pH ~ 6.2 when {SO4
-2} = 1 m while other REFCO3 decomposes at 

pH ~ 8. On the other hand, hydrochloric and nitric acids decompose bastnasite at pH ~ 2. 

The alkaline decomposition of REFCO3 is feasible at pH ~ 11. In the investigation of 

recovery and recycling of rare earths by precipitation, the systems RE-C2O4-H2O were 

considered which show the large stability regions of RE oxalate hydrates over the pH range 

(-2 ï 11). All these trends, which revealed by these systems, were related to the 

hydrometallurgical processing of bastnasite.  
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Chapter 1 

General Introduction 

1.1 Brief Background  

Rare earth elements are naturally occurring metals with similar properties, and they can be 

found in many mineral deposits around the world. These elements include scandium (Sc), 

yttrium (Y) and all lanthanides (La-Lu) except promethium (Pm) which is a radioactive 

element that is not found in nature (Gupta and Krishnamurthy, 2005; Zepf, 2013). 

Lanthanides are known for their distinctive characteristics like the 4f outer-shell orbital 

and the steady contraction of their ionic size from La to Lu (Gupta and Krishnamurthy, 

2005; Kim et al., 2014). Furthermore, they are chemically active, and they have similar 

chemical properties, which are the reasons why they cannot be found in the metallic form 

and they co-occur in nature. Rare earth elements are called ñrareò because of their dispersed 

and low concentration in the earthôs crust and they behave as a single chemical unit that 

makes their separation a difficult task (Moldoveanu and Papangelakis, 2012; Gupta and 

Krishnamurthy, 2005).  

Currently, the most important sources of rare earths are bastnasite, which is a 

fluorocarbonate of rare earths [RE(CO3)F] and monazite, which is a phosphate mineral 

[RE(PO4)] (Gupta and Krishnamurthy, 2005; Campbell, 2014). These 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 (Sm-Lu) (Gupta and Krishnamurthy, 2005).  

Rare earth elements have a great variety of applications including optical, medical, 

superconductor, electronics, high strength magnetic, lasers, catalytic converters and 

nuclear technologies (Gupta and Krishnamurthy, 2005; British Geological Survey, 2011; 
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Naumov, 2008). These extensive applications of rare earths arise because of the distinctive 

chemical, optical, electrical, catalytic and magnetic properties of rare earth elements (Xie 

et al., 2014).   

Bastnasite is one of the main rare earth minerals, and it is a magma-derived fluorocarbonate 

mineral of light rare earth elements (Gupta and Krishnamurthy, 2005; Moldoveanu and 

Papangelakis, 2012). It contains 65 -75% rare earth oxides with Ce, La, Pr and Nd oxides 

constituting about 98% of these oxides and small amounts of Sm, Eu , Y and Gd oxides 

(Gupta and Krishnamurthy, 2005; Jordens, 2013; Wang et al, 2012). The radioactive rare 

earth element, thorium (Th), can also be found in this mineral (Yongqi et al., 2012). 

Bastnasite is considered as the most abundant of the worldôs rare earth minerals, providing 

about 70% of the world production of rare earths (Kul et al., 2008; Chi et al., 2004). 

 

1.2 Motivation  

One of the most challenging tasks in rare earths processing is the separation of co-occurring 

rare earths from their minerals. Usually, rare earth processing involves both physical and 

chemical steps that convert the co-existing compounds to end-product metals or 

intermediate compounds (Gupta and Krishnamurthy, 2005). Challenges were increased 

recently due to the new regulations of Chinaôs RE exports and the enormous demand of 

RE materials worldwide (Campbell, 2014).  In order to meet these challenges effectively, 

significant improvements in extraction efficiencies would be needed. One of the powerful 

predictive tools that may be used in the quest for improved dissolution and precipitation 

processes is the Pourbaix (or Eh-pH) diagram, which provides a graphical display of the 

aqueous stability of different solid-water systems. These diagrams can be usefully applied 
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to the hydrometallurgical processing of rare earth minerals. A previous study from this 

laboratory investigated the aqueous stability of rare earth elements in monazite processing 

in this regard (Kim and Osseo-Asare, 2012). In spite of its relative abundance, there are no 

previous studies using Eh-pH diagrams for elucidating hydrometallurgical processing of 

bastnasite. This research seeks to bridge this gap in our knowledge.  

 

1.3 Objectives 

The primary objective of this research is to construct the Eh-pH diagrams for the bastnasite-

water system in order to investigate the solubility relations and the aqueous stability of the 

relevant RE species. These diagrams will help in identifying the nature and conditions of 

the stability of each species, which in turn will provide improved insight into how to 

increase the extraction efficiency of rare earths. Where necessary, missing thermodynamic 

data (e.g., Gibbs free energy of formation of bastnasite) are estimated. The work includes 

the construction of the Eh-pH diagrams for the systems RE-H2O, RE-CO3-H2O, RE-F-

H2O, RE-CO3-F-H2O, RE-CO3-F-(SO4)-(Cl)-(NO3)-H2O, RE-C2O4-H2O and other 

combination of these systems.  

 

1.4 Organization of the Thesis 

This work consists of five main chapters. Chapter 2 includes a background of rare earths 

and bastnasite hydrometallurgy. It also discusses the literature review of the applications 

of Pourbaix diagrams in the hydrometallurgical processing, precipitation, and recovery of 

materials. Chapter 3 focuses on four methods of estimating the standard Gibbs free energy 

of formation of bastnasite that used in the construction of the Eh-pH diagrams of bastnasite 
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systems. Cerium systems will be discussed in Chapter 4 which includes multiple Ce-water 

systems to study the behavior of cerium bastnasite in each system. The same procedures 

continued in Chapter 5 to investigate the decomposition behaviors of other RE-bastnasite 

systems. Chapter 6 will conclude the work with suggestions for the future work. 
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Chapter 2 

Background and Literature Review 

2.1 Rare Earth Elements 

Rare earth elements (REE) are a group including 17 elements that are the lanthanides, 

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

usually divided into two subgroups: the cerium or ñlight rare earth elementsò (LREE) 

group, which includes cerium (Ce), lanthanum (La), praseodymium (Pr), neodymium (Nd), 

samarium (Sm) and europium (Eu), and the yttrium or ñheavy rare earth elementsò (HREE) 

group, which consists of yttrium (Y), gadolinium (Gd), terbium (Tb), dysprosium (Dy), 

holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb) and lutetium (Lu) (Gupta and 

Krishnamurthy, 2005; Habashi, 1997; Naumov, 2008). Promethium is not included in any 

of these two groups because it is a radioactive element that is not found in nature (Gupta 

and Krishnamurthy, 2005). Scandium also is not included in any of these two groups 

because of its special position in the periodic table and its unusual properties such as small 

size and large electronegativity compared to other rare earths (Habashi, 1997; Horovitz, 

1975). Lanthanides are known for their unique characteristics like the 4f outer-shell orbital 

with the trivalent states as the most stable ions and the steady contraction of their ionic size 

from La to Lu (Gupta and Krishnamurthy, 2005; Baes and Mesmer, 1976). The contraction 

of the ionic sizes of the lanthanides arises because of the penetration of 5s and 5p orbitals 

into the 4f subshell without shielding the nuclear charge; this causes 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 co-occur in nature, and they cannot be found in their metallic form 
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(Moldoveanu and Papangelakis, 2012; Gupta and Krishnamurthy, 2005). Rare earth 

elements are called ñrareò because of some historical reasons. It was previously thought 

that they can be found and isolated from only a few and rare minerals and also because 

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

(Habashi, 1997; Gupta and Krishnamurthy, 2005).  

 

2.2 Rare Earth Minerals 

Rare earth elements are typically dispersed dilutely in the earthôs crust, but collectively 

they are more abundant than some very common elements in the earthôs crust. Table 2.1 

shows the concentration of some rare earths compared to other common elements (Gupta 

and Krishnamurthy, 2005).  

 

Table 2.1: Concentrations of REEs in earthôs crust compared to some common elements in ppm 

[1] Gupta and Krishnamurthy, 2005 [2] Cotton, 2006. 

Element Concentration (ppm) 

Cerium 

Lanthanum 

Neodymium 

Praseodymium 

Yttrium 

Carbon 

Nickel 

Copper 

66.5 [1, 2] 

39 [1, 2] 

41.5 [1, 2] 

9.2 [1, 2] 

33 [1, 2] 

200 [1] 

95 [1] 

85 [1] 

 

Rare earth elements are found co-occurring in mixtures of compounds in igneous, 

sedimentary and metamorphic rock formations where they substitute for major ions (Gupta 

and Krishnamurthy, 2005; British Geological Survey, 2011). These elements are mostly 
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found as oxide compounds in the minerals 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, 2005; British Geological Survey, 2011). Rare earth elements 

can be found in about 200 known minerals (Gupta and Krishnamurthy, 2005; Wang et al., 

2012). However, only some of these minerals are economically attractive such as 

bastnasite, monazite, allanite, gadolinite, xenotime (Kul et al., 2008) and some clay 

minerals, such as the weathered crust elution-deposited ores, are also rich in rare earth 

elements (Jun et al, 2010). Table 2.2 presents some of the valuable minerals and their 

contents of rare earths (Gupta and Krishnamurthy, 2005; Ferron et al., 1991). 

Nowadays, 95% of rare earth production comes from two primary sources: bastnasite 

which is a fluorocarbonate of rare earths [RE(CO3)F] and monazite which is a phosphate 

mineral [RE(PO4)] (Gupta and Krishnamurthy, 2005; Campbell, 2014). These 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 (Sm-Lu) (Gupta and Krishnamurthy, 

2005). In general, the amounts of rare earths that found in rare earth minerals differ 

significantly from trace amounts up to 50% (Campbell, 2014).  

The first operated rare earths mines were opened in the 1950s in India, South Africa, and 

Brazil, followed by Mountain Pass, California, which was the largest RE producer in the 

world between the 1960s and 1980s. Currently, China controls world rare earth supplies 

producing more than  95% of the rare earth elements (Xie et al., 2014) and providing the 

world with about  50,000 tons annually and expected to reach about 80,000 tons annually 

in 2015 (Zhanheng, 2011). Recently, extra efforts are being made to find additional rare 

file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Tuesday%2026-8/solvent%20extraction%20of%20RE%20from%20aqueous%20solutions.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Saturday%206-9/Global%20RE%20resources%20&%20future.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Saturday%206-9/Global%20RE%20resources%20&%20future.pdf
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earth sources around the world because of the threats of limited production and increasing 

export obstacles from China (Campbell, 2014). 

 

Table 2.2: Main rare earth minerals. [1] Gupta and Krishnamurthy, 2005; [2] Ferron et al., 1991 

Mineral  

[1] 

Formula [1] Rare earth 

content 

%[1] 

Other main 

constituents 

%[1] 

Density 

g/cm3 [2] 

Mohs 

Hardness

[2] 

Bastnasite (Ce, RE)CO3F Ce2O3 (36.9-

40.5 %) 

RE2O3 (36.3-

36.6 %) 

CO2 ~20% 

F ~7.4% 

4.8 ï 5.2 4 ï 4.5 

Monazite REPO4 RE2O3 (32-

34 %) 

P2O5 ~25%, ThO2 

~8% 

ZrO2 (0-7%), 

SiO2 (0-6%) 

 

4.9 ï 5.5  5.5 

Xenotime YPO4 Y2O3 (52-62 

%) 

ThO2 ~up to5% 

UO2 ~up to 5% 

ZrO2 ~3% 

 

4.45 ï 

4.59 

4.5 

Gadolinite (Y,RE)2FeBe2Si2O10 Y2O3 (30.7 ï 

46.5 %) 

RE2O3 (5.23 

%) 

FeO ~12% , SiO2 

~24% 

ThO2 ~0.35%, 

BeO ~10% 

4.1 - 4.5 6.5 ï 7 

 

2.3 Applications of Rare Earth Elements 

Rare earths are known for 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). Nowadays, rare earths are essential industrial materials 
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that are used in many applications, including metallurgy, optical, superconductor, 

electronics, high strength magnetic, lasers, catalytic converters and nuclear technologies 

(Gupta and Krishnamurthy, 2005; Jha, 2014; Kim and Osseo-Asare, 2012; Habashi, 1997; 

Moldoveanu and Papangelakis, 2012; Naumov, 2008). Furthermore, medical diagnosis 

uses the lanthanides due to their luminescent properties (Kim et al., 2014). These extensive 

applications of rare earths arise because of the distinctive chemical, optical, electrical, 

catalytic and magnetic properties of rare earth elements (Xie et al., 2014).  The metals that 

are most frequently used in rare earths applications are Ce, Nd, Sm, Gd and Eu (Naumov, 

2008). Table 2.3 summarizes the main applications of rare earth elements (Gupta and 

Krishnamurthy, 2005; Habashi, 1997; Jha, 2014; Kim and Osseo-Asare, 2012; British 

Geological Survey, 2011; Xie et al, 2014; Zepf, 2013; Naumov, 2008; Haque et al., 2014). 

 

2.4 Bastnasite 

Bastnasite is one of the main rare earth minerals, and it is a magma-derived fluorocarbonate 

mineral of light rare earth elements (Gupta and Krishnamurthy, 2005; Moldoveanu and 

Papangelakis, 2012). It can be found in many geological environments such as carbonate-

silicate rocks and quartz veins (Gupta and Krishnamurthy, 2005). It is a yellow to reddish 

brown mineral with an average density of 4.97 g/cm3 and hardness of 4-5 on Mohs hardness 

scale (Allaby, 2013). 

Bastnasite contains 65 -75% 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 al., 2013). Furthermore, the radioactive element, thorium 

(Th), can be found in bastnasite (Yongqi et al., 2012).   
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Application Rare earth technology Materials 

form 

Rare earth 

elements 

required 

Global 

consumption 

of REE 

Catalysts -Automobile catalytic converter 

- Fluid cracking 

- Petrol and diesel additives 

- Chemical processing 

 

RE oxides, 

RE ions, 

Ce salts, 

RE oxides. 

La, Ce, Pr, 

Nd 

19% 

Magnets - High-performance speakers 

- Data storage  

- Power generation 

- Hybrid cars 

- Air conditioning systems 

- Medical imaging 

 

Sm alloys, 

Dy compds. 

RE-based 

oxides, 

RE oxides 

and sulfides. 

 

Nd, Pr, Dy, 

Tb, Y, Eu, 

Gd, Ce, Lu, 

Sm 

21% 

Metallurgical 

 alloys 

- Lighters and torches flints   

- Irons and steel 

- Superalloys compositions 

- Hydrogen storage 

- NiMH batteries 

- Intermetallics 

 

RE metals, 

RENi5, 

REFe2,RECo5  

 

La, Ce, Nd, 

Pr, Y 

18% 

Phosphorus  - Visual display and flat panels  

- Energy efficient lighting  

- Fluorescent lamp 

- Glass fibers 

- Medical and Dentistry  

 

RE oxides, 

RE sulfides, 

REphospates, 

RE fluorides, 

RE vanadate. 

Eu, Y, Tb, 

Ce, Nd, Er, 

Gd, Dy 

7% 

Glass and 

 Polishing 

- Decolorizing agents 

- Glass dyes 

- Sunglasses 

- Camera and optical lenses 

- Polishing glass surface  

 

CeO2, 

RE oxides. 

 

 

Ce, Nd, Pr, 

Ho, Er, La, 

Gd 

22% 

Ceramics  - Stabilizers and sintering aids 

- Semiconductor sensors 

- Capacitors 

- Refractories  

 

CeO2, 

RE oxides. 

 

Ce, La, Dy, 

Gd, Eu, Nd, 

Lu, Pr, Y, 

Er 

6% 

Other  

applications  

- Nuclear energy 

- Defense 

- Pigments 

RE oxides,  

RE alloys 

Ce, Gd, Eu, 

Y, Sm, Er 

7% 

Table 2.3: Applications of rare earth elements (Gupta and Krishnamurthy, 2005; Habashi, 1997; 

Kim and Osseo-Asare, 2012; Xie et al, 2014; Zepf, 2013; Naumov, 2008; British Geological 

Survey, 2011; Jha, 2014). 

file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Extractive%20Metallurgy%20of%20Rare%20Earths%20(Gupta).pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/1-s2.0-S0304386X11002477-main.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Tuesday%2026-8/solvent%20extraction%20of%20RE%20from%20aqueous%20solutions.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Sunday%2014-9/REE.%20waht%20and%20where%20they%20are.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Sunday%2014-9/review%20of%20the%20world%20market%20of%20REM.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Rare_Earth_Elements_profile.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Rare_Earth_Elements_profile.pdf
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Bastnasite is considered as the most abundant of the worldôs rare earth minerals, providing 

about 70% of the world production of rare earths (Kul et al., 2008; Chi et al., 2004). Its ore 

deposit in the US is found in Mountain Pass, California, and the largest deposit of bastnasite 

in the world is located in Bayan Obo, Inner Mongolia, China (Xie et al., 2014). Due to the 

discovery of the Bayan Obo deposits, bastnasite has replaced monazite that was the primary 

source of rare earths until the 1960s (Jordens et al., 2013). 

 

2.5 Extraction and Processing of Rare Earths  

Rare earth elements in their minerals are not useful materials to be used in different 

applications and the primary task of rare earth hydrometallurgy is the processing and 

extraction of rare earth elements from their ore minerals in order to use them in their wide 

range of applications. 

The big challenges in rare earths processing arise from the difficulties in the separation of 

co-occurring rare earths from their minerals. The chemical similarity of rare earth elements 

and their simultaneous occurrence in many minerals with different properties are the 

reasons why the separation processes of the rare earths is such a difficult task (Gupta and 

Krishnamurthy, 2005; Habashi, 1997). Rare earth resources usually occur as oxides due to 

the strong affinity of their elements for oxygen. Processing 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 Agency, 2012). Both physical and chemical processing are needed in order to 

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

for further processing (Gupta and Krishnamurthy, 2005). Breaking down the minerals 

file:///C:/Users/Isehaq/Desktop/Master%20Thesis/Extractive%20Metallurgy%20of%20Rare%20Earths%20(Gupta).pdf
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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 earths processing (Gupta and Krishnamurthy, 2005). 

Selecting the appropriate physical beneficiation process depends on some factors such as 

the nature and the composition of the minerals, type of the worthless materials present in 

the minerals and the environmental impacts of the processes (Ferron et al, 1991 ; US 

Environmental Protection Agency, 2012).  

 

2.6 Processing of Bastnasite 

The processing of bastnasite, which is the principal source of rare earth elements currently, 

involves physical beneficiation and chemical treatment steps. Physical processes, such as 

crushing, grinding and screening, convert the natural ores as mined into a powdered 

product without changing the chemical properties of the minerals (Gupta and 

Krishnamurthy, 2005; Ferron et al, 1991; British Geological Survey, 2011). Subsequent 

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 fatty acids, 

hydroxamates or dicarboxylic acids (Gupta and Krishnamurthy, 2005; Pradip and 

Fuerstenau, 1991; Ferron et al, 1991). Gravity, magnetic or electrostatic separation 

processes can also be used instead of the flotation to produce rare earth oxides concentrates 

(Jordens et al., 2013; Jordens et al., 2014). The physical beneficiation procedures used at 

the two main bastnasite deposits in the world, i.e., Mountain Pass, California and Bayan 

Obo, China, are different because in Mountain Pass, the final product is only rare earth 

concentrate, unlike Bayan Obo which produces rare earth materials as a by-product along 

with other materials like magnetite, fluorite and hematite (Gupta and Krishnamurthy, 2005; 

file:///C:/Users/Isehaq/Desktop/Master%20Thesis/benefication%20of%20rare%20earth%20oxides%20minerals.pdf
file:///C:/Users/Isehaq/Desktop/Master%20Thesis/epa_ree_report_dec_2012.pdf
file:///C:/Users/Isehaq/Desktop/Master%20Thesis/epa_ree_report_dec_2012.pdf
file:///C:/Users/Isehaq/Desktop/Master%20Thesis/Extractive%20Metallurgy%20of%20Rare%20Earths%20(Gupta).pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/the%20role%20of%20organic%20and%20inorganic%20reagent%20sin%20flotation%20of%20REE.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/the%20role%20of%20organic%20and%20inorganic%20reagent%20sin%20flotation%20of%20REE.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/benefication%20of%20rare%20earth%20oxides%20minerals.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Saturday%206-9/a%20review%20of%20benefication%20of%20REE.pdf
file:///C:/Users/Isehaq/AppData/Roaming/Microsoft/Saturday%206-9/Processing%20of%20REM%20using%20gravity.pdf
file:///C:/Users/Isehaq/Desktop/Master%20Thesis/Extractive%20Metallurgy%20of%20Rare%20Earths%20(Gupta).pdf
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British Geological Survey, 2011). The total rare earth concentrate obtained by physical 

beneficiation from these two different sites are 65-70% in Mountain Pass and 61% in 

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

physical beneficiation in Mountain Pass is shown in Figure 2.1 (Gupta and Krishnamurthy, 

2005; British Geological Survey, 2011).  

 

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 concentrates to more 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 forms (Gupta and Krishnamurthy, 2005; US 

Environmental Protection Agency, 2012). Acid leaching is the principal chemical 

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

the concentrate up to 90% REO. Hydrochloric acid, sulfuric acid or nitric acid are used in 

the leaching step of bastnasite processing (Gupta and Krishnamurthy, 2005; Habashi, 1997; 

British Geological Survey, 2011). Using some other compounds or materials with the acid 

file:///C:/Users/Isehaq/Desktop/Master%20Thesis/Rare_Earth_Elements_profile.pdf
file:///C:/Users/Isehaq/Desktop/Master%20Thesis/Extractive%20Metallurgy%20of%20Rare%20Earths%20(Gupta).pdf
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in the leaching step can enhance the recovery and production of rare earths. Thus, thiourea 

was used in H2SO4 leaching of bastnasite (Yorukoglu et al., 2003). Another study utilized 

MgO and ammonium chloride to recover RE from bastnasite (Chi et al., 2004). Figure 2.2 

represents a simplified flow diagram of the chemical treatment of bastnasite concentrate 

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

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Chemical treatment of bastnasite concentrates. (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 

carbochlorination-chemical vapor transport (Wang et al., 2002) and mechanochemical 

treatment (Zhang and Saito, 1997).  Alkaline treatment can also be used in the chemical 

treatment of bastnasite using concentrated alkali solutions (Habashi, 1997). Studies on 

alkaline treatment include the use of molten sodium hydroxide  at 623 ï 777 K in oxidative 

decomposition of bastnasite which oxidize Ce(III) to Ce(IV) (Iijima et al, 1993) and 

application of alkaline liquids in the decomposition of bastnasite and monazite in mixed 

concentrates (Yanhui et al, 2012).  

Various recovery and separation techniques are utilized in the final treatment steps to 

obtain the rare earths, 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 

that is supposed to be economically attractive and environmentally clean (Das and Das, 

2013).  

 

2.7 Pourbaix Diagrams and their Applications  

Pourbaix or potential vs. pH (Eh-pH) diagrams are known for 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 a good view of the corrosion behaviors of metals in water (Revie, 2000). 

Furthermore, the precipitation behaviors of cerium films used as corrosion coatings were 

discussed using Pourbaix diagrams (Hayes et al., 2002, Yu et al., 2006). Recently, a third 

dimension for Pourbaix diagrams was suggested to increase the efficiency of such diagrams 



18 
 

(Nikolaychuk, 2014). Figure 2.3 shows a theoretical Pourbaix diagram for M-H2O system. 

The highlighted regions are the dissolution windows of the metal. The regions A, B, and C 

represent acid lake, basic lake and complexing lake, respectively. These regions are the 

target regions in the hydrometallurgical processing because the metal ions can be recovered 

from the solution. The lines a and b represent the water stability region. Line a represents 

the dissociation of water to produce oxygen gas according to Equation 2.1 while line b 

represents the evolution of hydrogen gas according to Equation 2.2 (Osseo-Asare, Draft). 

2H2O(l)  P  O2(g) + 4H+  + 4e-                                                           (2.1) 

2H2O(l)  + 2e- P  H2(g) + 2OH-                                                         (2.2) 

 

 

Figure 2.3: Theoretical Eh-pH diagram for M-H2O system (Osseo-Asare, Draft). 
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In previous work from this laboratory, Pourbaix diagrams were used to investigate the 

aqueous stability relations in monazite hydrometallurgy (Kim and Osseo-Asare, 2012). 

Other applications of Pourbaix diagrams in hydrometallurgy were published for ammonia 

hydrometallurgy including Mn-NH3-H2O, Mn-NH3-CO3-H2O, Mn-NH3-SO4-H2O (Osseo-

Asare, 1981a), Fe-NH3-H2O, Fe-CO3-NH3-H2O, Fe-NH3-SO4-H2O (Osseo-Asare, 1981b) 

and Cu-NH3-H2O, Ni-NH3-H2O, Co-NH3-H2O diagrams (Osseo-Asare and Fuerstenau, 

1978). In addition, Pourbaix diagrams were published for the heterogeneous equilibria of 

gold and silver cyanide systems, Au-CN-H2O and Ag-CN-H2O (Xue and Osseo-Asare, 

1985). Furthermore, the leaching of sulfide minerals was described by Eh-pH diagrams 

(Peters, 1976). The stability diagrams for rare earth carbonates found in ocean 

environments were constructed by Brookins, who also provided the thermodynamic data 

for rare earth carbonates, hydroxides and oxides (Brookins, 1983). 

Hydrometallurgical processing of rare earth minerals is well-established 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 and process energy costs motivate us to apply Pourbaix diagrams 

in the current work. The Eh-pH diagrams will be constructed to investigate the stability of 

bastnasite in various aqueous environments relevant to hydrometallurgical processing of 

this rare earth mineral. This in turn will help to understand the dissolution processes of 

bastnasite by different acids and bases. Furthermore, the resulting diagrams can provide a 

robust understanding of separation and selective leaching of rare earth elements in 

bastnasite. Bastnasite aqueous systems were studied in relation to electrophoretic mobility 

and flotation behavior (Herrera-Urbina et al., 2013), but there is no previous research 
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applying Eh-pH diagrams to hydrometallurgical processing of bastnasite. The previous 

related works were for monazite hydrometallurgy (Kim and Osseo-Asare, 2012), recycling 

and secondary separation of rare earths (Osseo-Asare, 1997) and Stability of some rare 

earth carbonates in ocean environments (Brookins, 1983).  

 

2.8 Conclusions 

In summary, rare earth materials are very valuable constitutes of todayôs technology. A 

background review of rare earths and their minerals, applications and processing was 

discussed in this chapter. The processing of bastnasite involves two steps, i.e. physical and 

chemical treatments. Pourbaix diagrams were utilized previously to study the behaviors of 

monazite-water systems. Furthermore, they were used in the investigation of recovery and 

recycling of rare earths and other materials. There was no previous work for using Pourbaix 

diagrams to predict the behaviors of bastnasite in aqueous systems. As a result, this work 

aims to utilize Pourbaix diagrams to study the behaviors of bastnasite in the 

hydrometallurgical processing. 
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Chapter 3 

Estimation of the Standard Free Energy of Formation of Bastnasite 

Abstract 

The standard Gibbs free energies of formation (ȹGo
f, 298) of bastnasite, (Ce, La, Nd, 

Pr)FCO3, were estimated using four different methods. The obtained average values were 

-1589.5 kJ/mol for CeFCO3, -1599.5 kJ/mol for LaFCO3, -1589.1 kJ/mol for NdFCO3 and 

-1595.4 kJ/mol for PrFCO3. The value of (ȹG
o
f, 298) of Cerium bastnasite, CeFCO3, was 

used to construct the potential vs. pH (Eh-pH) diagram to investigate the decomposition 

behaviors of cerium bastnasite. The diagram shows that CeFCO3 is stable in neutral to basic 

conditions (pH ~ 6.5 ï 11).  

 

3.1 Introduction 

Bastnasite is one of the most commercially valuable rare earth minerals, and it occurs in 

large deposits in Mountain Pass, California and Bayan Obo, China (Gupta and 

Krishnamurthy, 2005). Four main rare earth elements are found in bastnasite: cerium, 

lanthanum, neodymium, and praseodymium. These four elements constitute about 98% of 

rare earth contents in bastnasite, with small amounts of yttrium, gadolinium, samarium, 

and europium (Gupta and Krishnamurthy, 2005; Jordens et al., 2013). Rare earths are 

technologically critical elements due to their extensive applications in many areas such as 

medicine, defense, electronics and others (Jha, 2014; Habashi, 1997).  

The hydrometallurgical processing of bastnasite is a challenging task because of the very 

similar physical and chemical properties of the rare earth elements that are present in it 

(Gupta and Krishnamurthy, 20015; Habashi, 1997). Hence, there is a continuing search for 
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new techniques to improve the efficiency of extraction and recovery of rare earths from 

their minerals. One of these ways we developed from this laboratory is by using Pourbaix 

diagrams to study the behaviors of hydrometallurgical processing of rare earth minerals. 

Previous work from this laboratory focused on monazite hydrometallurgy (Kim and Osseo-

Asare, 2012). Pourbaix diagrams are known for their usefulness in explaining the stability 

and solubility relations in aqueous systems. Examples of the application of Eh-pH diagrams 

from this laboratory include the heterogeneous equilibria of gold and silver cyanide 

systems (Xue and Osseo-Asare, 1985) and the secondary separation of rare earths (Osseo-

Asare, 1997).  

The thermodynamic data for all species in the particular system are required to construct 

the Eh-pH diagrams. One of the principal challenges in this study is to determine the 

necessary thermodynamic data (standard Gibbs free energy of formation, ȹGof) for 

bastnasite (CeFCO3, LaFCO3, NdFCO3, and PrFCO3).   

The primary objective of this chapter is to estimate the standard Gibbs free energy of 

formation of bastnasite mineral (REFCO3) using four different approaches and to apply the 

estimated values to construct the Eh-pH diagrams for cerium bastnasite system.   

 

3.2 Methods 

Different estimation methods have been used to estimate the standard free energy of 

formation of crystalline materials and minerals (Yoder and Rowand, 2006; Ragavan, 2006; 

Ragavan and Adams, 2011; Sverjensky, 1992; Martins, 2014; Helgeson, 1967). Four 

different methods were used in this study to achieve a reasonable estimation of the ȹGof of 
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REFCO3. Each method has its strengths and limitations as will be discussed later. Table 

3.1 summarizes these methods and their required input data. 

 

Table 3.1: Different methods used to estimate ȹGo
f of REFCO3 

Method Relevant data needed 

Simple thermodynamic approach Kso, ȹG
o
f of RE3+, F- and CO3

2- 

Single salts approach [1] ȹHof, ȹH
o
lattice, S

o of each element and salt 

Linear free energy relationship [2] ȹGon, rM3+, aMvX, bMvX, ɓMvX 

Linear ȹHo
f ï ȹG

o
f relationship [3] ȹGof and ȹH

o
f of several RE salts 

[1] Yoder and Flora, 2005; Yoder and Rowand, 2006 [2] Ragavan, 2006; Ragavan and Adams, 

2011 [3] Martins, 2014 

 

3.2.1 Simple Thermodynamic Approach 

The solubility product (Kso) of synthetic cerium bastnasite (CeFCO3) was used to estimate 

the standard free energy of formation of CeFCO3. Based on the experimental value of Kso 

of CeFCO3 (Pradip et al., 2013; Herrera-Urbina et al., 2013), the free energy of formation 

of CeFCO3 estimated as follows: 

CeFCO3 (s) ź Ce
3+

(aq) + F-
(aq) + CO3

2-
(aq)      (3.1)        

                                                    Kso = 10-16.1 

       Kso = [Ce3+] [F-] [CO3
2-]                         (3.2) 

The Gibbs free energy of the reaction may be expressed as: 

       ȹGr = ȹG
o
r + RTln Kso                            (3.3) 

At equilibrium, ȹGr = 0 so: 

              ȹGor = -RTln Kso                              (3.4) 

which is the standard free energy of the reaction. Thus, 
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ȹGor = - (8.314 J/mol K) (298.15 K) ln (10-16)/ 1000 (J/kJ)               

               = 91.9 kJ/mol  

Then, using the relation between the standard free energy of reaction and the standard free 

energies of formation of each ion (HSC database, 2002), the standard free energy of 

formation of CeFCO3 can be determined. 

ȹGor = ȹG
o
f (Ce3+) + ȹG

o
f (F-) + ȹG

o
f (CO3 2-) - ȹG

o
f (CeFCO3)               (3.5) 

ȹGof (CeFCO3) = ȹGof (Ce3+) + ȹG
o
f (F-) + ȹG

o
f (CO3 2-) - ȹG

o
r                (3.6) 

 

ȹGof (CeFCO3) = (-677.01 kJ/ mol) + (-281.70 kJ/mol) + (-527.91 kJ/mol) ï 91.9 kJ/mol 

Thus, 

ȹGof (CeFCO3) = -1578.5 kJ/mol 

 

3.2.2 Single Salts Approach 

Yoder and Flora (2005) proposed a method to estimate the thermodynamic data of complex 

salts based on their constituent single salts data (Yoder and Flora, 2005; Yoder and 

Rowand; 2006). The major assumption of this approach is that the enthalpy change of 

formation of double salt from mixing single salts is zero. In applying this to bastnasite, 

ȹHof of the cation and anion and ȹHf (Lattice), which is the enthalpy of formation when the 

reactants are in their gaseous state, of REF3 and RE2(CO3)3 were used to calculate ȹH
o
f of 

REF3 and RE2(CO3)3. Furthermore, ȹS
o for the species was calculated from So of each 

element. These data are given in Table 3.2.  

After estimation of ȹHof and ȹS
o, ȹGo

f can be calculated as follows: 

ȹGof = ȹH
o
f - TȹS

o                                      (3.7) 
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where T = 298.15 K. 

Table 3.2: Thermodynamic data used in single salts approach. 

Species ȹHof(kJ/mol) So(J/mol K) 

F2 (g) 0 [1] 202.76 [1] 

F-
(g) -255.39 [1] - 

C(graphite) 0 [1] 5.740 [1] 

O2(g) 0 [1] 205.138 [1] 

CO3
2-

(g) -321.3 [a] - 

Ce (s) 0 [1] 72.0 [1] 

Ce3+
(g) 3970.6 [1] - 

CeF3(s) -1688.913 [2] 115.269 [2] 

Ce2(CO3)3(s) -3406.6 [b] 100.4 [b] 

Ce2O3 -1796.2 [3] - 

La(s) 0 [1] 56.9 [1] 

La3+
(g) 3904.9 [1] - 

LaF3 (s) -1699.541 [2] 106.985 [2] 

La2(CO3)3 (s) -3438.3 [b] 58 [b] 

La2O3 (s) -1793.7 [3] - 

Nd (s) 0 [1] 71.5 

Nd3+
(g) 4050. [1] - 

NdF3 (s) -1679.458 [4] 120.792 [4] 

Nd2(CO3)3 (s) -3408.5 [b] 98 [b] 

Nd2O3 (s) -1807.9 [3] - 

Pr (s) 0 [1] 73.2 [1] 

Pr3+
 (g) 4005.8 [1] - 

PrF3 (s) -1689.081 [4] 121.211 [4] 

Pr2(CO3)3 (s) -3420.8 [b] 98.5 [b] 

 

Using CeFCO3 as an example, the constituent salts are CeF3 and Ce2(CO3)3. The enthalpy 

of CeF3 is estimated as follows: 

Ce(s) + 3/2 F2(g) Ÿ CeF3(s)          ȹHof 

Ce(s) Ÿ Ce
3+

(g) + 3e- ȹHo(cation) = 3970.57 kJ/mol  

3e- + 3/2 F2(g) Ÿ 3F
-
(g) 3ȹHo(anion) = 3(-266.39) kJ/mol 

Ce3+
(g) + 3F-

(g) Ÿ CeF3(s) - ȹHo(lattice) = 4893.31 kJ/mol 

ȹHof = ȹHo
(cation) + 3ȹH

o
(anion) - ȹH

o
(lattice)  ȹHof, CeF3 = -1689.1 kJ/mol 

[1] Wagman et al, 1983, [2] Barin, Part I, 1993, [3] Dean, 1972, [4] Barin, Part II, 1993,[a] calculated 

from ȹHlattice of MgCO3, [b] Estimated. 
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Similarly, the entropy of CeF3 is: 

ȹSoCeF3 = So
CeF3 ï (3/2 So

F2 + So
Ce) = 115.06 J/mol K ï (3/2  202.71 J/mol K + 72.00 J/mol 

K) = -261.1 J/mol K  

Using equivalent methods, the enthalpy and entropy of Ce2(CO3)3 are: 

2Ce(s) + 3 C(graphite) + 9/2 O2 (g) Ÿ Ce2(CO3)3(s)          ȹHof 

2Ce(s) Ÿ 2Ce
3+

(g) + 3e- 2ȹHo(cation) = 2(3970.57) = 11911.7 kJ/mol  

6e- + 3C(graphite) + 9/2 O2 (g) Ÿ 3CO
2-

(g) 3ȹHo(anion) = 3(-321.3) = -963.9 kJ/mol 

2Ce3+
(g) + 3CO3

2-
(g) Ÿ Ce2(CO3)3(s) - ȹHo(lattice) = 10383.9 kJ/mol 

ȹHof = 2ȹHo
(cation) + 3ȹH

o
(anion) - ȹH

o
(lattice)  ȹHof, Ce2(CO3)3 = -3406.6 kJ/mol 

 

ȹSo = So
Ce2(CO3)3 ï (9/2 So

O2 + 3So
C + 2So

Ce) = -984.1 cal/mol 

Based on the thermodynamic data of each constituent salt, the enthalpy and entropy of 

formation of cerium bastnasite were estimated as follows: 

  

ȹHof = 1/3ȹHo
f (CeF3) + 1/3ȹH

o
f (Ce2(CO3)3)  

         = 1/3 (-1689.1 kJ/mol) + 1/3 (-3406.6 kcal/mol) = -1698.7 kcal/mol 

ȹSo = 1/3 (-261.1 J/mol K) + 1/3 (-984.1 J/mol K) = -414.2 J/mol K 

Finally, the free energy of formation of cerium bastnasite is calculated as: 

ȹGof = ȹH
o
f - TȹS

o
 

         = (-1698.7 kJ/mol) ï (298.15 K  -0.4142 J/mol K) = -1575.2 kJ/mol 

Using the approach described above, the ȹGof of various REFCO3 can be estimated.  

 

3.2.3 Linear Free Energy Relationship 

 

Sverjensky and Molling (1992) proposed an empirical linear free energy relationship 

equation to estimate the free energy of formation of divalent crystalline compounds 

(Sverjensky and Molling, 1992). It is based on the free energy of formation of non-solvated 
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ions and their ionic radius of specific coordination number. It was revised for trivalent 

lanthanides by Ragavan (Ragavan, 2006; Ragavan and Adams, 2011) as: 

ȹGof, MvX = aMvX ȹG
o
n, M3+ + bMvX + ɓMvX rM3+ 

where ȹGon, M3+ is Gibbs free energy of nonsolvation of the metal cation and it is the a 

radius based correction of ȹGo
f M3+, the free energy of formation of aqueous metal cation 

M3+ (Sverjensky and Molling, 1992), rM3+ is the Shannon-Prewitt ionic radius for specific 

coordination number, aMvX, bMvX, and ɓMvX are the regression parameters. The parameter a 

can be calculated according to Ragavan (2011) by correlating the ratio of charge to 

coordination number (CN) for X. The parameter ɓ depends on the coordination number, 

but the parameter b is independent of valence or stoichiometry (Ragavan and Adams, 

2011). In cerium bastnasite, M3+ is Ce3+
 and X is assumed to be (FCO3)

3-. For X, the charge 

of carbon is +4, and the coordination number of it is 4 (one F and three oxygens). As a 

result, the charge/CN ratio is 4/4 = 1, and so a = 0.16. The value of ɓ was estimated to be 

26.32 kJ/mol based on the coordination number (= 9) of Ce in bastnasite (Jones et al., 

1996). Since there is no data for (FCO3)
3-, the parameter b is approximated to be the average 

of RE(OH)3 and RE2O3. This approximation gives b = -1728.8 kJ/mol since they have the 

similar crystal structure of bastnasite. The required data for this method are shown in Table 

3.3.  

 

Table 3.3: Data used in the linear free energy relationship approach  

Element ȹGon, M3+ (kJ/mol) [1] rM3+ (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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3.2.4 Linear ȹHo
f ï ȹGof Relationship 

Starting from the linear free energy relationship that proposed by Sverjensky (1992), 

Martins (2014) assumed that there is a linear relationship between ȹHof, MvX  and ȹGof, MvX 

for families of crystalline solids. We have extended his approach for RE crystalline solids 

in order to estimate the free energy of formation of bastnasite. The data used are given in 

Table 3.4. Plotting ȹHo
f vs. ȹG

o
f gives a straight line with R2 = 0.999, and a straight line 

equation that used to estimate ȹGof of REFCO3 species.  

 

Table 3.4: Thermodynamic data used in the linear ȹHof - ȹG
o
f relationship 

Salt ȹHof (kJ/mol) ȹGof (kJ/mol) 

CeAlO3 [1] -1753.51 -1665.31 

CeCrO3 [1] -1540.13 -1451.94 

LaAsO4 [1] -1556.87 -1455.66 

La2(SeO3)3 [2] -2879.43 -2633.83 

CeF3 [1] -1688.91 -1611.88 

LaF3 [1] -1699.54 -1623.78 

NdF3 [3] -1679.46 -1603.58 

PrF3 [3] -1689.08 -1612.48 

La(AsO2)3 [4] -2153.07 -1988.92 

Nd(AsO2)3 [4] -2142.21 -1977.02 

Pr(AsO3)3 [4] -2155.89 -1991.32 

Ce2(SO4)3 [1] -3954.29 -3602.92 

Nd2(SO4)3 [2] -3899.49 -3547.38 

La2(SO4)3 [4] -3941.3 -3595.27 

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

3.3.1 Simple Thermodynamic Approach 

The availability of the 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 CeFCO3. There is no information about the Kso of LaFCO3, NdFCO3 

or PrFCO3. However, by correlating ȹG
o
f of some RE species (RE = La, Nd, and Pr) with 

ȹGof of some Ce species, we can estimate the Gibbs free energy of formation of other 

REFCO3. This correlation is possible because of their similar chemical and structural 

similarity of rare earth compounds. In addition, the difference between ȹGo
f of Ce 

compounds and other RE compounds is linear. The values of ȹGo
f, 298 of selected RE 

compounds are summarized in Table 3.5. 

 

Table 3.5: Standard free energy of formation (ȹGo
f, 298) of some RE species in kJ/mol 

Species Ce La Nd Pr 

RE3+ [1] -677.01 -686.18  -672.13  -680.28  

RECl2+ [1] -810.13 -819.01  -805.55 -813.57 

RECl3 [1] -1068.93 -1077.45 -1063.85 -1072.22 

REF3 [1] -1576.54 -1580.80 -1603.58 -1612.48 

RE(OH)3 [2] -1271.51 -1279.47 -1276.96 -1286.03 

RE2O3 [2] -1706.24 -1705.82 -1721.45 [1] -1720.88 [1] 

RE2(CO3)3 [2] -3113.31 -3141.77 -3114.99 [4] -3125.87 

REPO4 [3] -1840.11 -1848.86 -1837.61 -1848.68 

REFCO3 [5] -1578.6 -1588.6 -1582.8 -1590.8 

[1] HSC database [2] Brookins, 1983 [3] Liu and Byrne, 1997 [4] Schumm et al. 1973 [5] Estimated 
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Analysis of ȹGof,298 of cerium species vs. ȹG
o
f,298 of other RE species (e. g., La) in Figure 

3.1 shows a linear relationship with adjusted-R2 values  0.9999.  

  

Figure 3.1: Relation between ȹGo
f of La compounds vs. ȹGof of Ce compounds 

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

relation: 

ȹGof (La compounds) = 1.0071 ȹGof (Ce compounds) + 1.2027 

From this equation, we can estimate the Gibbs free energy of formation of LaFCO3. The 

ȹGof for other REFCO3 estimated as well by following the same steps. The values of ȹGo
f 

of REFCO3 from this method are shown in Table 3.5. 

The applicability of using Kso to estimate the free energy of formation can be tested for 

cerium monazite, CePO4. Its (log Kso) is -26.27 (Liu and Byrne, 1997). When the same 

calculation is performed, the value of ȹGo
f for CePO4 is -1840.1 kJ/mol. When the linear 
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relationship is used to find the ȹGo
f of LaPO4, the result is -1851.8 kJ/mol for LaPO4 with 

only 2.9 kJ difference if the ȹGo
f was calculated by Kso (-1848.9 kJ/mol). 

The main strengths of this approach are it is very straightforward, and we do not need to 

estimate any thermodynamic data such as ȹHo
f or ȹS

o
f of the species which reduces the 

error in the estimation of ȹGo
f. 

 

3.3.2 Single Salts Approach 

This approach was performed with estimated values of ȹHo
f and ȹS

o for RE2(CO3)3.The 

ȹHof was determined from the linear correlation of different RE salts and ȹSo was 

calculated from the free energy equation after estimating ȹHo
f. Yoder assumes that the 

ȹHmix ~ 0 which simply means ȹHo
f (double salt) = ɆȹH

o
f (single salts). This assumption and the 

estimated values of ȹHo
f and ȹS

o
f for RE2(CO3)3 may propagate the error in the estimation 

of the free energy of formation of bastnasite species.  

The applicability of this approach was tested by the estimation of ȹGo
f of Ca10(PO4)6F2. Its 

literature value of ȹGof is -12982.95 kJ/mol (Dean, 1999). The constitute single salts are 

Ca3(PO4)2 and CaF2. Following the single salts estimation steps in estimating the free 

energy of formation of Ca10(PO4)6F2, the obtained value of ȹG
o
f was -12790.91 kJ/mol 

with less than 1.5% difference from tabulated literature value. All thermodynamic data 

used in this example were taken from Deanôs Handbook (Dean, 1999). 

The strength of this method is its simplicity, specifically when you already have the 

thermodynamic data of constitute single salts. However, its drawback is the assumption of 

no ȹHmix, which may not hold for the different structures of the complex salts and their 
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constitute single salts due to crystal structure differences and stoichiometry. The final 

obtained values of ȹGof of bastnasite species are given in Table 3.6. 

 

3.3.3 Linear Free Energy Relationship 

This method estimates the free energy of formation of isostructural salts and minerals. The 

isostructural solids of bastnasite (i.e. RE(CO3)OH) lack the thermodynamic data. 

Consequently, the regression parameter of these isostructural solids cannot be determined 

by regression. As a result, the regression parameters used were approximated. The 

parameters ñaò and ñɓò were estimated based on the analysis results by Ragavan and 

Adams (2011). In addition, the parameter ñbò was estimated as the average of RE2O3 and 

RE(OH)3 which have similar hexagonal crystal structure of bastnasite (Mullica et al., 1979; 

Ni et al., 1993; Taylor, 1984). The average was taken because ñbò does not depends on the 

valence or stoichiometry of the species (Ragavan and Adams, 2011). The propagation of 

error from all these estimation is the main drawback 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 REFCO3 species are isostructural, so they 

have the same values of regression parameters, and the radius of RE3+ ions and their ȹGon, 

M3+ are similar. The free energies of formation of REFCO3 from this method are given in 

Table 3.6. 

Despite the error involved in this method, it can be used effectively when the 

thermodynamic data of some isostructural compounds are known. The linear free energy 

relationship was the starting point of linear ȹHo
f ï ȹG

o
f relationship that proposed by 

Martins (2014).  
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3.3.4 Linear ȹHo
f ï ȹGof Relationship  

This method is applicable to families of crystalline solids. Martins (2011) correlated many 

solid families to get the linear relationship between ȹHof vs. ȹG
o
f of these families. In our 

approach, we correlated many RE solid families to obtain a linear relationship for RE 

solids. Then we extended this relationship to bastnasite, even though there were no 

isostructural solids of bastnasite used in this relationship. The ȹHof of bastnasite used in 

this relation was obtained from the single salt approach in section 2.3.2. However, the 

advantage of using ȹHof ï ȹG
o
f relationship over single salt approach is that ȹSo is not 

needed which may reduce the propagation of the error. Plotting ȹHo
f vs. ȹG

o
f gave a 

straight line with R2 = 0.999, solving the points with the least square and including the error 

in the slope, and the intercept gave this equation:  

ȹHof = 1.1312 ȹGof,298 + 115.16 

 

Figure 3.2: Relation between ȹHo
f vs. ȹGof of several RE salts 
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Monazite, REPO4, was used as a benchmark to justify the applicability of this method. The 

estimated free energy of formation of monazite using linear ȹHof ï ȹG
o
f relationship 

approach was ~ -1784.9 kJ/mol which is very close (less than 3.5 kJ/com) to the literature 

value of -1781.5 kJ/mol (HSC database). 

The free energies of formation of REFCO3 from this method are given in Table 3.6 with 

all values from the four different methods and the average values. 

Table 3.6: Summary of the estimated values of ȹGo
f of REFCO3 using different methods. 

Method/ 

Compound 

Method 1 

(kJ/mol) 

Method 2 

(kJ/mol) 

Method 3 

(kJ/mol) 

Method 4 

(kJ/mol) 

Average 

(kJ/mol) 

CeFCO3 -1578.6 -1574.9 -1601.6 -1603.7 -1589.5 

LaFCO3 -1588.6 -1587.8 -1603.7 -1615.9 -1599.5 

NdFCO3 -1582.8 -1572.8 -1601.6 -1601.2 -1589.1 

PrFCO3 -1590.8 -1579.5 -1603.3 -1607.5 -1595.4 

 

Instead of choosing specific values, the average values was considered as the obtained 

values because each method showed its applicability to some known literature values. It is 

worth notice that the estimated ȹGof values were close to the ȹGof values derived from 

experimental Kso which gives confidence to the experimental Kso value.  

 

3.3.5 Eh-pH Diagrams and Test of Estimated Data 

In general, all estimation methods give reasonable diagrams for Ce-bastnasite-water 

system. However, the average values were chosen because of the applicability of each 

method. Figure 3.3 and 3.4 show Ce-F-CO3-H2O system using average values with 

different concentrations. The thermodynamic data used in constructing the Eh-pH 

diagrams are shown in Table 3.7. Previous work was done for cerium bastnasite (CeFCO3) 
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behaviors in aqueous systems displays the stability and speciation of CeFCO3 species by 

plotting log [M] vs. pH (Herrera-Urbina et al., 2013). The stability region of CeFCO3 in 

log [M] vs. pH was in good agreement with the stability region of CeFCO3 in Pourbaix 

diagrams that is in the pH range (~6 ï 11) when {Ce} = 10-3 mol/kg. Furthermore, 

Ce2(CO3)3 does not appear in the Eh-pH diagrams which is the same for log[M] vs. pH 

diagram.   

Table 3.7: Thermodynamic data used in Ce-F-CO3-H2O system diagram. 

Species ЎGo f, 298  (kJ/mol)  

H2CO3 

HCO3- 
H2SO4 
HSO4- 
HF 
HF2- 

CO32- 

C2O42- 

F- 

 
Ce(s) 
Ce3+  

Ce4+  

CeO2 
Ce2O3 
CeOH2+  

Ce(OH)3(s) 

Ce(OH)22+  

Ce2(OH)2
4+  

Ce2(OH)26+  

Ce2(OH)35+  

Ce3(OH)5
4+  

Ce(OH)4(s) 
CeF2+  

CeF2+  

CeF4
- 

CeF3(s) 

CeF4(s) 
Ce2(CO3)3(s) 

CeFCO3(s) 

-623.198 [1]  
-586.865 [1]  
-689.916 [1]  
-180.609 [1] 
-296.813 [1]  
-578.087 [1]  
-527.908 [1]  
-673.967 [1]  
-281.705 [1]  
 
  0.000 [1] 
-677.013 [1]  
-508.482 [1] 
-1027.10 [1]  
-1706.24 [2]  
-877.770 [1]  
-1271.52 [2]  
-986.043 [3]  
-1729.71 [3]  
-1514.90 [3]  
-1754.90 [3]  
-3010.37 [3]  
-1428.67 [4] 
-982.713 [1] 
-1281.75 [1] 
-1868.78 [1] 
-1576.54 [1]  
-1753.85 [1]  
-3113.31 [2]  
-1589.5 [5] 

 [1] HSC database, [2] Brookins, 1983, [3] Baes and Mesmer, 1976. [4] Hayes et al., 2002. [5] Estimated 

in this work. 
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Figure 3.3: Ce-F-CO3-H2O system, {Ce} = 10-6 mol/kg, {F} = {C} = 1 .0 mol/kg. 

 

Figure 3.4: Ce-F-CO3-H2O system, {Ce} = {F} = {C} = 10-3 mol/kg. 
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3.4 Conclusions 

In this chapter, the standard free energies of formation (ȹGof) of bastnasite, REFCO3, were 

estimated using four different methods. The four methods gave close values with a small 

difference (  25 kJ/mol) between different methods. The main findings of this work can 

be summarized as follows: 

- The average values were considered because each method show its applicability to 

known literature values of benchmark compounds. These obtained values were -

1589.5 kJ/mol, -1599.5 kcal/mol, -1589.1 kcal/mol and -1595.4 kcal/mol for 

CeFCO3, LaFCO3, NdFCO3 and PrFCO3, respectively.  

- The fact that the estimated ȹGof values were close to the ȹGof value derived from 

Kso gives confidence to the experimental Kso value.  

- Applying the estimated value of CeFCO3 in constructing the Eh-pH diagrams for 

cerium bastnasite aqueous systems show CeFCO3 species with good agreement to 

cerium bastnasite in aqueous system in log [M] vs. pH diagrams (Herrera-Urbina 

et al, 2013). 
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Chapter 4 

Cerium Systems 

Abstract 

Potential vs. pH (Eh-pH) diagrams for Ce-(F)-(CO3)-(SO4)-(Cl)-(NO3)-(C2O4)-H2O 

systems were constructed using the HSC Chemistry 5.0 software. Most of the necessary 

thermodynamic data were taken from the HSC database, others were collected from the 

literature and the ȹGof of CeFCO3 was estimated in Chapter 3. The diagrams for Ce-F-H2O 

system shows a large stability region for insoluble CeF3 (pH ~ -1.5 ï 12). The stability 

domain for Ce2(CO3)3 was revealed by the diagrams of the Ce-CO3-H2O system in pH 

range 4.5 ï 12. The decomposition behaviors of CeFCO3 was studied by the Ce-F-CO3-

H2O system. The stability region of CeFCO3 extends from nearly neutral to basic media 

(pH ~ 6.5 ï 11). The treatment of CeFCO3 with different acids was investigated by 

constructing Eh-pH diagrams for the Ce-F-CO3-(SO4)-(Cl)-(NO3)-H2O systems. 

According to these diagrams, CeFCO3 can be decomposed at pH ~ 6.2 when treated with 

H2SO4 and at pH~2 when treated with HCl and HNO3 acids. Alkaline treatment of CeFCO3 

converts it to Ce(OH)3 at pH ~ 11. The recovery of Ce ions was studied by Ce-C2O4-H2O 

system which shows a wide stability domain for Ce oxalate decahydrate (pH ~ -1 ï 11).  

 

4.1 Introduction 

Cerium is considered as one of the most important and abundant rare earth metals (Habashi, 

1997). It is used widely in many applications such as polishing agents, glass components, 

UV protection, mischmetals and phosphors (Habashi, 1997; Zepf, 2013).  Furthermore, 

cerium compounds have been suggested for use as corrosion inhibitors for aluminum alloys 
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(Hayes et al, 2002) and were considered to replace chromates in corrosion protection 

coatings (Yu et al, 2006). In aqueous systems, cerium ions can be trivalent Ce3+ or 

tetravalent Ce4+.The tetravalent cerium ion is the most stable tetravalent ion of rare earths 

in aqueous media and it has been used extensively as a strong oxidizing agent (Gupta and 

Krishnamurthy, 2005; Baes and Mesmer, 1976). Cerium exists in higher concentration than 

other rare earth elements in the two major rare earth minerals, bastnasite and monazite 

(Habashi, 1997; Gupta and Krishnamurthy, 2005). Cerium oxide constitutes about 50% by 

weight of bastnasite and monazite (Gupta and Krishnamurthy, 2005).  

The hydrometallurgical processing of cerium bastnasite consists of two main steps: 

physical beneficiation and chemical treatment (Gupta and Krishnamurthy, 2005). The 

chemical treatment involves the decomposition of the minerals by concentrated acids or 

concentrated alkaline solutions (Habashi, 1997; Gupta and Krishnamurthy, 2005). The 

subsequent solution purification and rare earth element separation include precipitation, 

ion exchange, and liquid-liquid extraction. (Habashi, 1997; Gupta and Krishnamurthy, 

2005). The liquid-liquid extraction of cerium particularly is done using different ways such 

as extraction using organic and organophosphorus extractants (Urbanski et al, 1990; 

Urbanski et al., 1992; Basualto et al., 2013).  

Bastnasite (REFCO3) is one of the most abundant rare earth minerals and it contains at 

least 45 wt. % of Ce oxide (Gupta and Krishnamurthy, 2005). This makes it one of the 

principal sources of cerium. As a result, improving the efficiency of hydrometallurgical 

and extraction processing of bastnasite is a worthy goal. This reason motivates us to apply 

Eh-pH diagrams to search for improvements in the extraction of cerium from bastnasite 

mineral.  



49 
 

The primary objective of this chapter is to construct the Eh-pH diagrams for Ce-water 

systems at room temperature using the HSC Chemistry 5.1 software (HSC Chemistry, 

2002). The work spans the simple Ce-H2O system to more complex systems of the type 

Ce-F-H2O, Ce-CO3-H2O and Ce-F-CO3-H2O. Finally these diagrams are extended to the 

treatment of bastnasite with acids and alkaline solutions such as H2SO4, HCl, HNO3, 

H2C2O4, and NaOH. 

 

4.2 Methods 

4.2.1 Thermodynamic Data 

Most of the thermodynamic data used in this work were collected from the HSC Chemistry 

software. The rest of the thermodynamic data were taken mostly from the literature, and a 

few were estimated, such as the ȹGo
f,298 of CeFCO3 (See Chapter 3). This combination of 

the thermodynamic data was used to construct the Eh-pH diagrams for various cerium 

systems. Table 4.1 shows the thermodynamic data employed in this work. Some of the 

literature data showed some differences, but the most recent data were used.  
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Table 4.1: Thermodynamic data used for Ce-systems. 

Species ЎGo f, 298  

(kcal/mol)  

Species ЎGo f, 298  

(kcal/mol)  

H2CO3 

HCO3- 

CO32- 

H2SO4 
HSO4- 
SO42- 

HCl 
Cl- 
HF 
HF2- 

F- 

H2C2O4(s) 
HC2O4- 

C2O42- 

HNO3 
Cl2 
NO3- 

 
Ce 
Ce3+  

Ce4+  

CeO2(s) 
Ce2O3(s) 
Ce(OH)22+  

Ce2(OH)24+  

 

-148.948 [1] 
-140.264 [1] 
-126.173 [1] 
-164.894 [1] 
-180.609 [1] 
-177.907 [1] 
-30.404 [1] 
-31.372 [1] 
-70.940 [1] 
-138.166 [1] 
-67.329 [1] 
-172.845 [2] 
-166.965 [1] 
-161.082 [1] 
-24.730 [1] 
1.660 [1] 
-26.489 [1] 
 
  0.000 [1] 
-161.810 [1] 
-121.530 [1] 
-245.483 [1] 
-407.800 [3] 
-235.670 [4] 
-413.410 [4] 
 

Ce2(OH)26+  

Ce2(OH)35+  

Ce3(OH)54+  

Ce(OH)O(s) 

Ce(OH)3(s) 

Ce(OH)4(s) 
CeOH2+  

CeOH3+  

CeF2+  

CeF2+  

CeF4- 

CeF3(s) 

CeF4(s) 
CeCl3(aq) 
CeCl2+  

CeCl2+  

Ce2(CO3)3(s) 

CeNO32+  

CeSO4+  
Ce(SO4)2- 

Ce2(SO4)3(s) 

Ce(SO4)2(s) 

Ce2(SO4)3.8H2O(s) 
CeC2O4+  

Ce(C2O4)2- 

Ce2(C2O4)3.10H2O(s) 

CeFCO3(s) 
 

-362.070 [4] 
-419.430 [4] 
-719.496 [4] 
-239.736 [1] 
-303.900 [3] 
-341.46 [5] 
-209.792 [1] 
-178.580 [4] 
-234.874 [1] 
-306.345 [1] 
-446.649 [1] 
-376.801 [1] 
-419.181 [1] 
-255.481 [1] 
-224.590 [1] 
-193.626 [1] 
-744.100 [3] 
-189.207 [1] 
-344.627 [1] 
-523.878 [1] 
-861.115 [1] 
-506.366 [1] 
-1322.62 [2,6] 
-330.500 [7] 
-228.178 [1] 
-1409.900 [7] 
-379.9 [8] 
 

 

 

 

4.2.2 Hydrometallurgical Processing of Cerium Bastnasite 

Hydrometallurgical processing of cerium bastnasite has been discussed and 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 

[1] HSC database, [2] Dean, 1999. [3] Brookins, 1988, [4] Baes and Mesmer, 1976 [5] Hayes et al, 2002 

[6] Kim and Osseo-Asare, 2012 [7] Wagman et al, 1982 [8] Estimated (Chapter 3). 

 



51 
 

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 nitric acid. 

Concentrated alkali solutions are used in the digestion of bastnasite (Habashi, 1997, Gupta 

and Krishnamurthy, 2005).  

 

4.2.3 Acid Treatment of Cerium Bastnasite 

Three main concentrated acids have been used in the chemical processing of cerium 

bastnasite. Sulfuric acid is the most common, and can be used in many ways. One way is 

to use sulfuric acid after removing CO2 by calcination of bastnasite to dissolve REEs as 

sulfates as represented by Equation 4.1. In another approach, bastnasite is slurried with 

concentrated sulfuric acid to produce RE anhydrous sulfates with driven off gases HF, CO2, 

and SO2 as shown by Equation 4.2. Hydrochloric acid is also used in bastnasite processing 

to separate Ce(IV) from other rare earths. In this process, bastnasite is concentrated to 60% 

followed by calcination and then treated with HCl that dissolves all trivalent RE ions 

leaving Ce4+ as CeO2. HCl can also be used to decompose carbonates. Concentrated nitric 

acid used as well in bastnasite treatment after calcination of bastnasite at temperature 

greater than 600o C (Habashi, 1997; Gupta and Krishnamurthy, 2005). 

2REF3(s) + 3H2SO4(aq)  O  RE2(SO4)3(s) + 6HF(g) 

2REFCO3(s) + 4H2SO4(aq)  O  2%2(SO4)3(s)+ 2HF(g) + 2CO2(g) + SO2(g) + 3H2O(l)                 

(4.1) 

(4.2) 
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4.2.4 Alkali Treatment of Cerium Bastnasite  

Alkaline processing of cerium bastnasite includes  use of concentrated alkaline solutions 

to produce cerium hydroxide (Equation 4.3) that in turn can be treated with acids to produce 

cerium ions in the solution as shown by Equation (4.4) (Habashi, 1997). 

CeFCO3(s) + 3OH- O  Ce(OH)3(s) + F- + CO32- 

Ce(OH)3(s) + 3H+ (aq)  O  #Å3+ (aq)+ 3H2O(l)                 

(4.3) 

(4.4) 

 

 

4.2.5 Chemical Processing of Cerium Bastnasite and the Eh-pH Diagrams 

As mentioned above, bastnasite is a fluorocarbonate of rare earth elements, and our 

objective here is to apply Pourbaix diagrams to cerium bastnasite hydrometallurgy. This 

will require considering multiple Ce systems, such as Ce-H2O systems, Ce-F-H2O systems, 

Ce-CO3-H2O systems and Ce-F-CO3-H2O systems. Furthermore, the investigation of the 

aqueous stability of cerium in hydrometallurgical processing of bastnasite that includes 

acid leaching, needs to be considered by constructing Ce-SO4-H2O systems and Ce-F-CO3-

SO4-H2O systems for H2SO4 acid leaching. The same procedure needs to be followed to 

inspect the behaviors of HCl acid and HNO3 acid leaching processes. The recycling, 

separation and recovery methods of rare earth elements such as precipitation as rare earth 

oxalates can also be represented by Eh-pH diagrams (Chi and Xu, 1999; Osseo-Asare, 

1997). Table 4.2 presents a summary of Eh-pH systems to be constructed and their relation 

to cerium bastnasite hydrometallurgical processing.  

Typically, cerium bastnasite processing involves high-temperature calcination which can 

reach 650 - 700o C (Gupta and Krishnamurthy, 2005; British Geological Survey, 2011), 
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but some studies of dissolution of bastnasite at lower temperatures have been reported such 

as leaching of pre-concentrated bastnasite with H2SO4 and thiourea (Yorukoglu, et al, 

2003) and mechanochemical treatment of bastnasite which involves acid leaching at room 

temperature (Zhang and Saito, 1997). Our objectives here are to initiate this long-term 

research by constructing Eh-pH diagrams at room temperature (25oC). 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 25o C                           Application 

Ce-H2O 

Ce-F- H2O 

Ce-CO3- H2O 

Ce-Cl- H2O 

Ce-SO4- H2O 

Ce-NO3- H2O 

Ce-C2O4- H2O 

Ce-F-CO3- H2O 

Ce-F-CO3-SO4- H2O 

Ce-F-CO3-Cl- H2O 

Ce-F-CO3-NO3- H2O 

Dissolution of Ce oxides with alkali solutions 

Aqueous stability of CeF3 

Aqueous stability of Ce2(CO3)3 

Dissolution of Ce chloride with HCl acid 

Dissolution of Ce sulfate with H2SO4 acid 

Dissolution of Ce nitrate with HNO3 acid 

Recovery of Ce as oxalate precipitate  

Aqueous stability of cerium bastnasite  

H2SO4 acid dissolution of cerium bastnasite 

HCl acid dissolution of cerium bastnasite 

HNO3 acid dissolution of cerium bastnasite 
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4.3 Results and Discussion 

4.3.1 Ce-H2O System 

The Eh-pH diagram for the Ce-H2O system at room temperature was first constructed by 

Pourbaix (1966). However, the continuing updates of the thermodynamic data of the 

aqueous species led to re-construction of the diagrams (Hayes et al., 2002; Yu et al., 2006). 

The recent Eh-pH diagram for the Ce-H2O system that was reconstructed from this 

laboratory shows some difference from Pourbaixôs original and other diagrams (Kim and 

Osseo-Asare, 2012). Figure 4.1a shows the new re-constructed Eh-pH diagram from this 

laboratory and it shows the appearance of a very narrow region of Ce4+ at very low pH at 

{Ce} = 10-3 m. At high concentration ~ 1 m, Ce2(OH)2
6+ appears as shown in Figure 4.1 b. 

This trends is observed due to the extensive hydrolysis of Ce4+ that results from the 

relatively small Ce(IV)/Ce(III) potential. Furthermore, Ce4+ can strongly complexes with 

different oxygen-donor ligands (Baes and Mesmer, 1976). 

Cerium(IV) oxide, CeO2, is known as a good replacement for corrosion inhibitors such as 

chromates (Yu et al., 2006). This property of cerium oxide is explained by its large stability 

area in the Ce-H2O system as a passive region of CeO2 that covers more than half of the 

water stability region. The stability of cerium oxide as a corrosion inhibitor in acid media 

will be discussed later. 
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Figure 4.1: Eh-pH diagrams for Ce-H2O system at 25o C. (a) {Ce} = 10-3 m and (b) {Ce} 

= 1.0 m.  

a 

b 
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4.3.2 Ce-F-H2O System 

In this section, the decomposition behaviors of CeF3 are discussed by constructing Eh-pH 

diagrams for the Ce-F-H2O system. Figure 4.2 shows Eh-pH diagram for the Ce -F-H2O 

system. CeF3 is hard to dissolve in acid, specifically HCl acid (Li et al., 2013). The Eh-pH 

diagrams can show this behavior by the large stability region of solid CeF3 from very acidic 

media (less than pH 1) when the concentration of {F-} is 1 mol/kg. Even when the 

concentration of fluoride is equal to the concentration of Ce, the stability of CeF3 lies in an 

acidic domain (pH ~ 1.5 ï 9). As noted from the Eh-pH diagrams, the CeF3 stability region 

shrinks as the concentration of fluoride decreases. The acid leaching of CeF3 to produce 

Ce3+ proceeds as represented by Equation 4.5. The alkaline treatment of CeF3 produces 

Ce(OH)3, Equation 4.6, which can be treated with acid after that to produce Ce3+ as 

mentioned earlier.   

CeF3(s) + 3H+  P  Ce3+ (aq)  + 3HF(g)    (4.5) 

CeF3(s) + 3OH-  P  Ce(OH)3(s) + 3F-(aq) (4.6) 

Furthermore, the Ce-F-H2O system shows Ce4+ species (i.e. CeF4, CeO4 and Ce4+) which 

helps in selective separation of Ce3+/Ce4+ and other REE. Again, CeO2 showed in large 

stability area in the Ce-F-H2O system as before.  
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Figure 4.2: Eh-pH diagrams for Ce-F-H2O system at 25o C. (a) {Ce} = 10-3 m, {F} = 1.0 m, (b) 

{Ce} = 10-3 m, {F} = 10-3 m. 

a 

b 
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4.3.3 Ce-CO3-H2O System 

The Eh-pH diagrams for Ce-CO3-H2O system were constructed to investigate the stability 

of Ce2(CO3)3 in the hydrometallurgical processing of cerium bastnasite. Furthermore, the 

dissolution of Ce carbonate in acidic and alkaline media can be interpreted using these Eh-

pH diagrams. Figure 4.3 shows Eh-pH diagrams for the Ce-CO3-H2O system.  

Acid leaching of Ce2(CO3)3 can be done using one of these acids; HCl, H2SO4 or HNO3 

(Gupta and Krishnamurthy, 2005; British Geological Survey, 2011; Li et al, 2013; Bian et 

al, 2011). As seen in the Ce-CO3-H2O system, there is a large stability region of Ce(IV) as 

CeO2 and Ce4+, which can help in selective leaching of other RE3+ leaving Ce(IV). As 

observed from the figure, the stability region of Ce2(CO3)3 is shrinking as the concentration 

of carbonate decreases. Cerium carbonate is stable in approximately neutral to basic media 

(pH = ~6 ï 11). Ce2(CO3)3 can be converted to Ce(OH)3 by alkaline treatment according 

to the Equation 4.7. Furthermore, it can be converted to soluble Ce3+ ions by acid leaching 

in order to recover cerium as Ce3+ as represented by Equation 4.8.   

 

Ce2(CO3)3(s) + 6OH-(aq)  P  2Ce(OH)3(s) + 3CO32- (aq)      (4.7) 

Ce2(CO3)3(s) + 6H+ (aq)  P  2Ce3+ (aq) + 3CO2(g) + 3H2O(l)      (4.8) 
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Figure 4.3: Eh-pH diagrams for Ce-CO3-H2O system at 25o C. (a) {Ce} = 10-3 m, {C} = 1.0 m, (b) 

{Ce} = 10-3 m, {C} = 10-3 m. 

a 

b 
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Since most of the species that appeared in Ce-CO3-H2O systems are solid, the primary 

objective of RE hydrometallurgy is to convert these solids to recoverable dissolved species 

(i. e. Ce+3
 or other ionic compounds) in order to recover them or separate them by known 

separating techniques. After converting Ce2(CO3)3 to Ce(OH)3, the later can be leached by 

acid to produce Ce+3 as shown by Equation 4.9.  

Ce(OH)3(s) + 3H+ (aq)  P  Ce3+ (aq) + 3H2O(l)               (4.9) 

 

4.3.4 Ce-F-CO3-H2O System 

After considering Ce-F-H2O and Ce-CO3-H2O systems separately, in this section the 

fluorocarbonate species will be discussed in one system to investigate the stability and the 

dissolution behaviors of cerium bastnasite in alkaline and acid treatments. Figure 4.4 shows 

Eh-pH diagrams for the Ce-CO3-F-H2O system. Cerium bastnasite (CeFCO3) clearly 

appears in the figure and its stability region located in neutral to alkaline conditions (pH ~ 

6 ï 12). On the other hand, Ce2(CO3)3 disappeared from this system which was located in 

the same region of CeFCO3. In cerium bastnasite aqueous system which was represented 

by log [M] vs. pH diagrams, Ce carbonate was disappeared as well (Herrera-Urbina et al., 

2013). As the concentrations of fluoride and carbonate decrease, the stability regions of 

CeF3 decreases while the stability regions of CeFCO3 and Ce(OH)3 increase. The alkaline 

treatments of Ce fluoride and the corresponding reactions were mentioned in section 4.3.2 

while the treatment of cerium bastnasite by concentrated sodium hydroxide is represented 

by Equation 4.10 (Habashi, 1997). 

CeFCO3(s) + 3NaOH(aq)  P  Ce(OH)3(s) + NaF(aq) + Na2CO3(aq)              (4.10)  
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Figure 4.4: Eh-pH diagrams for Ce-

CO3-F-H2O system at 25o C. (a) {Ce} = 

10-3 m, {C}  and {F} = 1.0 m. Continue 

figure next page. 

 

It can be noticed from Figure 4.4 that all present species are solids except for Ce3+ and 

Ce4+. 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 

complexes or dissolved species of REE is one way to increase the dissolution windows of 

RE elements. The treatment of cerium bastnasite with H2SO4, HCl, HNO3 and H2C2O4 will 

introduce their ions as ligands that can complex with cerium ions. Cerium, which constitute 

about half of the contents in bastnasite, can be recovered by oxidizing Ce3+ to Ce4+ after 

treatment of bastnasite with acid (Mioduski et al., 1989).  

The fluorocomplexes were appeared in cerium bastnasite systems, when the concentration 

of Ce is very low (~ 10-6 m) compared to high F concentration (1.0 m). The formation of 

some Ce fluoro complexes is represented by Equations 4.11, 4.12 and 4.13. 

Ce3+ + F- P  CeF2+                                                                        ɼ1    (4.11) 

Ce3+ + 2F- P  CeF2+                                                                     ɼ2 (4.12) 

CeF3 P  Ce3+  + 3F-                                                                       Kso (4.13) 

where ɓi is the overall stability constant for each reaction and Kso  is the solubility product.  

 

a 
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Figure 4.4 (Continue): Eh-pH 

diagrams for Ce-CO3-F-H2O system at 

25o C. (b) {Ce} = 10-3 m, {C}  and {F} 

= 10-3 m, (c) {Ce} = 10-6 m, {C}  and 

{F}  = 1.0 m, (d) {Ce} = 10-6 m, {C} 

and {F} = 10-3 m. 

 

 

 

    

b 

c 

d 
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The solubility (S) of CeF3 can be calculated as a function of [F-], ɓi and Kso according to 

Equation 4.14 (Osseo-Asare, draft).  

Ὓ  ὑ  ρ  ‍  Ὂ ȾὊ  

Figure 4.5 shows log S vs. log [F-] for CeF3. The values of ɓ1, ɓ2 and Kso are 1.35  103, 

8.91  105, and 1.69  10-20, respectively (Itoh et al., 1984; Schijf and Byrne, 1999). It can 

be noted from the figure that the solubility of CeF3 first decreases as [F-] increases until 

reaches a minimum then starts to increase as [F-] increases.  

 

Figure 4.5: A log S vs. log [F-] plot for CeF3(s). 

The formation of such fluorocomplexes of Ce(IV) helps in the extraction of cerium by 

organic extractants such as di(2-ethylhexyl) phosphoric acid (Zhaowu, at al., 2005). The 

Ce-fluoro complexes appear in every Ce fluoro systems when the concentration of cerium 

is very low compared to fluoride concentration.  
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4.3.5 Ce-SO4-H2O System 

Sulfuric acid is the principal acid used in acid leaching of bastnasite in Bayan Obo, China 

(Gupta and Krishnamurthy, 2005). Usually, Ce(OH)3 is treated with sulfuric acid after 

alkaline treatment. The first step in considering the sulfuric acid digestion of cerium 

bastnasite is to construct Eh-pH diagrams for Ce-SO4-H2O at to investigate the dissolution 

behavior of cerium when SO4
2- is introduced to the system. Figure 4.5 represents Eh-pH 

diagram for the Ce-SO4-H2O system. As noted from the diagrams, the introduction of 

sulfate (SO4
2-) as a ligand results in the formation of ionic and solid Ce sulfate which extend 

thier stability regions from acidic to basic conditions (pH ~ -1 ï 8). These stability regions 

are decreased as the concentration of sulfate {SO4
2-} decreases. On the other hand, the 

stability region of Ce(OH)3 decreases as the concentration of sulfate increases. The 

solubility of Ce sulfate complexes Ce2(SO4)3Å8H2O is relatively high at room temperature, 

unlike Ce(OH)3 which is insoluble in water (Haynes, 2014). This property will increase the 

chance to dissolve RE elements in order to recover them. Further details on Ce-SO4-H2O 

system were discussed previously from this laboratory (Kim and Osseo-Asare, 2012). 
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Figure 4.6: Eh-pH diagrams for Ce-SO4-H2O system at 25o C. (a) {Ce} = 0.2 m, {S} = 1.0 m, (b) 

{Ce} = 0.2 m, {S} = 0.1 m (Kim and Osseo-Asare, 2012). 

a 

b 
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4.3.6 Ce-F-CO3-SO4-H2O System 

The decomposition behavior of cerium bastnasite in sulfuric acid solution is explained in 

this section by the constructinon of Eh-pH diagram for the Ce-CO3-F-SO4-H2O systems. 

Sulfuric acid is widely used in the treatment of bastnasite, which converts cerium and other 

rare earths to sulfates with the evolution of carbon dioxide and hydrogen fluoride gasses 

(Gupta and Krishnamurthy, 2005). Furthermore, 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 4.6 represents Eh-pH diagrams for the Ce-CO3-F-SO4-H2O 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 CeSO4
+ and 

Ce(SO4)2
- which increase as the concentration of sulfuric acid increases. Consequently, this 

will reduce the stability regions of CeF3, and it is completely disappeared from Figure 4.6a 

when the concentration of sulfate  1.0 m. This suggests that increasing the concentration 

of sulfuric acid will help in the processing of cerium bastnasite. In addition, the equilibrium 

potential (Eh) of Ce(IV)/Ce(III) decreases when the concentration of sulfate increases as 

shown in the figures. As a result, the oxidation of Ce(III) to Ce(IV) becomes more 

favorable when the concentration of sulfuric acid increases which help in the selective 

separation of Ce(IV) from other rare earth metals (Kim and Osseo-Asare, 2012). On the 

other hand, the stability regions of cerium bastnasite (CeFCO3) and Ce(OH)3 show a slight 

change when the concentration of sulfate changes. It is clearly observed from the figure 

that Ce2(SO4)3 and Ce2(SO4)3Å8H2O are not present.  
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Figure 4.7: Eh-pH diagrams for Ce-CO3-F-SO4-H2O system at 25o C. (a) {Ce} = 10-3 m, {C} = 

10-3 m, {F} = 10-3 m, {S} = 1.0 m, (b) {Ce} = 10-3 m, {C} = 10-3 m, {F} = 10-3 m, {S} = 10-2 m.  

a 

b 
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The possible reactions of this system are represented by Equations 4.15, 4.16 and 4.17. 

CeFCO3(s) + 4H2SO4(aq)  P  2Ce(SO4) -(aq)+ 2HF(g) + 2CO2(g)  + 2H2O(l)  + 2H+            (4.15)  

CeFCO3(s) + H2SO4(aq) + H+  P  CeSO4+ (aq) + HF(g) + CO2(g)  + H2O(l)            (4.16) 

CeF3(s) + H2SO4(aq) +H +  P  CeSO4+ (aq) + 3HF(g)            (4.17) 

Considering CeO2, it has a broad stability region that is slightly affected by the addition of 

sulfuric acid, which makes it a good corrosion resistant as discussed in section 4.3.1. 

Furthermore, CeO2 is widely used in other applications such as insulators and polishing 

materials. Synthesis of CeO2 can be achieved by many ways, one of them was discussed 

by Brigante and Schulz (2012) who used Ce(SO4)2 as the precursor in alkaline media. 

According to the Eh-pH diagrams in Figure 4.6, CeO2 can be synthesized from Ce(SO4)2 

by alkaline treatment as represented by Equation 4.18. 

Ce(SO4)4(s) + 4OH-(aq)  P  CeO2 (s) + 2SO42-(aq) +2H 2O(l)               (4.18)  
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4.3.7 Ce-Cl-H2O System 

The second most important acid used in the chemical treatment of cerium bastnasite is 

hydrochloric acid. This acid has been used in the decomposition step of 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, 1997; British 

Geological Survey, 2011). To investigate and study the HCl acid dissolution when used in 

cerium bastnasite processing, it is good to start with constructing Eh-pH diagrams for the 

Ce-Cl-H2O system. Figure 4.7 shows Eh-pH diagrams for the Ce-Cl-H2O systems. In the 

figure, Ce chloride species are stable in the acidic media and cover the regions that 

originally covered by Ce3+ in Ce-H2O systems. The number of chloride species increases 

as the concentration of chloride increases and the aqueous CeCl3(a) and CeCl2
+ does not 

present unless the concentration of chloride is 3 m or more. However, the stability region 

of Ce(OH)3 is not affected by the introduction of chloride in these systems but it helps in 

the dissolution of Ce(OH)3, CeF3 and CeFCO3 as will be discussed in the following section. 

The results from this section suggest that, HCl acid need to be concentrated in order to use 

it in acid leaching in cerium bastnasite processing. The dissolution of Ce(OH)3 by HCl can 

be represented by Equation 4.19 (Habashi, 1997). 

Ce(OH)3(s) + 3HCl(aq)  P  CeCl3(aq) + 3H2O(l)             (4.19)  
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Figure 4.8: Eh-pH diagrams for Ce-Cl-

H2O system at 25o C. (a) {Ce} = 10-3 m, 

{Cl } = 1.0 m, (b) {Ce} = 10-3 m, {Cl} = 

0.1 m, (c) {Ce} = 10-3 m, {Cl} = 3 m. 

 

 

 

 

 a 

b 

c 
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4.3.8 Ce-F-CO3-Cl-H2O System 

The decomposition behavior of cerium bastnasite by hydrochloric acid will be discussed 

in this section. As discussed in the Ce-CO3-F-SO4-H2O system, the Ce-CO3-F-Cl-H2O 

systems will be discussed here without considering Ce-CO3-Cl-H2O or Ce-F-Cl-H2O 

systems separately. Figure 4.8 represents Eh-pH diagrams for the Ce-CO3-F-Cl-H2O 

system. There are no much differences in the behavior of Ce from what has been discussed 

in the previous section. Cerium chloride species are only stable in the Ce3+ stability 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 CeF3 and CeFCO3 show very slight difference whether the concentration of HCl 

acid is low or high. Again, Ce chloride species disappeared when the concentration of HCl 

is  0.1 m and the aqueous species CeCl3 appears when the concentration of HCl is  3.0 

m. The overall trends in Ce-chloride systems are the same as in Ce-sulfate systems but the 

sulfate have shown large stability regions compared to chloride which suggests that sulfuric 

acid is more efficient to use in cerium bastnasite leaching instead of hydrochloric acid. The 

decomposition of cerium bastnasite by hydrochloric acid proceeds according to Equation 

4.20 (Habashi, 1997).  

3CeFCO3(s) + 6HCl(aq)  P  2CeCl3(aq) + CeF3(s) + 3CO2(g) + 3H2O(l)              (4.20)  

This equation represented in the diagrams, adding acid to cerium bastnasite convert it to 

CeF3 and CeCl3 in acidic media.  
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Figure 4.9: Eh-pH diagrams for Ce-CO3-

F-Cl-H2O system at 25o C. (a) {Ce} = 10-

3 m, {C} = 10-3m, {F} = 10-3 m, {Cl} = 

1.0 m, (b) {Ce} = 10-3 m, {C} = 10-3m, 

{F} = 10-3 m, {Cl} = 0.1 m, (c) {Ce} = 

10-3 m, {C} = 10-3m, {F} = 10-3 m, {Cl} 

= 3 m. 

 

 

 

 

 a 

 b 
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