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Abstract 

Separation of rare earth elements (REE) is often achieved by acid leaching of mineral 

concentrates followed by subsequent solvent extraction, to produce individual rare earth metals. 

Cerium, the most abundant of these elements, is usually the largest component of commercial 

ores. Demand for less prevalent REE, such as neodymium and dysprosium; have led to a market 

saturation and price collapse of cerium. One method of improving the economics of REE 

separation is to remove cerium from solution prior to solvent extraction. This is accomplished 

via the oxidation of cerium (III) to cerium (IV), which precipitates as cerium hydroxides. In 

general this process is undertaken at basic pH, however this requires large quantities of base to 

raise the solution of leach liquors to levels suitable for these processes. Oxidation in acidic 

solutions would allow for savings on reagents as well as lower water use, increasing the financial 

viability and environmental profile of rare earth purification processes. This study probes the 

efficacy of four oxidants; hydrogen peroxide, sodium hypochlorite, potassium permanganate, 

and Caro’s (peroxymonosulfuric) acid in this endeavor. Cerium oxidation was tested using these 

oxidants at varying stoichiometry, a pH range of 1.0 to 4.0, temperatures of 25, 45, and 65 °C, 

varying cerium concentrations, and in the presence of other REE. Kinetic constants were 

calculated from time-sampled data. 99.9% cerium removal is achievable using potassium 

permanganate and Caro’s acid in the absence of other REE. The greatest cerium removal, 98.4%, 

was achieved using permanganate in multi REE solutions leaving a product with a cerium to 

total REE (Ce/TREE) quiotient of 0.62. Varying levels of cerium removal were achieved with 

lower selectivity using the other oxidants. To investigate adsorption of other REE to cerium, 

adsorption isotherms of neodymium and terbium were created using ceric hydroxide and fitted to 

the Langmuir and Freundlich isotherms. The cerium solids produces were examined using 
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transmission electron microscopy, scanning electron microscopy, thermogravemetric analysis, 

and x-ray diffraction to gain a better understanding of their form. 
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Chapter 1 

Introduction 

1.1 General Overview 

The purpose of this thesis is to investigate a process for oxidizing cerium in hydrochloric 

acid solutions. In this study four oxidants, sodium hypochlorite, hydrogen peroxide, 

potassium permanganate, and Caro’s acid, were used to oxidize aqueous cerium to 

produce precipitates with varying success. This process was researched as an alternative 

to temperature based oxidation processes that are most commonly used in industry 

(Gupta and Krishnamurthy, 2005). 

Cerium is the most common rare earth element and it is commonly the largest constituent 

of REE ores. REE are found together in fluorocarbonate and phosphate ores due to their 

similar atomic radii and ability to substitute each other in mineral structures. The 

presence of all the REE in one orebody creates a challenge when trying to separate and 

purify individual rare earth elements into metals or compounds for economic use. As the 

largest fraction of these ores, cerium is overproduced by industry in an effort to meet 

demand for less abundant REE that are required for manufacturing technological goods. 

Excess production of cerium caused extremely low prices for cerium relative to most 

other REE (KOMIS, 2018). Therefore, cerium production is achieved at a net cost to the 

producer and must be offset by the sale of other REE.  

All REE possess unique chemical, physical, and optical properties that often make them 

necessary components of modern technology. These unique properties are a result of the 

presence of electrons in the f-orbital, which does not occur in elements other than those 
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of the lanthanide or actinide series. Most REE have trivalent ionic configurations, 

however, cerium can be oxidized to the tetravalent configuration. In tetravalent form 

cerium tends to form compounds with very low solubility (Li et al., 2004), facilitating 

separation from leach solutions containing multiple REE.  

In industry, separation of cerium is an energy intensive process that involves heating the 

REE concentrate to facilitate oxidation by oxygen from air. Cerium will also oxidize 

readily in solution at pH higher than 5.5 (Yu et al., 2006), requiring large amounts of 

basic reagents to raise the pH of acidic leach solutions. It is hypothesized that cerium can 

be oxidized in acidic solutions using strong oxidants, requiring lower amounts of energy 

and reagents than current industrial processes. This thesis investigates the viability of the 

four oxidants to oxidize cerium to the tetravalent state as well as the co-precipitation of 

other REE in hydrochloric acid solutions.  

1.2 Research Objectives 

The main objective of this research is to establish the viability and efficiency of cerium 

oxidation in acidic solutions. Topics studied include the kinetics of cerium oxidation, 

valence states of cerium in oxidation precipitates, co-precipitation of other REE in the 

cerium oxidation process, adsorption of REE to cerium during cerium oxidation, and 

morphology tetravalent cerium precipitates. 

1.3 Thesis Organization 

This thesis is divided into six chapters. Chapter 1 comprises this general introduction into 

the topic and outlines the significance and demand for the research conducted. 
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Chapter 2 is a literature review designed to give an understanding of the context in which 

selective cerium oxidation is used by and its importance to the REE industry. Topics in 

Chapter 2 include: the rare earth elements, sources of REE, REE markets and politics, 

cerium chemistry, cerium processing including concentrate preparation and metallurgy, 

and selective cerium oxidation including methods from industry and literature.  

Chapter 3 describes the experimental methods used when conducting the research in the 

study. Preparation of materials, experimental design, and analytical methods are 

described.  

Chapter 4 presents the results of cerium oxidation tests in hydrochloric acid solutions as 

well as a study on the kinetics of these reactions. Chemical reactions used to design the 

tests are presented as well as the results of changing the parameters of the oxidation 

reaction.  

Chapter 5 shows the results of cerium oxidation reaction tests in hydrochloric acid 

solutions containing other LREE and HREE. Adsorption tests were conducted to probe 

the cause of co-precipitation of other REE with oxidized cerium and the results are 

presented in the section. 

Chapter 6 presents analysis on the solid precipitate residues produced in cerium oxidation 

tests. XRD, TGA, and SEM was conducted on the solids produced in these tests to gain 

some inference on their chemical structure. Emphasis was placed on precipitates from 

oxidation tests containing cerium only. 

Chapter 7 contains concluding remarks on the findings presented in this thesis as well as 

recommendations for future studies in this area.  
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Chapter 2 

Literature Review 

2.1 Introduction 

The rare earth elements (REE) are a group of elements composed of the lanthanides, 

yttrium, and scandium. Various REE possess chemical, optical, and magnetic properties 

that have led to many advances in technology production, material science, and the 

miniaturization of computing devices. In many cases, they cannot be substituted for other 

materials without compromising function (Dunn et al., 2015). Analysts anticipate that 

demand will grow from the approximately 160 Mt consumed in 2016 to approximately 

double that figure in 2025; with a potentially accelerated rate of growth after 2020 

depending on the rate of adoption of electric vehicles and green technology (Adamas 

Intelligence, 2016).  

The natural abundance of REE decreases with increasing atomic number (Z), and 

conforms to the Oddo-Harkins rule, which states that elements with an even Z have a 

greater abundance than those with an odd Z. The series is divided into heavy rare earths 

(HREE) and light rare earths (LREE) by regulators to distinguish between the more 

abundant LREE and scarce HREE resources. REE occur together in ores at different 

ratios depending on the deposit (Gupta and Krishnamurthy, 2005). Xenotime and Chinese 

ion adsorbed clay deposits are composed primarily of HREE and yttrium, whereas the 

minerals monazite and bastnaesite are LREE based (Haxel et al, 2002; Parker and 

Baroch, 1971). LREE ores are also referred to as ‘cerium group’ ores due to their high 

cerium content. Other common constituents of REE deposits are iron and small amounts 

of Th and U, which pose challenges to processors (Ragheb, 2010). Thorium is present in 
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relatively high concentrations in Canadian REE deposits, leading to difficulty meeting 

disposal and transportation regulations (Standing Committee on Natural Resources, 

2014). 

Cerium is too reactive for most practical uses in its pure solid form, and is therefore used 

primarily in automotive catalysis, metallurgical alloying, ceramics, polishing, and 

mischmetal (the sparking alloy used in flints) production (Nechaev et al., 2014; 

Binnemans et al., 2013). The excess supply and low price of the metal has encouraged 

researchers to develop new applications for cerium in recent decades, such as the cerium-

zinc redox flow battery (Walsh et al., 2014), hydrogen production via water splitting 

(Abanades and Flamant, 2006), UV adsorption, and cerium oxide based coatings for 

various other applications (Castano et al., 2015). Despite continued efforts, cerium 

remains a marginally understood and underutilized commodity.  

As demand for REE continues to grow with the global adoption of technology, the issue 

of excess cerium production will continue to grow exponentially. Reducing the cost of 

cerium separation an important factor in increasing the economic viability of REE 

extraction projects (Zepf, 2016; Standing Committee on Natural Resources, 2014) 

2.1.1 Rare Earth Elements 

Contrary to their name, REEs are not particularly rare on earth, the rarest of all 

(Lutetium) being approximately two hundred times more prevalent than gold (Haxel et 

al., 2002). They are however difficult to find in concentrations that can be extracted and 

concentrated economically. Two trends control the abundance of each element; the Oddo-

Harkins rule and the lanthanide contraction. The Oddo-Harkins rule states that atoms of 

an even atomic number tend to be more common in the universe and earths crust (Parak, 
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1973). The Lanthanide contraction describes the decrease in ionic radius with increasing 

atomic number among the lanthanides but not other elements. This is due to the shielding 

effect of the f – shell in atoms, which produces less repulsion towards the nucleus than 

most other atoms. As a result, there is less change in ionic radius between the lanthanides 

than other families of the periodic table (Shwartz and Wang, 1995). The similarity in 

ionic radius makes these metals interchangeable in mineral form and very difficult to 

predict in deposits (Xie et al., 2014). This similarity in ionic radius also makes the 

elements behave similarly in solution, making them very difficult to separate efficiently.  

Rare earth metals are used in pure, alloyed, and oxide form in many processes necessary 

to modern technology. The largest uses are in the manufacture of high powered magnets, 

radar, industrial catalysts, rechargeable batteries, glass polishing, defense technology, and 

light emitting phosphors. Figure 1-1 shows global consumption of REE by industry 

sector. 

 

Figure 2-1: Worldwide use of REEs, 2014 (Standing Committee of Natural Resources, 2014) 
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The LREEs have a wide range of uses, however their greater abundance has ensured that 

they remain much less expensive than the heavy REEs. Common industrial uses of LREE 

and yttrium are given in Table 1 (Humphries, 2013; Goonan, 2011). 

Table 2-1: Industrial Uses of LREE and Yttrium. 

Metal  

(Most to least prevalent) 

Industrial Uses 

Cerium Automotive catalysis, mischmetal alloy (50%) – Flint for 

lighters, fuel stabilizer, polishing abrasive, UV laser, 

self-cleaning oven liner, metal alloys 

Lanthanum Nickel-Metal Hydride batteries, hydrogen fuel cell, 

mischmetal alloy (20%) – flint for lighters, carbon arc 

electrodes, petroleum refining, metal alloys, medical 

tracer 

Yttrium Red phosphors, radar filters, metal alloys, ceramics, 

lasers, LEDs, 

Neodymium Nd-Fe-B magnets – used in hard drives, electric motors, 

green lasers, UV protective glass, chemical catalysis 

Praseodymium Magnets, metal alloys, pigments, infrared protective 

glass, carbon arc electrodes 

 

HREEs are needed for many green technologies such as permanent magnets used in 

electric car and motors and wind turbine generators, lasers, x-ray units, phosphors, and 

critical defense items (Humphries, 2013). They occur in smaller concentrations in cerium 

group minerals and are usually recovered in small quantities. In the future the ability to 

produce HREEs will become of increasing importance to national security (Standing 

Committee on Natural Resources, 2014). 
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2.1.2 Sources of REE 

Table 1 depicts the relative distributions of REE in prominent REE processing facilities 

(Li and Yang, 2014; Ring et al, 1993). The major REE bearing mineral at the Bayan Obo 

and Mountain Pass mines is bastnaesite, at Mt. Weld it is a mixture of monazite and 

apatite (Lottermoser, 1990). 

Table 2-2: Distribution of constituent elements in REE fraction of various ores. 

Source CeO2 

(%) 

La2O3 

(%) 

Nd2O3 

(%) 

Pr6O11 

(%) 

Other 

LREE 

(%) 

Heavy 

REE’s + Y 

(%) 

ThO2 

(%) 

Chinese 

(Bayan Obo) 

50 25 17 4 2.4 0.3 0.5 

California 

(Mtn. Pass) 

49.4 32 13 4.2 1.15 0.135 0.5 

Australia (Mt. 

Weld) 

47.7 24.9 18 5.2 3.95 0.25 1.5 

Ion Adsorbed  3 – 7 31 – 40 26 – 35 7 – 11 8.5 – 14.5  13 – 16 N/A 

 

2.1.2.1 Bastnaesite 

Bastnaesite is a rare earth fluorocarbonate mineral with the formula (RE)CO3F, the RE 

term is interchangeably filled by cerium, lanthanum, or yttrium. The minerals also 

contain smaller amounts of praseodymium, neodymium, samarium, gadolinium, and 

thorium (Herrera-Urbina et al., 2013; Pradip and Fuerstenau, 2013). Combined rare earth 

elements constitute approximately 67 – 73% of bastnaesite by weight. Bastnaesite is 

typically found in pegmatites, alkali granites, carbonatites, and hydrothermal deposits 

(Bulatovic, 2010). 

Currently bastnaesite is the primary source of REE metals in the world, largely due to the 

commissioning of several large bastnaesite mines in the 1970’s. The Mountain Pass mine 
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in California was the first mine to start this trend, followed soon after by Bayan Obo in 

China’s Inner Mongolia region (Gupta and Krishnamurthy, 2005). Other large bastnaesite 

deposits are mined in the Sichuan province of northwest China and Shandong province of 

eastern China. Bayan Obo’s production accounted for 45% of world REO output in 2005 

and combined Chinese production accounted for 95% of world production in the same 

year (Jordans, 2013). Bayan Obo was opened in 1927 as an iron mine and did not begin 

to produce REEs until the late 80’s at any large scale. Mountain Pass was the world’s 

main producer of REEs from its commissioning until it was closed due to environmental 

concerns in 2002 (Pradip and Fuerstenau, 2013). The plant at Mountain Pass was re-

opened in late 2012 and operated until late 2015. However, due to the bankruptcy of its 

owner Molycorp the mine is no longer in operation and was purchased in 2017 by MP 

Mine Operations LL., a Chinese led consortium. (Topf, 2017). Many bastnaesite deposits 

have been identified that are not in production currently. Countries with indicated or 

verified resources include Canada, China, U.S.A., Turkey, Norway, Russia, and many 

Balkan countries (Bulatovic, 2010). 

2.1.2.2 Monazite 

Monazite is a rare earth phosphate mineral with the formula (RE)PO4. Not unlike the case 

with bastnaesite, the (RE) term in monazite can be filled by cerium, lanthanum, 

neodymium or thorium. Also containing trace concentrations of samarium and 

gadolinium, the ore contains approximately 70% REO by weight (Gupta and 

Krishnamurthi, 1992, 2005).  Monazite is found worldwide in granites, pegmatites, 

carbonatites, syenites, and volcanoclastic rocks. It occurs in the presence of bastnaesite in 
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many deposits (Zhang and Edwards, 2012). Common gangue minerals include apatite, 

silica, zircon, and rutile, and pyrochlore (Bulatovic, 2010). 

Monazite is primarily extracted from the beach sand type deposits all over the world. 

Countries that produce or have produced REEs from monazite sands include China, 

Egypt, Brazil, Australia, USA, Thailand, Malaysia, and India (Bulatovic, 2010; Gupta 

and Krishnamurthy, 2005; Moustafa & Abdelfattah, 2010). These deposits tend to be 

smaller in scale and require flowsheets designed for the areas specific mineralogy.  

Monazite is mined in ores that contain mixtures of monazite and the other major REE 

minerals. The Mt. Weld mine in Western Australia is approximately 20% monazite 

mixed with Xenotime and other REE (Chan, 1991; Gong and Warren, 1991). The 

Mountain Pass and Bayan Obo mines also contain significant amounts of Monazite. The 

Bayan Obo deposit is approximately 6% REO before processing and contains bastnaesite 

and monazite in a proportion of 7:3 (Zhi and Yang, 2014).  

2.1.2.3 Other Sources of REE 

Another source of REE resources is Xenotime, a yttrium phosphate with approximately 

50% HREE by weight (Gupta and Krishnamurthy, 1992). Xenotime is usually found 

alongside monazite in concentrations that are much lower than the surrounding monazite, 

and is therefore typically a by-product of monazite processing (Cheng et al., 1994). This 

mineral has not been found in stand alone deposits of economic value and therefore has 

received less attention from researchers.  

Another major source of REE ore, particularly the HREE, is called the Weathered Crust 

Elution Deposited REE ore or Ion Adsorbed REE ore. This deposit is located in southeast 

China’s Jianxi province (Zhi and Yang, 2014). This deposit was formed over millions of 
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years by the weathering of nearby granites and carbonatites that accumulated into a 

shallow fine grained clays, containing 0.05 – 0.5% REE by weight. The REE particles are 

found as hydrated ions that are adsorbed to the clay particles and do not respond well to 

physical concentration techniques (Moldoveanu and Papangelakis, 2013). This deposit is 

the worlds largest source of HREE and is process via hydrometallurgical methods (Zhi 

and Yang, 2014).  

2.2 REE Market and Politics 

Demand for REE is very small relative to the global mining industry, with consumption 

global consumption by industry estimated to be 160 Mt in 2016 (Adamas Intelligence, 

2016). Global mining production was 130 Mt in 2017, with the remainder of REE used in 

industry coming from previously mined stockpiles (USGS, 2018). Demand for REE is 

driven by technological advancement, the miniaturization of devices, and the adoption of 

green technology (one of the largest uses). Over the past five years, demand has stagnated 

in response to perceived supply and price risk to technology manufacturers. In addition, 

some alternative technologies are competing for the same markets (Adamas Intelligence, 

2016). 

Until the mid 1990’s, the USA produced the majority of rare earth metals (REMs), 

mostly sourced from the Mountain Pass mine in California. However, due to a 

combination of market dynamics and regulations, China has dominated the market for the 

last two decades. The largest Chinese REE mine, Bayan Obo, produces rare earth (RE) 

concentrate as a by-product of iron mining. This decreases the relative production costs 

(Gupta and Krishnamurthy, 2005). This mine alone represents fifty percent of global 

bastnaesite production (Zhi and Yang, 2014). The Chinese government recognized the 
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importance of the primary REE industry and began sponsoring it in 1986 under Program 

863 and later Program 973 in 1997, with a stated goal of creating a strategic edge in the 

REE industry. With the commissioning of other large mines and accelerations in demand 

of high-tech products requiring REM, China accounted for >85% of world production by 

early years of the new millennium (Mancheri, 2016). Considering the continued 

acceleration in demand for electronics and green technology, these factors present the 

west with a looming supply risk of these critical metals. 

Since 2010, the REE market has been tumultuous. Chinese export restrictions caused 

rapid price increases, followed by a dramatic drop in prices due to a lifting of these 

restrictions and increasing supply (Zepf, 2016). This has left western producers that 

entered the market in the last decade in a poor financial position, culminating in 

bankruptcy for Molycorp in 2015 (Miller and Zheng, 2015). A Chinese led consortium of 

companies purchased the Mountain Pass property in June 2017 (Brickley, 2017). The last 

major REE producer operating outside of China is Lynas Corp., of Australia (Mancheri, 

2016). The low price of LREE metals like cerium, combined with the balance problem 

has culminated in a large barrier to entry for potential miners of LREE dominant deposits 

as well as a large incentive to lower the unit costs of cerium removal.  

Monazite and bastnaesite deposits constitute the majority of world production, leading to 

a large excess of cerium relative to world demand (Zepf, 2016). Cerium is the lowest 

value REE, with prices many orders of magnitude lower than the HREE (KOMIS, 2018). 

The ratio of light to heavy REE in deposits has led to a phenomenon referred to as the 

balance problem; to produce one tonne of europium oxide from a bastnaesite ore 450 

tonnes of cerium oxide and 465.4 tonnes of other rare earth oxides (REO) must be 
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processed as well (Binnemans et al., 2013). This means that any push to increase 

production and access the value of the HREE metals will drive down the value of the 

LREE metals leading to diminishing returns for the operator (Zepf, 2016). This is 

exemplified by the striking difference between REE consumption compared to value in 

the year 2015, shown in Figure 2-2 (Argus Metal Pages, 2015). 

 

Figure 2-2: REE product consumption by volume and value in 2015 (Argus Metal Pages, 

2015). 

2.3 Cerium Chemistry 

Cerium is the second lightest of the rare earth elements after lanthanum and has an 

electron configuration of [Xe]4f15d16s2. Cerium is unique among the rare earth elements 

in its redox chemistry, with the possibility of donating its 4f1 electron and becoming 

tetravalent (Trovarelli, 2002). Trivalent cerium compounds are soluble in hydrochloric, 
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nitric, and sulfuric acid solutions (Gupta and Krishnamurthy, 2005). When in the 

tetravalent state, cerium compounds have a much lower solubility than the trivalent 

compounds, facilitating separation via selective precipitation or selective dissolution 

(Morais et al., 2003; Meites, 1963). The low solubility of tetravalent cerium compounds 

is the most important factor in processes designed to separate cerium from other REE. 

The oxidation of cerium (III) to (IV) will initiate readily with exposure to air bubbles in 

alkaline environments, however in acidic solutions cerium can be oxidized using strong 

oxidizing agents (Morais and Abreu, 2010). An Eh-pH diagram of the Ce-H2O2 system, 

produced using HSC Chemistry software is shown in Figure 2-3. This diagram shows that 

tetravalent cerium, ceric oxide (CeO2) in this system, will be produced with exposure to 

oxygen in aqueous solutions around pH 6 in most cases. However, this oxidation is 

possible at lower pH if the reduction potential of the solution is increased by electrical or 

chemical means at lower pH.  

 

Figure 2-3: Eh-pH diagram of the Ce-H2O-H2O2 system at 25 ºC, 1 bar, 1 M Ce. 
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Ceric oxide is an important compound in cerium separation processes, it is a stable 

compound and will only dissolve in acidic solution in the presence of reducing agents to 

produce Ce(III) solutions (Gupta and Krishnamurthy, 2005). This is the principle upon 

which cerium separation processes operate, given that the other lanthanides will remain 

trivalent and have much greater solubility than the ceric oxide. Ceric oxide is produced in 

a hydrated form when precipitated from solutions, and in some cases the precipitate will 

form as ceric hydroxide (Ce(OH)4) (Morais et al, 2003). The low solubility of tetravalent 

cerium compounds in aqueous solutions causes supersaturation to occur at low 

concentrations of Cerium (IV), causing precipitation of cerium to occur as cerium is 

oxidized (Li et al., 2004). These compounds are converted to ceric oxide at elevated 

temperatures.  

Solid cerium oxide will be reduced to Ce2O3 at elevated temperatures, with various 

intermediate species (CeO2-x) occurring before the trivalent Ce2O3 is obtained (Abanades 

and Flamant, 2006). The reduction of ceric oxide will occur at lower temperatures in the 

presence of reducing agents. This quality makes ceric oxide a good oxygen source in 

catalysis processes such as the reduction of NOx to N2 in three way automotive catalysis 

(Mullins, 2015). Ceric oxide has a high adsorptive capacity for many compounds 

including H2, H, O2, H2O, CO, CO2, NOx, SO2, and metal ions. (Mullins, 2015). The non-

stoichiometric mixtures of cerium oxide solids (CeO2-x) have unusually high ion 

mobilities due to vacancies in the lattice structure (Trovarelli, 2002).  

The other cerium compound that is important in these tests is the cerium double sulfate 

salt, NaCe(SO4)2·H2O, a trivalent REE compound that will precipitate in solutions 

containing high concentrations of sulphate and sodium ions. Double sulphates of all rare 
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earths will form under these conditions, with the LREE double sulphates having a lower 

solubility than HREE sulphates (Kul et al., 2008; Loshkin et al., 2005). 

2.4 Cerium Processing 

There are few REE processing plants operating due to the smaller size of the world 

market and the control of said market by consolidated Chinese state enterprises. Until its 

closure, Mountain Pass was a significant producer of REE concentrates, but now Lynas 

corporation is the only company that produces significant amounts of REE concentrates 

outside of the Chinese market. Due to language barriers and industry secrecy, data on 

Chinese operations is often outdated or incomplete.  

2.4.1 Mineral Processing 

After mining, the most common upgrading method used on REE ores is flotation 

(Bulatovic, 2010). In some cases, such as in beach sand processing operations the REE 

bearing sand will be leached directly, however these operations make up a minority of 

REE processing (Gupta and Krishnamurthy, 2005). Due to the complex makeup of each 

REE orebody, the mineral processing flowsheet will be tailored to each processing 

operation. Most REE flotation circuits produce a concentrate containing 60 – 70% REO 

that is then sold as a mixed REE product or sent to the metallurgical plant (Gupta or 

Krishnamurthy, 2005). 

An example of a bastnaesite-monazite ore flotation circuit from the mountain pass 

concentrator is shown in Figure 2-4. First the ore is ground to a P80 of 56 µm using a jaw 

crusher, cone crusher circuit followed by a rod – ball mill circuit (Bulatovic, 2010; Pradip 

& Fuerstenau, 1991). The flotation feed undergoes six conditioning stages prior to 

flotation, with every other stage consisting of thermal conditioning with steam. First, it is 
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conditioned with sodium carbonate, sodium fluorosilicate, and steam to adjust pH. This is 

flowed by addition of Weslig, a lignin sulphonate that will act to depress barite and 

calcite, the two main gangue minerals (Bulatovic, 2010). The final stage is addition of the 

collector, a tall oil fatty acid called P25A. Prior to entering roughers the pulp is 

approximately pH 8.8, 35% solids, and 80°C (Pradip & Fuerstenau, 2013). Rougher 

concentrate is approximately 30% REO and is upgraded to approximately 60 - 65% after 

cleaning at 50% solids (Pradip & Fuerstenau, 2013). Recovery ranges from 65 – 70% 

total REO (Bulatovic, 2010).  

 

Figure 2-4: Mountain Pass flotation flowsheet (Bulatovic, 2010). 

2.4.2 Extractive Metallurgy 
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The metallurgical extraction and purification of REE is unique to each processor, with 

some operations being purely hydrometallurgy based and some having a mix of pyro and 

hydrometallurgical methods (Gupta and Krishnamurthy, 2005). The end stages of REE 

process all utilize solvent extraction to separate the individual REE (Hart and Levins, 

1988). This is done using various extractant and organic solvents depending on the plant 

in question. All REE solvent extraction techniques are designed upon the principle of 

differing basicity of the REE. This quality is related to ionic size and determines which 

cations will hydrolyze in aqueous solution, the relative solubility of REE salts, the extent 

of decomposition of REE salts when heated, and the stability of complex ions (Moeller, 

1961). Basicity decreases with ionic radius, for selected REE the order is as follows:  

La3+ > Ce3+ > Pr3+ > Nd3+ > Sm3+ > Eu3+ > Gd3+ > Tb3+ > Dy3+ > Y3+ > Er3+ > Yb3+ 

Cerium may be extracted by solvent extraction in a nitric acid medium using di (2-

etylhexyl) phosphoric acid (DEHPA) or tri-n-butyl phosphate (TBP) as extractants 

(Preston et al, 1996; Tedesco et al., 1967). It can also be extracted using a primary amine 

from sulfuric acid medium (Lu et al., 1999). Solvent extraction is not usually the primary 

separation process for cerium due to its concentration relative to other REE in REO 

concentrates. Solvent extraction is more often used to remove the trace amounts of 

cerium leftover after selective oxidation separation has been undertaken (Gupta and 

Krishnamurthy, 2005).  

2.5 Selective Precipitation of Cerium by Oxidation 

Selective removal of cerium is a critical step in REE processing and must be done 

efficiently to not affect the economics of a project through loss of more valuable REE in 

the process. The REE have many similar chemical properties, notably the lanthanide 
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contraction (Shwartz and Wang, 1995), caused by insufficient shielding by the f-shell 

electrons, causes a lower than expected decrease in atomic radii between adjacent REE. 

The similarities in size and charge allow the REE, particularly the LREE, to interchange 

with cerium in chemical processes and compounds (Xie et al., 2014). This can lead to 

unexpected losses of other REE in cerium extraction processes. 

Cerium removal is the first step in REE purification, as the largest mass fraction of the 

concentrate this lowers the throughput of the subsequent steps, reducing water and energy 

requirements. In addition, many of the industrial end users require a relatively pure 

product for the chemical catalysis applications of cerium (Binnemans et al., 2013). 

Several methods of cerium separation developed based on the relative ease of oxidation 

of trivalent cerium to its tetravalent form compared to the other lanthanides (Gupta and 

Krishnamurthy, 2005). Once this change has occurred the cerium ions will exhibit 

notably different chemical behavior, and much lower solubility of their compounds, 

facilitating separation. 

2.5.1 Industrial Methods 

Much of the cerium separation achieved at the Mountain Pass concentrator was 

via the Molycorp process, Figure 2-4 (Gupta and Krishnamurthy, 2005; Parker and 

Baroch, 1971). This process consists of the calcination of bastnaesite flotation 

concentrate at 620 °C to drive off carbon dioxide and oxidize cerium, followed by the 

acidic treatment with 30% HCl to leach the other trivalent lanthanides. After filtration, 

this leaves a solid cerium concentrate and a solution that is further refined to separate the 

other REE present. 
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Figure 2-5: Cerium separation from REE leach liquor via the Molycorp Process (World 

Mining, 1966). 

Another prevalent method of cerium removal is to dry the RE hydroxides in air at 120 °C 

to 160 °C followed by treatment with nitric acid to leach the trivalent RE hydroxides, 

shown in Figure 2-6 (Luan et al., 1988).  

 

Figure 2-6: Hydroxide drying method of Cerium oxidation (Gupta and Krishnamurthy, 

2005). 

The Chinese method, used at the Bayan Obo mine, consists of a sulphuric acid bake at 

500 °C in a rotary kiln for conversion to RE sulphates, and precipitated as RE double 

sulphates by addition of NaCl. These sulphates are converted to hydroxides with a strong 

NaOH solution. The RE hydroxides are dissolved in hydrochloric acid and separated via 

solvent extraction (Hart and Levins, 1988; Zou et al, 2014).  
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2.5.2 Methods from Literature 

Selective precipitation of cerium (IV) from acidic RE (III) leach liquors has been studied 

using various method in aqueous solution. Ozone was used to oxidize cerium (III) to 

cerium (IV) in sulphuric acid solution (Bril, 1964; Shilov, 2014). In these tests ozone was 

bubbled through water to create saturated O3 solution, which was then added to small 

volumes (5-11 mL) of Ce(III) solution, sealed with a stopper, and mixed for 4-6 hr. 

Ce(IV) was detected by titration with ferrous sulfate. Cerium oxidations of 82% were 

achieved (Shilov, 2014) however the aqueous Ce(IV) that was produced decomposed 

back to Ce(III) at a rate of 5-7% per day. This method is small in scale and may not be 

suitable for metallurgical plants.   

Photochemical oxidation was used to separate cerium from mixed REE solutions 

(Donohue, 1978). Mixed cerium and REE solutions were dissolved in HCl and 0.1 M 

iodate solution. Photons at 254, 308, 465.8, and 488nm were applied to the solutions in 

photochemical cells to oxidize cerium, which has a very low solubility as an iodate. 

Separation factors of 100 were achieved from neodymium and praseodymium at 

approximately 60% cerium recovery. The recovery of this method is relatively low. 

Additionally, scale up of photochemical oxidation reactors for metal precipitation may be 

difficult to achieve.  

Wet air oxidation can be undertaken in a basic pH (Zou et al., 2014). In this study cerium 

(III) solution was increased to 13 and heated to increments between 40 and 80 ºC before 

bubbling compressed air into the solution to produce a ceric hydroxide precipitate. 

Cerium oxidation yields of 95% were achieved at pH 13 and 80 ºC after approximately 

two hours. This process, while effective, would result in the loss of most other REE from 
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solution in practice with a mining concentrate. pH adjustment to 13 using hydroxide or 

carbonate reagents would cause the precipitation of all REE as hydroxides or carbonates, 

respectively, at pH between 6 and 8 (Moeller and Kremers, 1945). 

Hydrogen peroxide has been studied to oxidize cerium (Nevalchev et al, 2015; Yu et al., 

2005). Yu et al. (2005) created pourbaix diagrams from thermodynamic calculations for 

the purpose of studying cerium oxidation for the purpose of deposition of aluminum 

alloys for corrosion resistance. Cerium was oxidized by hydrogen peroxide in nitric acid 

solutions with pH maintained at 5.5 – 6.0 using ammonia gas, bubbled through the 

solution with a peristaltic pump (Nechaev et al., 2014). 100% oxidation of cerium was 

achieved in this system when hydrogen peroxide was added at 150% of theoretical 

stoichiometry. The process investigated by Yu et al. (2005) was designed for deposition 

of cerium coatings in controlled systems. At pH of 5.5 – 6.0 losses of other REE will be 

substantial (Moeller and Kremers, 1945), therefore this must be investigated under acidic 

conditions. 

 Chlorine and sodium hypochlorite have been used to oxidize cerium in the literature and 

in industry, however few details are available for industrial processes (Ho et al., 2014; 

Chub et al., 1999; Ali et al., 1996). Chlorine will oxidize cerium when sparged into a 

mixed rare earth hydroxide slurry, dissolving the trivalent hydroxides while 

simultaneously oxidizing and precipitating ceric hydroxide. 99.7% oxidation was 

achieved using this method (Chub et al, 1999). Ho et al. (2014) oxidized cerium and 

precipitated it from other REE in weakly acidic chloride solution using sodium 

hypochlorite and NaOH. Hypochlorite oxidized 40% of cerium at pH 3.0 and 100% of 

cerium at pH 4.5, with increasing losses of other REE to the residue with increasing pH. 
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Hypochlorite is a promising oxidant for this process, the largest downsides of this method 

is a higher consumption of NaOH and production of chlorine gas during the reaction. 

This increases potential costs due to reagents and chlorine scrubbing system requirements 

when considering a larger scale operation.  

A method for oxidizing cerium with potassium permanganate was also developed 

(Morais and Abreu, 2010; Morais et al., 2003). This method consists of precipitating 

ceric hydroxide from a mixed REE chloride solution using a mixture of 0.2 M potassium 

permanganate and 0.3 M sodium carbonate, with excess sodium carbonate added for pH 

control. 100% oxidation of cerium was achieved at a cerium to permanganate molar ratio 

of 0.35, producing a mixed precipitate of ceric hydroxide and manganese dioxide (Morais 

et al., 2003). This process will be investigated in mixed REE solutions to gauge the 

selectivity for cerium. 

2.6 Methods in This Study 

The oxidation of cerium in acidic media is of particular interest as acid leaching is 

usually the first step in the chemical treatment of the previously mentioned high cerium 

bastnaesite ores. 

This work examines the oxidation of cerium at acidic pH using strong chemical oxidants. 

Sodium hypochlorite, NaOCl, hydrogen peroxide, H2O2, potassium permanganate, 

KMnO4, and Caro’s acid, H2SO5, were used in cerium oxidation tests.  Some reagents 

selected have been previously used in the literature but have never been compared 

directly. The parameters examined were pH, oxidant stoichiometry, cerium 

concentration, temperature, and the presence of other REE.   
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Chapter 3 

Materials and Methods 

3.1 Materials 

Cerium oxidation was probed using cerium solutions with concentrations of 2, 8, and 16 

g/L. These were produced by dissolving cerium nitrate hexahydrate (99.9%, Alfa Aesar), 

in 0.1 M hydrochloric acid solution. Oxidation selectivity tests were conducted using 

solutions with multiple rare earth elements. The mix of REE was chosen to be higher in 

concentration of LREE than HREE, as most bastnaesite ores have that distrution. These 

were produced by dissolving cerium sulphate octahydrate (99.9%), lanthanum sulphate 

octahydrate (99.9%), neodymium sulphate octahydrate (99.9%), praseodymium sulphate 

octahydrate (99.9%), and terbium sulphate octahydrate (99.9%), all sourced from Alfa 

Aesar, in 0.1 M HCl. Concentrations for the multi element tests are shown in Table 3-1. 

Table 3-1: Concentrations of REE in start solution used for oxidation selectivity tests, in 

g/L. 

Element Concentration (g/L) 

Cerium 8.0 

Lanthanum 8.0 

Neodymium 3.0 

Praseodymium 3.0 

Terbium 3.0 

 

Oxidants used in the tests were sodium hypochlorite (13%), hydrogen peroxide (H2O2, 

50%), potassium permanganate (0.4 M), and Caro’s Acid (20 – 22%). Potassium 

permanganate was prepared by dissolving solid KMnO4 in deionized water. Caro’s Acid 

was prepared using an FMC patent (Manganaro et al., 1995) by mixing concentrated 
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H2O2 with concentrated sulphuric acid (H2SO4) at a mole ratio of 1:3. Hypochlorite and 

peroxide were purchased from VWR at concentrations that are stable when refrigerated. 

pH control was achieved using solutions of 1 M HCl and 1 M NaOH. 

3.2 Oxidation Experiments 

Oxidation experiments were conducted in a glass beaker on a standard laboratory hot 

plate in a fume hood. The solutions were agitated using a magnetic stir bar at 500 RPM, 

illustrated in Figure 3-1.  

 

Figure 3-1: Laboratory setup for cerium oxidation tests. 

Target pH was reached by slowly adding 1 M sodium hydroxide solution and allowing 

time to stabilize. The initial volume of all tests was 250 mL unless specified otherwise. 

Then, oxidant solutions were added dropwise at a constant rate over the first 30 minutes 

of the experiment. During oxidant addition NaOH and HCl solution were added as 

required to maintain the test pH. The volume of each reagent added was noted at the time 
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of each sample to be incorporated into the mass balance. The quantities of oxidant 

required were calculated using the equations presented in the following section. The 

solutions were monitored and sampled for a total of 180 minutes. To obtain kinetic 

information on the reaction 5.0 mL of the solution was periodically sampled and filtered 

for analysis. 

Cerium (IV) compounds become supersaturated in solution at very low concentrations 

and begin to precipitate, causing more cerium to precipitate by shifting the aqueous 

equilibrium of cerium (III) and (IV), producing more tetravalent ions. The precipitated 

solids act as seed crystals for trivalent cerium hydroxide, which reacts with NaOH used 

to maintain pH on the surface of ceric solids (Kilbourn, 2011). After oxidant addition had 

ended, pH and ORP will continue to fluctuate, once these have stabilized the reaction had 

ceased.  

The percentage of cerium and other REE precipitated from solution during the oxidation 

tests were calculated using Equation 1: 

 
𝐑% =

𝐂𝐨 − 𝐂𝐧
𝐂𝐨

× 𝟏𝟎𝟎 
Equation 1 

where R% is the percentage of a particular REE that precipitated, 𝐶𝑜 is the initial 

REE concentration in the solution, and 𝐶𝑛 is the REE concentration in solution at a given 

time.  

The effect of increasing the stoichiometric ratio of each oxidant was tested at increasing 

dosages of 100, 125, and 150% of theoretical required dosage at a set target pH of 3.0, 

Temperature of 25±1°C, and cerium concentration of 8 g/L. Once these tests were 

completed pH was varied between 1.0 and 4.0 in increments of one at the highest tested 
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stoichiometry. Temperature was increased to 45 and 65°C; and cerium concentrations 

were varied to 2.0, 8.0, and 16.0 g/L, both at pH 3.0, to observe changes in the reaction in 

response to the different conditions. Table 3-2 shows the test conditions of the cerium 

oxidation experiments conducted for each oxidant. 

Table 3-2: Experimental conditions of cerium oxidation tests. 

Test pH Temperature (°C) Stoichiometry (%) [Ce] (g/L) Mixing RPM 

1 3.0 25 100 8.0 500 

2 3.0 25 125 8.0 500 

3 3.0 25 150 8.0 500 

4 4.0 25 150 8.0 500 

5 2.0 25 150 8.0 500 

6 1.0 25 150 8.0 500 

7 3.0 25 150 2.0 500 

8 3.0 25 150 16.0 500 

9 3.0 45 150 8.0 500 

10 3.0 65 150 8.0 500 

 

Under some reaction conditions the oxidant added may not have fully reacted or 

decomposed at the time of sampling. In these instances excess oxidant in the solution, if 

present, was neutralized in the sample solution taken where possible in order to terminate 

the reaction. The addition of magnesium dioxide powder caused excess hydrogen 

peroxide to be evolved as O2 gas.. The excess sodium hypochlorite was reacted with the 

HCl in solution to produce chlorine gas; this process was accelerated by increasing the 

acid concentration via immediate dilution of the sample for analysis in 0.8 M nitric acid 

solution. Potassium permanganate reacts rapidly with cerium in solutions, any excess 

permanganate in solution will slowly be reduced to form Mn2+ and MnO2. Any excess 

permanganate is visible in the solution and samples from these tests were diluted 

immediately after sampling. However, Caro’s acid decomposes very quickly into oxygen 
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and sulphate ions and did not need to be neutralized by chemical means (Ball and 

Edwards, 1955). 

After 180 minutes, the resulting slurries were centrifuged in a VWR Clinical 200 

centrifuge at 6000 RPM for 10 minutes to separate the cerium solids. The remaining 

solutions were sampled and filtered to be analyzed. The solids were dried at 35 °C until 

dry (approximately 12 h). A 1.0 g portion of the solids was washed using a solution of 0.1 

M magnesium (I) chloride at pH 3.0 and 70 °C for one hour, this process is referred to 

throughout the paper as a hot wash. Under these conditions, any cerium (III) or trivalent 

rare earth metal that had co-precipitated with the cerium (IV) will complex with chloride 

ions and dissolve into solution. Most cerium (IV) compounds have very low solubility; 

ceric hydroxide has a solubility product constant (Ksp) of 4x10-50, which is very low (Li et 

al., 2004). The remaining cerium (IV) solids were then centrifuged, washed with water, 

and dried again. Analysis of the wash solutions for cerium (III) and (IV), as well as the 

other REE present, completes the mass balance. A flowsheet of the cerium oxidation 

process is shown in Figure 3-2. 
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Figure 3-2: Flowsheet showing the stages of cerium oxidation using chemical oxidants. 

Tests were then carried out at 25°C using solutions containing multiple REE metals. At 

the same conditions as tests where cerium was the only REE present. The percent metal 

precipitation of each REE in solution was quantified using the same method as for 

cerium. REE co-precipitation of non-ceric REE, recovery to the wash solution, and total 

non-cerium REE losses to the solid fraction were calculated by mass balance. 

3.3 Adsorption Isotherms 

With the aim of obtaining greater insight on the adsorption of trivalent REE on the 

surface of ceric hydroxide particles, REE adsorption isotherm experiments were 

conducted using washed cerium precipitates generated using the oxidation procedure 

previously described. REE concentrations in the adsorption tests were varied from 100 – 

5000 mg/L. Tests were conducted using 60 mL of REE solution in a glass beaker, at 25 

°C. The solution was agitated using a magnetic stir bar for 1 h after the addition of 0.1 g 

of ceric hydroxide precipitate particles. The solution was then separated from the solids 
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in a centrifuge and filtered using Whatman no. 2, 8 µm, filter papers. The liquid samples 

were analyzed to find the equilibrium concentrations of REE. 

The fraction of each REE adsorbed per unit weight of ceric hydroxide (mg/g), qe, was 

calculated using Equation 2. 

 
𝐪𝐞 =

(𝐂𝐨 − 𝐂𝐧) × 𝐕

𝐌
 

Equation 2 

where V and M are the volume of REE solution (L) and the mass of cerium hydroxide 

used to adsorb REE from solution (g). 

3.4 Chemical Analysis 

3.4.1 Aqueous REE determination 

Chemical analysis was conducted using an Agilent MP-AES (Microwave Plasma – 

Atomic Emission Spectrometer) 4200 for determination of total cerium concentration, 

total REE concentration, and aqueous manganese concentration.  

Titration using a Metrohm Ti-Touch 916 and ferrous ammonium sulphate as a titrant was 

used for determination of cerium (IV) concentration. This titrant will reduce any cerium 

(IV) ions remaining in solution, when measuring the potential, a steep endpoint will be 

observed once this process concludes (Furman, N.H., 1928). For permanganate tests, 

excess permanganate in the solution was calculated from mass balancing and subtracted 

from the cerium (IV) concentrations produced by titration.  

As cerium (IV) solids are generated in solution, some cerium (III) particles will co-

precipitate as cerium (III) hydroxide on the surface of the cerium (IV) precipitates. These 

cerium (III) precipitates have a much higher solubility than those of cerium (IV) 

hydroxide and will re-dissolve in the wash process. Wash solution samples are then 
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measured with MP-AES and balanced with cerium (IV) and total cerium concentrations 

to complete the mass balance. Kinetic precipitation curves were created using the 

concentration information on cerium in its oxidation states over the course of the 

reaction. 

3.4.2 X-Ray Diffraction 

Approximately one gram of solid was analyzed using XRD to gain inference on crystal 

structure. A Panalytical X’pert Pro Powder diffractometer was used with a cobalt lamp to 

gather the data, which was compared to the International Center for Diffraction Data 

database and International Crystal Structure database 

3.4.3 Thermogravametric Analysis 

TGA data was collected using a Netzsch 449 F3 Jupiter unit. A small portion of solids 

were placed in a ceramic crucible and heated at a rate of 3 ºC per minute from 25 to 900 

ºC. The atmosphere during heating was 80:20 nitrogen to oxygen. Weight loss was 

measured to gain inference on the chemical reactions occurring during the process. 

3.4.4 Scanning Electron Microscopy 

The morphology of the cerium precipitates, with and without adsorbed REE, were 

investigated using Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM). SEM samples were prepared by taking a small portion of the dry 

washed precipitates and mounting them on an aluminum microscopy stage. The SEM 

stage was then coated with carbon to protect the sample during analysis using a FEI FEG-

Nova NanoSem.  
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Energy Dispersive X-Ray Spectroscopy (EDX) spectra of cerium precipitates from 

oxidation tests of multi REE solutions were collected to confirm presence of LREE and 

HREE on the surface of cerium particles.  

3.5 Error Analysis 

Systematic and random error was calculated for the REE precipitation observed in 

oxidation tests. This was conducted using two main sources that were then added as 

percent errors. The first was spectroscopy error, calculated by measuring a quality 

standard of 10 ppm cerium at the beginning and end of MP-AES analysis and using the 

difference to calculate percent error.  

The second source of error was the stated absolute error on the laboratory equipment used 

to make measurements in the experiments. This is the systematic error of the experiment, 

and includes error in measurements made when using glassware, pipette droppers, and 

auto-pipettes in sampling. These absolute errors were converted to percentages and then 

added to create one value. The spectroscopy error and equipment error was added to 

produce one value for percent error of the mass of REE precipitate produced. 

3.6 Safety Precautions 

Safety was an important consideration when designing the REE oxidation experiments. 

The effect of REE on animal and human biochemical processes is relatively unknown, 

but REE ingestion has been reported to induce various health conditions in humans 

(Migaszewski and Gatuszka, 2015). In addition to this, precipitates produced in the 

oxidation experiments ranged from micrometers to nanometers in diameter and were 

therefore an inhalation risk. Handling of the solid precipitates was conducted in a fume 
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hood, or with a P100 respirator mask when the fume hood could not be used (eg. when 

using an analytical balance).  

Personal Protective Equipment (PPE) worn during tests included a labcoat, nitrile gloves, 

laboratory goggles, and closed toed shoes. Caro’s acid is an extremely volatile 

compound, made by mixing concentrated acid with concentrated base, therefore extra 

precaution was taken for the making and testing using this oxidant. In all Caro’s acid tests 

a face shield, rubber apron, and large rubber gloves were worn in addition to the other 

PEE to protect in the event of splatter or another type of incident. 
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Chapter 4 

Cerium Oxidation Kinetics 

4.1 Cerium Oxidation Reactions 

The reaction between cerium and sodium hypochlorite has been proposed in previous 

papers as Equation 3 (Ho et al., 2001). Sodium hypochlorite also decomposes in an acidic 

environment to form chlorine gas by reacting with chlorine present in the REE solutions 

according the Equation 4 in competition with the oxidation.  

 2𝐂𝐞𝟑++NaOCl+6NaOH+H2O↔2Ce(OH)
4
+NaCl+6𝐍𝐚+ Equation 3 

 HOCl+Cl
-
+H

+
↔Cl2+H2O Equation 4 

The Free Energy of reaction at 25 °C, ΔGR°, for Equations 3 and 4 are -986.58 and -25.53 

kJ/ mol respectively. Thermodynamic data was sourced from the references in Appendix 

2. 

Hydrogen peroxide is a weak acid (pKa = 10.75), however, depending on the conditions 

of a given system it can act as an oxidant (Strukul, 2013). The oxidation of Ce(III) to 

Ce(IV) using H2O2 has been investigated on a theoretical basis (Yu et al., 2006) and 

experimentally in a nitric acid medium (Nechaev et al., 2016). The reaction proceeds 

according to Equation 5. In hydrochloric acid, hydrogen peroxide can eventually 

decompose into chlorine gas, Equation 6.  

 2Ce
3+

+𝐇𝟐𝐎𝟐+6𝐇𝟐O↔2Ce(𝐎𝐇)𝟒+6H
+
  Equation 5 

 𝐇𝟐𝐎𝟐 + 𝟐𝐂𝐥− + 𝟐𝐇+↔𝐂𝐥𝟐(𝐠) + 𝟐𝐇𝟐𝐎 Equation 6 

The Free Energy of reaction at 25 °C, ΔGR°, for Equations 5 and 6 are -168.24 and -77.87 

kJ/ mol, respectively.  
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A method for the oxidation of cerium by potassium permanganate in acidic solution has 

proposed in former studies (Morais et al., 2003; Morais and Abreu, 2010). The 

precipitation of cerium is accompanied by the precipitation of manganese dioxide, shown 

in Equations 7 and 8.   

 3Ce
3+

+MnO4
-
+10𝐇𝟐O↔3Ce(𝐎𝐇)𝟒+Mn𝐎𝟐+8H

+
 Equation 7 

 2MnO4
-
+8H

+
+6Cl

-
↔2Mn𝐎𝟐+3𝐂𝐥𝟐+4𝐇𝟐O Equation 8 

The Free Energy of reaction at 25 °C, ΔGR°, for Equations 7 and 8 are -183.69 and -

137.04 kJ/mol respectively. This method requires further processing if a pure cerium 

product is desired due to the presence of MnO2 particles in the cerium precipitate. 

Caro’s Acid is a strong oxidizing acid, created by the mixture of hydrogen peroxide and 

sulfuric acid, based on Equation 9. The oxidizing power of Caro’s Acid is utilized in 

industrial cyanide destruction processes due to the speed of the reaction (Castrantas, 

1992). 

 𝐇𝟐𝐒𝐎𝟒 + 𝐇𝟐𝐎𝟐→𝐇𝟐𝐒𝐎𝟓 + 𝐇𝟐𝐎 Equation 9 

The oxidation of cerium (III) by Caro’s acid has not been reported in the literature 

previously. Based on the mechanism of cerium oxidation using the other oxidants, the 

proposed reaction, Equation 10, was created as a basis for the experiment.  

 2Ce
3+ + 𝐇𝐒𝐎𝟓

− + 𝟕𝐎𝐇−↔2Ce(𝐎𝐇)𝟒 + 𝐒𝐎𝟒
𝟐− Equation 10 

The Free Energy of reaction at 25 °C, ΔGR°, for Equations 9 and 10 are -54.76 and -

515.03 kJ/mol, respectively. For Caro’s acid, H2SO5, the thermodynamic value of HSO5
- 

was used in calculations because no thermodynamic data was available for H2SO5. 
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4.2 Cerium Oxidation in Hydrochloric Acid Solutions 

The effect of increasing dosage for each oxidant was determined using an 8 g/L synthetic 

cerium chloride solution. Temperature was 25±1 °C and pH was set at 3.0. As the pH of 

cerium chloride solution is raised to 3.0 some cerium (III) ions precipitated as Ce(OH)3. 

Precipitation was measured as cerium was leaving the solution after pH adjustment, 

defined as time 0.  

4.2.1 The Effect of Stoichiometry on Oxidation 

Figure 4-1 illustrates cerium oxidation over time. All of the oxidation reactions occur quickly 

and show improved recovery when dosage approached 150% theoretical stoichiometry. 

No cerium (IV) was detected by titration in the remaining solution after solid-liquid 

separation; therefore, all cerium remaining in solution was of the cerium (III) form. 100% 

oxidation of cerium from solution was achieved using potassium permanganate at oxidant 

dosages in excess of 125%. The linearity of the curve after oxidation with potassium 

permanganate illustrates the stability of the ceric compounds produced under the test 

conditions. Caro’s acid oxidized 92 – 96% of the cerium present in solution (Figure 2d) at 

all dosages, with the reaction proceeding faster at higher dosages. In contrast, sodium 

hypochlorite and hydrogen peroxide, oxidized only 30% or less of the cerium in the 

solution. It is likely that they were decomposing before oxidizing cerium (III) ions in the 

solution. This phenomenon will be discussed in more detail in latter sections.  
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Figure 4-1:Cerium Precipitation vs. time using a) sodium hypochlorite b) hydrogen 

peroxide c) potassium permanganate and d) Caro's acid. Each line represents the 

percentage of cerium that has precipitated from solution by oxidation, at a given time 

during the respective test. 

Produced cerium solids were white-yellow, orange, and brown when using hypochlorite, 

peroxide or Caro’s acid, and permanganate, respectively. It is known that the color of 

Ce(OH)4 is yellowish to light brown (Fresnius and Wells, 1897), so white-yellow and 

orange colored precipitation must contain Ce(OH)4. Orange colors have been recorded in 

ceric solids that contain chlorine, and nitrates (Larrangana et al., 2016). The brown 

colored precipitates from the permanganate tests are darkened by the co-precipitation of 

MnO2.   
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4.2.2 Effect of pH on Oxidation 

After selecting oxidant stoichiometry of 150% theoretical for the remainder of the tests, 

pH was varied to observe changes in yield. Figure 4-2 represents cerium precipitation 

over time at pH 1.0–4.0. Initial cerium concentration and stoichiometry were held 

constant at 8 g/L and 150%. 

 

 

Figure 4-2: Cerium precipitation vs. time over various pH using a) sodium hypochlorite b) 

hydrogen peroxide c) potassium permanganate and d) Caro's acid. 

A similar relationship between pH and cerium oxidation arises with all reagents, namely 

that an increase in pH improves yield. Figure 4-2 b) illustrates this trend well, with 

decreasing pH a larger fraction of hydrogen peroxide is reacting with chloride ions in 

solution and is unavailable to oxidize cerium. This is also very pronounced in the case of 
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permanganate, shown in Figure 4-2 c), in which there is little difference in the reactions 

above pH 3. Potassium permanganate is relatively stable in solution above pH 2.5 in this 

system. At lower pH, Eq. 7 does not proceed as expected and the permanganate either 

stays in solution or reduces to Mn2+ ions, indicated by the solution remaining purple at 

pH lower than 2.5 but returning to a colorless state after the precipitation reaction at pH 3 

and above. 

The kinetics of the reactions in the hypochlorite pH tests was relatively constant, 

indicating that the loss in yield is due primarily to the greater speed of Equation 4 relative 

to Equation 3.  The hypochlorite will evolve into chlorine gas at greater rates as pH is 

lowered, leaving a smaller amount to react with cerium ions. This can be seen in the 

gradual decrease in oxidation as pH decreases. Eq. 6 also considerably decomposes 

hydrogen peroxide at all pH conditions, so Ce oxidation did not exceed 50% even at pH 

4. However, unlike in the case of hypochlorite, the speed and the amount of oxidation 

was obviously improved with increasing pH. This could be due to the stronger oxidizing 

power of hydrogen peroxide, E° of 1.78 and 1.48, respectively (Greenwood and 

Earnshaw, 1997).   

Caro’s acid was the most effective oxidant below pH 3.0. Caro’s acid shows the least 

sensitivity to pH, oxidizing over ninety percent of the cerium in solution across the test 

range. It can be concluded that Caro’s acid did decomposed before cerium precipitation 

occurs under the tested conditions and can efficiently oxidize cerium. 

4.2.3 Effect of Cerium Concentration on Oxidation 

Following the stoichiometry and pH tests, the start concentration of cerium was varied to 

observe any change in yield. The dosage of oxidant was calculated according to 
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stoichiometry, then multiplied by 1.5 as before. The pH was held constant at 3.0 and the 

start concentration of HCl in the solution was constant at 0.1 M for all concentrations of 

cerium. The following Figure 4-3 represents these tests. 

 

 

Figure 4-3: Cerium Precipitation vs. time at various concentrations of cerium using a) 

sodium hypochlorite b) hydrogen peroxide c) potassium permanganate and d) Caro's acid. 

An increase in cerium concentration was associated with a slight increase in cerium 

oxidation in tests with both hypochlorite and permanganate. Generally, increasing the 

concentrations of the reactants made the oxidation reactions more favorable.  

Hydrogen peroxide, on the other hand, oxidized a greater amount of cerium, 10% more, at 

2 g/L. This is related to hydrogen peroxide decomposition in the presence of chloride ions, 

and the change in its interaction with cerium at different concentrations, discussed in later 
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sections. This result suggests that H2O2, in a hydrochloric acid medium, may be able to 

achieve more efficient cerium oxidation in dilute solutions where those effects can be 

minimized.  

The oxidation reaction between cerium and Caro’s acid at 8 and 16 g/L achieved high 

cerium precipitations of  92.0 and 99.7%, respectively. Decreasing the concentration of 

cerium decreased cerium precipitation when using Caro’s acid to only 39.0%. This could 

be a result of the lower density of cerium and Caro’s acid in solution having fewer 

interactions before the Caro’s acid decomposes. The smaller additions of Caro’s acid in a 

constant hydrochloric acid medium made it a less effective oxidant at low concentrations 

of cerium.  

4.2.4 Effect of Temperature on Oxidation 

Once the oxidation of cerium by the four oxidants was established at room temperature, 

the effect of heat was studied. pH 3.0 and 1.5 times calculated stoichiometry were used 

for each reagent in these tests. Temperature was held constant at 25, 45, and 60 °C during 

for the duration of the tests and the initial concentration of cerium was set at 8 g/L. Figure 

6 shows the result of these tests. The higher temperatures resulted in faster reaction 

kinetics for hypochlorite, permanganate, and Caro’s acid tests. The cerium (IV) yield 

nearly doubled in the case of hypochlorite, indicating that temperature is an important 

factor when oxidizing cerium using this reagent. The difference in the cerium (IV) to (III) 

quotient in the solid residue was only 0.981 to 0.979 when the temperature increased 

from 25 to 60 °C for hypochlorite tests. This indicates that the increase in yield was 

primarily due to an increase in oxidation and not adsorption, with a proportional amount 

of cerium (III) precipitation arising from adsorption. It seems that the rate of Equation 3 
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remained relatively constant while the rate of Equation 4 decreased, allowing more of the 

hypochlorite to interact with cerium. Hydrogen peroxide did not show a response in terms 

of the oxidation yield with the addition of increase of temperature. This is because the 

rate of decomposition of hydrogen peroxide increases with temperature. The precipitate 

collected was white-grey instead of the orange produced at room temperature, this is 

likely due to cerium (III) hydroxide particles precipitating due to adsorption to the ceric 

hydroxide (Kilbourn, 2011). Cerium precipitation was complete in all cases when using 

potassium permanganate, however the rate of the reaction increased slightly. The 

relationship between increasing temperature and cerium oxidation via Caro’s acid was 

similar to the case of permanganate, with the rate of reaction increasing in response to 

temperature. 
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Figure 4-4: Cerium oxidation vs. time at different temperatures using a) sodium 

hypochlorite b) hydrogen peroxide c) potassium permanganate, and d) Caro’s acid. 

4.3 Cerium Precipitates 

Solids produced in the cerium only oxidation tests were initially dried at 35 °C. Then, the 

solids were de-agglomerated in a mortar and pestle. One gram of the solids was washed 

using the hot wash method described in the materials section, followed by a second wash 

in deionized (DI) water that had been adjusted to pH 3.0 using dilute hydrochloric acid. 

The resulting wash solutions were analyzed using MP-AES to determine the relative 

amounts of cerium (IV) and cerium (III) present in the precipitates. This was calculated 

by finding the weight of both cerium forms that were precipitated and finding the 

percentage that was cerium (IV). Therefore, in Table 4-1, a value of 1.0 would 
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correspond to a precipitate of purely cerium (IV) compounds and 0.0 would correspond 

to no cerium (IV) being present in the precipitate.  

Table 4-1: Average of cerium (IV)/ (III) quotient produced using various oxidants. 

 Sodium 

Hypochlorite 

Hydrogen 

Peroxide 

Potassium 

Permanganate 

Caro’s 

Acid 

Cerium (IV)/ 

(III) quotient 

0.983 0.968 0.997 0.720 

 

The relatively large percentage of cerium (IV) in most precipitates is to be expected, as 

most of the cerium that is not oxidized into the tetravalent state in the reaction remains in 

solution. Most of the cerium (III) compounds that can be produced in this system are free 

to re-dissolve in the solution. The precipitates produced in the Caro’s acid tests however 

had a much higher percentage of cerium (III) returning to the wash solution. This 

indicates that while much of the cerium in the reaction with Caro’s acid reacts according 

to Eq. 10, at least 25% precipitated as cerium (III). This is due to the co-precipitation of 

NaCe(SO4)2 with ceric hydroxide, which was detected in XRD analysis in a mixture with 

tetravalent cerium compounds.  

4.4 Reaction Kinetics 

Rearrangement of Eq. 1 will result in  Equation 11. 

 
𝟏 − 𝑹% =

𝑪𝒆𝒏
𝑪𝒆𝒐

 
Equation 11 

The negative logarithm of both sides of the expression, equal to kt, results in Equation 

12:  
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− 𝐥𝐧(𝟏 − 𝑹%) = − 𝐥𝐧 [

𝑪𝒆𝒏
𝑪𝒆𝒐

]

= 𝒌𝒕 

Equation 12 

During the cerium oxidation tests, oxidant concentration, pH, cerium concentration, and 

temperature were all varied independently whilst holding the others constant. By 

examining the kinetic recovery values for each of these relationships, the effect of 

changing a single factor on the rate of the reaction can be examined. This was completed 

by plotting –ln(1-R%) versus t for each oxidation reaction, exemplified by the data from  

sodium hypochlorite temperature tests, Figure 4-5. In many tests, the oxidation was 

complete in the first portion of the measurement period, in these cases only relevant 

samples were used to investigate kinetics.  

 

Figure 4-5: Plots of -ln(1-R%) tests of cerium oxidation by sodium hypochlorite at pH 3.0, 8 

g/L Ce, 150% stoichiometry, and various temperatures. 

The plots of –ln(1-R%) versus t were found to be linear until all cerium was removed 

from solution, or the oxidant had been consumed, indicating that the oxidation of cerium 

by the selected oxidants followed first order kinetics with respect to the concentration of 
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cerium (III) present in solution. The slope of these linear relationships are equal to the 

rate constant, k, of the specific reaction under examination in reciprocal seconds (s-1). 

Calculated rate constants are presented in Figure 4-6. The majority of these constant fit 

reasonably well to the data, the correlation coefficients are available in the supplemental 

data. 

 

 

Figure 4-6: K Values, with respect to the concentration of Cerium (III), for oxidation 

reactions performed on cerium only REE solutions. 

The oxidation of cerium by the oxidants tested is a first order process that conforms to 

Equation 12. This expression can be rewritten as Equation 13; 

 𝑹% = 𝟏 − 𝒆−𝒌𝒕 Equation 13 



 

47 

 

This expression can be used in conjunction with empirically determined rate constants to 

estimate the time required for a desired level of cerium removal, or vise versa to estimate 

the percent cerium removed from solution after a given period of time.  

The oxidation reaction rates changed only slightly under all conditions when using 

sodium hypochlorite, remaining in the range of 2.0𝗑10-3 to 6.5𝗑10-3 s-1 for most tests. A 

slight increase was recorded with respect to increasing temperature, with an increase to 

1.42𝗑10-2 s-1 at 65 °C. The rate recorded occurred when cerium concentration was 

reduced to 2 g/L. 

Neither hydrogen peroxide dosage nor increasing temperature had a large effect on the 

rate, in these cases it remained in the range of 0.98𝗑10-3 to 1.3𝗑10-2 s-1. The reaction rate 

of cerium oxidation by hydrogen peroxide increased linearly with increasing pH until pH 

3, at which point the trend accelerated, increasing to 2.58𝗑10-2 s-1. Decreasing the initial 

cerium concentration also significantly increased the reaction rate to 3.25𝗑10-2 s-1.  

In the case of potassium permanganate, reaction rate was significantly higher than those 

with hydrogen peroxide and hypochlorite in most situations. The rate increased quite 

sharply with increasing pH or temperature, and slowly with increasing oxidant dosage. At 

pH 1 the rate was 3.5𝗑10-3 s-1 and increased to 8.8𝗑10-2 s-1 at pH 4.0. At pH 3 and 65 °C 

the rate of reaction had reached the highest of any permanganate test with a k of 0.131 s-1. 

Cerium concentration had little to no effect on the reaction rate in this case, remaining in 

the range of 6.42𝗑10-2 to 6.55𝗑10-2 s-1. Increasing temperature had a strong positive effect 

on the rate of this reaction. 

Lastly, the rate of reaction of cerium oxidation by Caro’s acid increased sharply when 

oxidant dosage exceeded 125% of theoretical, from 1.65𝗑10-2 to 5.48𝗑10-2 s-1. The rate 
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also increased sharply when the pH was increased from 2.0 to 3.0 in tests, from 1.98𝗑10-2 

to 5.48𝗑10-2 s-1, however rates were relatively constant in the other pH intervals. Lower 

rates at decreasing pH is likely the result of state changes of the oxidant due to reactions 

with the chloride ions in solution. The rate also increased substantially with increasing 

temperature due to the increase in the kinetic energy of the system, to a maximum of 

0.132 s-1 at pH 3.0 and 65 ºC.  
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Chapter 5 

Cerium Oxidation in the Presence of Other REE 

In this chapter, the results of oxidation tests on cerium in the presence of other REE are 

presented. The tables presented at the end of each subsection contain the amount of REE 

precipitated from solution when oxidizing cerium in the presence of other REE, the 

percentage of precipitate recovered to the wash solution, total percentage reporting to the 

solid fraction, and the cerium to total REE distribution (Ce/TREE) at each step. Ce/TREE 

is a method to compare the relative weight percent of cerium in the residue produced at 

each stage of the test. All percentages in these tables are relative to the initial 

concentration in solution. The initial Ce/TREE quotient in the experiment was 0.32. 

The introduction of other REE into the test solution increased the recovery of cerium in 

all cases tested. Selectivity for LREE was low in the cases of sodium hypochlorite, 

hydrogen peroxide, and Caro’s acid but was better for potassium permanganate for the 

first hour of the duration of the tests. Some of the increase in precipitation for all REE 

may be attributable to the increased amounts of sulphate in the solution coming from the 

REE sulphate hydrates used to create the start solution. This sulphate along with sodium 

from the NaOH used to maintain pH may cause some REE to precipitate as RE double 

sulphates of the form Na(RE)(SO4)2·H2O. Much of the trivalent REE reporting to the 

residue is recovered in the wash solution. No cerium was detected by titration in the final 

solution, indicating that all cerium remaining in solution is of the cerium (III) oxidation 

state.   
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5.1 Effect of Stoichiometry on Co-precipitation with Cerium Hydroxide 

After establishing the ability of the oxidants to oxidize and precipitate cerium from 

solution, the selectivity of each oxidant was tested by including lanthanum, 

praseodymium, neodymium, and terbium to the starting solutions produced in 0.1 M HCl 

solution. Co-precipitation of other REE, particularly HREE like terbium, and LREE 

neodymium and praseodymium, is one of the most important factors in the oxidative 

cerium separation processes. Conditions of the selectivity tests were identical to the 

oxidation tests involving cerium only, aside from the presence of other REE in the 

starting solution. Experiments were conducted at pH and temperature of 3.0 and 25 °C, 

respectively. Samples were taken at similar intervals, and all reactions were terminated 

after 180 minutes.  

Figure 5-1 shows the plots for cerium oxidation by sodium hypochlorite in the presence 

of other REE. As it can be seen in the plots, increased dosages of sodium hypochlorite 

had an insignificant effect on the cerium removal yield under these conditions. Cerium 

precipitation ranged from 52.2 to 56.4%, with a much larger fraction of cerium reporting 

to the wash solution than in cerium only oxidation tests. Co-precipitation of LREE was 

high, with precipitation of 50.4, 50.7, and 54.8% for lanthanum, neodymium, and 

praseodymium at 150% stoichiometry, respectively. HREE precipitation was much 

lower, ranging from 15.8 to 19.9%, with the majority reporting to the wash solution. The 

selectivity for HREE is greater that that for LREE in part due to the atomic radii 

differences between the two subgroups; the LREE have extremely similar radii and 

charges to those of cerium, allowing for complexation and precipitation via van der waals 

and polar forces with ceric hydroxide. The co-precipitation of REE with the cerium 
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precipitate after the 60 minute point in these tests was primarily due to the REE 

adsorption to the surface of cerium hydroxide particles, which will be discussed in the 

adsorption tests section. 

Table 5-1 shows the distribution of REE in the precipitate and subsequently washed 

residues for all oxidants in this section. This table is located at the end of this section and 

contains solids data for all of the stoichiometry tests. The percentages in Table 5-1 

represent the percentage of each REE in the tests reporting to initial residue, wash water, 

and what is left in the final residue as a fraction of the initial concentration in solution. 

 

 

Figure 5-1: Cerium oxidation by sodium hypochlorite in the presence of other REE, a) 

100% stoichiometry b) 125% stoichiometry c) 150% stoichiometry. 
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Stoichiometry tests for cerium oxidation in the same system using hydrogen 

peroxide are illustrated in Figure 5-2. Similarly to the case of sodium hypochlorite, 

hydrogen peroxide showed increased cerium precipitation and high co-precipitation of 

LREE. Cerium removal ranged from 45.5 to 58.1%, showing a greater increase due to the 

additional oxidant present in the reaction. The presence of the slight dip in precipitation 

immediately following oxidant addition at approximately 30 minutes indicates that some 

of the REE had precipitated in a thermodynamically unstable form and re-dissolved into 

the solution quickly. Table 5-1 shows the distribution of REE into initial and washed 

residues as a fraction of initial concentration. Increasing the dosage of hydrogen peroxide 

also had the effect of reducing the selectivity for cerium, with the final Ce/TREE quotient 

in the washed solids decreasing from 0.48 to 0.42 with increasing hydrogen peroxide 

dosage. The HREE co-precipitation was similar to the sodium hypochlorite cases, with 

11.7% reporting to the final solids at 100% stoichiometry; this value increased to 18.6% 

at 150% stoichiometry.  
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Figure 5-2: Cerium oxidation by hydrogen peroxide in the presence of other REE, a) 100% 

stoichiometry b) 125% stoichiometry c) 150% stoichiometry. 

Figure 5-3 shows the results for the oxidation of cerium in the presence of other 

REE using increasing dosages of potassium permanganate. Over 99% of cerium is 

removed from solution when potassium permanganate is used for cerium separation, as in 

the cerium only tests. Selectivity for light and heavy REE is much better than the results 

achieved using other oxidants. Initially, the precipitates are dominated by ceric 

hydroxide, however, after the reaction shown in Equation 7 has run its course after 

approximately 30 minutes, it is proposed that the adsorption of trivalent REE onto the 

ceric hydroxides becomes the dominant process. Between 18.2 – 40.0% of trivalent 

LREE hydroxides are recovered in the hot wash process. The HREE precipitated with 
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cerium was fully recovered by the wash process. The Ce/TREE quotient for the washed 

solids on average was 0.63.  

 

 

Figure 5-3: Cerium oxidation by potassium permanganate in the presence of other REE, a) 

100% stoichiometry b) 125% stoichiometry c) 150% stoichiometry. 

Figure 5-4 shows the results for the oxidation of cerium in the presence of other 

REE using increasing dosages of Caro’s Acid. In the case of using Caro’s acid all LREE 

are precipitated from solution in the first hour of the test. The only difference between 

different dosages of this oxidant was the increase of terbium precipitation, which varied 

from 44.6 to 49.2%. The Caro’s acid solution contains approximately 40% sulphuric acid 

(Castrantas, 1992) which necessitates the use of large quantities of base to keep the pH 

stable. After addition of the Caro’s acid solution, the concentration of sulphuric acid in 
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solution is greater than that of hydrochloric acid, at approximately 0.16 M. An increased 

amount of NaOH required to stabilize the Caro’s acid due to the large sulfuric acid 

content of the oxidant solution. This likely contributes to greater RE double sulphate 

formation (Lokshin et al., 2005; Kul et al., 2008). In all Caro’s acid cases the wash 

process recovered approximately 33% of the LREE and 13.9 – 30.5% of HREE to the 

wash solution. The Ce/TREE ratios of the final solids were lower in these cases, 

averaging 0.40. 

 

 

Figure 5-4: Cerium oxidation by Caro’s acid in the presence of other REE, a) 100% 

stoichiometry b) 125% stoichiometry c) 150% stoichiometry. 

The results from the washing of the solids produced in these tests in Table 5-1 show that 

in all cases other than those using Caro’s acid the majority of REE co-precipitated in the 
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tests returned to aqueous ions into the wash solution. This supports the theory that the 

cause of the co-precipitation wash physical adsorption, which is reversible. The 

production of RE double sulfates contributes to the lower dissolution in the wash solution 

in Caro’s acid tests, due to the low solubility of LREE double sulfate salts (Gupta and 

Krishnamurthy, 2005). In potassium permanganate and Caro’s acid tests, the percentage 

of cerium oxidized was the same as in oxidation tests with cerium only under the same 

conditions. Oxidation in hydrogen peroxide and sodium hypochlorite tests were slightly 

lower than in the cerium only oxidation tests, suggesting that some of the reagents 

reacted with the other REE in solution to produce trivalent RE hydroxides. A stronger 

acid solution may have been required in the wash process to recover all of these trivalent 

hydroxides to solution (Gupta and Krishnamurthy, 2005). As the largest change in the 

system was the addition of sulphate from the reagents used to create the start solution, the 

most likely change was the production of some RE double sulphate salts in addition to 

RE hydroxides.  

The Ce/TREE quotient in these tests were similar to those using sodium hypochlorite, 

hydrogen peroxide, and Caro’s acid. Given that some portion of hydrogen peroxide will 

decompose into hypochlorite ions in hydrochloric acid solution, the oxidation rate was 

slightly lower at a given dosage. Potassium permanganate was the most effective oxidant 

at oxidizing cerium with lower retention of other REE in the washed residues. 

The particles produced by cerium oxidation in all tests had a tendency to agglomerate 

together into larger clumps of particles, this clumping may have facilitated the retention 

of some LREE and HREE to the cerium residue by way of preventing the wash solution 



 

57 

 

from interacting with some REE particles adsorbed to ceric hydroxide particles within 

these clumps. Sonication of the wash solution may reduce this phenomenon. 
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Table 5-1: REE reporting to solids and wash solution at 100, 125, and 150% stoichiometry. 

  Sodium Hypochlorite Hydrogen Peroxide 

 Recovery Ce La Nd Pr Tb Ce/TREE Ce La Nd Pr Tb Ce/TREE 

150% 

 

 

% Unwashed 

Residue 

56.4 50.4 50.8 54.8 15.8 0.38 58.1 44.2 47.1 51.0 22.0 0.41 

% Wash 

Water 

20.7 18.4 18.0 21.5 2.8 0.40 23.1 21.0 20.8 22.7 3.4 0.40 

% Washed 

Residue 

35.8 32.0 32.8 33.3 13.0 0.38 35.0 23.2 26.3 28.3 18.6 0.42 

125% 

 

 

% Unwashed 

Residue 

55.9 49.5 50.2 54.2 18.9 0.39 46.6 36.2 38.9 41.8 19.4 0.40 

% Wash 

Water 

22.3 20.0 20.0 22.4 2.9 0.40 19.2 16.6 17.3 18.9 3.0 0.40 

% Washed 

Residue 

33.6 29.5 30.1 31.9 15.9 0.38 27.5 19.6 21.6 22.9 16.4 0.39 

100% 

 

 

% Unwashed 

Residue 

52.2 46.2 46.9 50.4 19.0 0.39 45.5 36.1 37.2 41.0 14.2 0.42 

% Wash 

Water 

20.1 17.8 18.1 36.7 2.6 0.36 14.4 13.2 14.0 35.5 2.5 0.33 

% Washed 

Residue 

32.1 28.4 28.8 13.7 16.4 0.40 31.1 23.0 23.1 5.5 11.7 0.48 
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  Potassium Permanganate Caro’s Acid 

 Recovery Ce La Nd Pr Tb Ce/TREE Ce La Nd Pr Tb Ce/TREE 

150% 

 

 

% Unwashed 

Residue 

99.4 70.7 72.8 51.0 30.8 0.43 99.6 98.6 98.8 99.6 46.1 0.37 

% Wash 

Water 

1.0 38.7 36.7 43.9 12.6 0.01 27.7 35.0 37.8 35.9 15.6 0.32 

% Washed 

Residue 

98.4 32.0 36.1 31.8 18.2 0.61 71.9 63.6 61.0 63.7 30.5 0.40 

125% 

 

 

% Unwashed 

Residue 

99.4 70.0 70.7 74.4 30.2 0.43 99.5 97.9 98.1 99.2 44.6 0.37 

% Wash 

Water 

1.4 36.7 36.3 40.0 13.0 0.02 25.5 33.4 32.3 31.7 16.4 0.31 

% Washed 

Residue 

98.0 33.3 34.4 34.4 17.2 0.60 74.0 64.6 65.8 67.5 28.1 0.40 

100% 

 

 

% Unwashed 

Residue 

99.5 72.0 73.3 77.1 30.3 0.45 99.7 98.7 98.9 99.6 49.2 0.38 

% Wash 

Water 

1.6 42.1 40.7 57.5 12.1 0.02 28.5 34.7 32.0 33.1 13.9 0.34 

% Washed 

Residue 

97.9 29.9 32.6 19.6 18.2 0.67 71.2 64.0 66.9 66.5 35.3 0.39 
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5.2 Effect of pH on Co-precipitation with Cerium Hydroxide 

After varying the oxidant dosage pH was varied to observe any changes to co-

precipitation. Stoichiometry of the oxidant to cerium in the solution was held constant at 

150% of theoretical in all cases except that of Caro’s acid, which was held at 100% of 

theoretical. Caro’s acid was added at a lower dosage in response to the results of the 

previous section, where increasing Caro’s acid addition had no effect on cerium or other 

REE precipitation but increased NaOH requirements. pH was varied from 1.0 to 4.0 to 

observe the changes to the cerium precipitate yield and co-precipitation of other REE 

with cerium. pH tests were conducted at room temperature, with the same REE 

concentrations and duration as all selectivity tests. An insufficient amount of precipitate 

was produced in tests at pH 1 to analyze the REE returning to wash solution with 

confidence in the results. 

The results of the sodium hypochlorite selectivity pH tests are shown in the 

Figure 5-5. Increasing pH from 1.0 to 4.0 has a dramatic effect on the cerium yield 

produced from the reaction with sodium hypochlorite. At pH 1.0, only 12.6% of the 

cerium is precipitated from the solution, with similar amounts of all other REE 

precipitating with it. In the pH 2.0, 3.0, and 4.0 tests, cerium removal of 49.6%, 56.4%, 

and 62.1% were achieved respectively. Co-precipitation of other REE in the solution was 

high in these tests. Similarly to the potassium permanganate experiments, both light and 

heavy REE can be adsorbed to the surface of the ceric hydroxide particles, precipitating 

as trivalent hydroxides. 
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Figure 5-5: Cerium oxidation by sodium hypochlorite in the presence of other REE, a) pH 

4.0  b) pH 3.0 c) pH 2.0 and d) pH 1.0. 

The effect of changing pH on the selectivity for cerium in the oxidation process using 

hydrogen peroxide is shown in Figure 5-6. Hydrogen peroxide was ineffective at pH 2.0 

and below, with cerium removal of less than 20% and low selectivity for other REE. A 

small increase in cerium precipitation yield from 58.1% to 60.8% was achieved at pH 

levels of 3.0 and 4.0 respectively, with similar amounts of other REE present co-

precipitating with cerium. A large percentage of cerium and the other REE precipitating 

to the initial residue were recovered to the wash solution. Cerium reporting to the final 

residue ranged from 14.1 to 33.9% at pH 2.0 and 4.0, respectively. This was similar to 

results obtained in the tests with no other REE present. The losses of LREE and HREE 
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were low, generally under 10%, except in the case of the pH 2.0 test, in which little to 

none of the REE co-precipitated were recovered. As pH lowers, low cerium precipitate 

yields were obtained due to the weak oxidizing power of hydrogen peroxide in 

hydrochloric acid solution. 

 

 

Figure 5-6: Cerium oxidation by hydrogen peroxide in the presence of other REE, a) pH 4.0 

b) pH 3.0 c) pH 2.0 and d) pH 1.0. 

The effect of changing pH on the selectivity for cerium in the oxidation process using 

potassium permanganate is shown in Figure 5-7. The REE precipitation results for the 

cerium removal process using potassium permanganate illustrates the degradation of the 

permanganate ion at pH levels lower than 2.0. At this low pH, cerium precipitation yield 

drops to 16.6% with similar amount of co-precipitation of other REE. At pH 2.0, an 
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increase in cerium yield to 84.8% was observed, with complete removal at pH 3.0 and 

above. The co-precipitation of the other REE had increased with increasing pH, with 

precipitation of the other LREE increasing by 35% on average between pH 2.0 and 3.0. 

Analysis of the wash solutions showed that a large proportion of the LREE, excluding 

cerium, returned to solution in the wash, with little to no HREE being lost to the residue. 

Average Ce/TREE quotient dropped to 0.62 in this series. A solid liquid separation at an 

earlier time in the process, in between 30 minutes and one hour, would likely produce a 

relatively pure cerium residue.  

 

 

Figure 5-7: Cerium oxidation by potassium permanganate in the presence of other REE, a) 

pH 4.0 b) pH 3.0 c) pH 2.0 and d) pH 1.0. 
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The effect of changing pH on the selectivity for cerium in the oxidation process using 

Caro’s acid is shown in Figure 5-8. As in the cerium only tests, Caro’s acid was effective 

at removing cerium from solution in the entire pH range tested; only once pH is lowered 

from 2.0 to 1.0 did cerium yield drop from 99.1 to 88.2%. The co-precipitation of the 

other REE is high at all pH values, with the proportion of terbium reporting to the residue 

increasing with increasing pH and all LREE precipitating at proportional rates for all pH. 

Ce/TREE quotient of the final residues was low for all pH, averaging 0.41. Caro’s acid is 

effective at all pH but has co-precipitation of other REE at high levels. Final Ce/TREE 

quotient is similar to the tests with hypochlorite, with more REE precipitating overall.  

 

 

Figure 5-8: Cerium oxidation by Caro’s acid in the presence of other REE, a) pH 4.0 b) pH 

3.0 c) pH 2.0 and d) pH 1.0. 
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Table 5-2 shows the percentages of each REE precipitating and that dissolved into the 

wash solution, as well as the percentage in the final residue, as a function of 

concentration of the start solution.   

In the cases of both sodium hypochlorite and hydrogen peroxide, a drop in pH from 3.0 to 

2.0 was associated with a drop in Ce/TREE quotient from 0.38 to 0.34 and 0.41 to 0.3, 

respectively. The amount of cerium reporting to the washed solids was also reduced form 

35.7 to 27.8% and 36.0 to 14.6%, respectively. This suggests that a larger percentage of 

the oxidant decomposed before reacting with and oxidizing Ce(III) ions, as in the tests 

with only cerium in solution. Some REE precipitated due to physical adsorption, and 

were dissolved into the wash solution as in the stoichiometry tests, with some remaining 

in the final residue. The percentage of LREE increased with increasing pH in sodium 

hypochlorite tests, indicating a larger amount of adsorption with increasing pH. In the pH 

2.0 hydrogen peroxide test, 0.3% or lower was recovered to wash for each REE, 

indicating that the solids precipitated in a less soluble form.  

In the pH tests using potassium permanganate, co-precipitation increased when 

increasing pH from 3.0 to 4.0, this is likely due to the increased dosage of NaOH solution 

required to maintain a stable pH during the test increasing the formation of RE double 

sulfates. LREE percentage recovery to the final residue was similar, but the  recovery of 

HREE to residue increased from 18.3 to 29.9%. At pH 2.0 when oxidizing cerium with 

potassium permanganate co-precipitation was the lowest of any cases, producing the 

highest Ce/TREE quotient of any test at 0.67. 
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The increase from pH 2.0 to 4.0 had minimal effect on the results obtained in Caro’s acid 

oxidation tests. Indicating that the precipitate is dominated by RE double sulfates and is 

more dependent on sulfuric acid addition than oxidant addition.
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Table 5-2: REE reporting to solids and wash solution at pH 4.0, 3.0, and 2.0. 

  Sodium Hypochlorite Hydrogen Peroxide 

 Recovery Ce La Nd Pr Tb Ce/TREE Ce La Nd Pr Tb Ce/TREE 

pH 4 

 

 

% Unwashed 

Residue 

62.1 55.2 55.6 60.1 18.0 0.40 60.8 41.6 43.1 51.0 22.9 0.44 

% Wash 

Water 

24.5 22.3 22.9 24.0 3.8 0.41 26.8 20.3 19.1 22.0 5.5 0.45 

% Washed 

Residue 

37.6 33.0 32.7 36.1 14.3 0.40 33.9 21.3 24.0 23.5 17.4 0.44 

pH 3 

 

 

% Unwashed 

Residue 

56.4 50.4 50.8 54.8 15.8 0.38 58.1 44.2 47.1 51.0 22.0 0.41 

% Wash 

Water 

20.8 18.5 18.1 21.6 2.8 0.40 22.1 19.1 19.7 21.5 3.4 0.40 

% Washed 

Residue 

35.7 31.9 32.7 33.2 13.0 0.38 36.0 25.1 27.4 29.5 18.6 0.41 

pH 2 

 

 

% Unwashed 

Residue 

46.9 47.3 47.4 50.5 25.4 0.35 14.8 14.2 14.2 27.8 13.7 0.35 

% Wash 

Water 

19.1 16.8 17.1 35.4 3.5 0.36 0.2 0.1 0.3 0.0 0.0 0.50 

% Washed 

Residue 

27.8 30.5 30.3 15.0 21.9 0.34 14.6 14.1 13.9 27.8 13.7 0.35 
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  Potassium Permanganate Caro’s Acid 

 Recovery Ce La Nd Pr Tb Ce/TREE Ce La Nd Pr Tb Ce/TREE 

pH 4 

 

 

% Unwashed 

Residue 

99.6 76.4 80.8 51.0 58.3 0.40 99.6 98.3 98.9 99.1 45.2 0.38 

% Wash 

Water 

0.7 41.8 44.5 44.0 28.4 0.01 25.1 32.5 32.9 33.3 13.7 0.32 

% Washed 

Residue 

98.9 34.6 36.3 39.3 29.9 0.59 74.5 65.8 66.0 65.8 31.4 0.40 

pH 3 

 

 

% Unwashed 

Residue 

99.4 70.7 72.8 75.7 30.8 0.43 99.7 98.7 98.9 99.6 49.2 0.38 

% Wash 

Water 

1.0 37.9 36.3 43.5 12.5 0.01 28.5 34.7 32.0 33.0 13.9 0.34 

% Washed 

Residue 

98.4 32.8 36.5 32.2 18.3 0.61 71.2 64.0 66.9 66.6 35.3 0.39 

pH 2 

 

 

% Unwashed 

Residue 

84.8 29.5 27.3 27.2 23.1 0.58 99.1 84.2 98.5 90.6 45.7 0.39 

% Wash 

Water 

0.4 6.5 5.8 19.1 5.8 0.02 25.1 32.4 31.9 34.9 16.0 0.31 

% Washed 

Residue 

84.4 23.0 21.5 8.1 17.3 0.65 74.0 51.8 66.7 55.7 29.7 0.43 
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5.3 Effect of Temperature on Co-precipitation with Cerium Hydroxide 

 

The final factor tested to see if there was an effect on selectivity was temperature. The 

starting concentrations were the same as in all other selectivity tests shown in Table 3-1 

and pH was constant at 3.0 for the duration of the experiments. Stoichiometry was the 

same as in pH tests, with all oxidants other than Caro’s acid added at 150% of theoretical 

dosage. Temperature was increased to 45 and 65 °C for separate temperature tests.  

Figure 23 shows the results for cerium oxidation in the presence of other REE at 

increasing temperatures. The cerium precipitation increased from 56.4% to 76.2 and 

85.2% respectively at 45 and 65 °C. This was accompanied by an increase in the co-

precipitation of LREE to similar percentages. The removal of HREE also increased at 

similar percentages, increasing from 15.8% at 25 °C to 29.0% at 65 °C.  
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Figure 5-9: Cerium oxidation by sodium hypochlorite in the presence of other REE at a) 25 

°C b) 45 °C c) 65 °C. 

The effect of increasing temperature on the selectivity of cerium oxidation by 

hydrogen peroxide in the presence of other REE is shown in Figure 24. The increase in 

temperature from 25 to 45 °C had a modest effect on the cerium precipitation observed, 

increasing by 3.17%, and was accompanied by an increase in co-precipitation of LREE. 

The reaction also took place at a faster rate as temperature increased. The increase to 65 

°C however had the effect of increasing cerium precipitation from 61.2 to 79.6%, with all 

LREE co-precipitating with similar amounts. The precipitation of HREE also increased 

with temperature increase from 19.7 to 37.1% at 45 and 65 °C, respectively. In general, 

the Ce/TREE ratios of the residues produced in these tests were similar as in all other 
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oxidation tests with hydrogen peroxide. Only the increase to 65 °C significantly increased 

the amount of REE in the final residue, however this also decreased Ce/TREE from 0.41 

to 0.38.  

 

 

Figure 5-10: Cerium oxidation by hydrogen peroxide in the presence of other REE at a) 25 

°C b) 45 °C c) 65 °C. 

The effect of increasing temperature on the selectivity of cerium oxidation by 

potassium permanganate in the presence of other REE is shown in Figure 25. Since all 

cerium was removed from solution in the reaction at 25 °C, the main effect of increasing 

temperature in this series of tests was to decrease the selectivity for cerium. The 

percentage of each LREE reporting to the residue increased by approximately 20% when 

temperature was increased to 45 °C and remained at similar levels when the test was 
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performed at 65 °C. The proportion of HREE removed increased at similar percentages 

but was all recovered to the wash water in all cases but the 45 °C test.  

 

 

Figure 5-11: Cerium oxidation by potassium permanganate in the presence of other REE at 

a) 25 °C b) 45 °C c) 65 °C. 

The effect of increasing temperature on the selectivity of cerium oxidation by Caro’s acid 

in the presence of other REE is shown in Figure 26. As in the case of potassium 

permanganate, all cerium was removed at 25 °C so the main effect of increasing 

temperature was to increase the rate of this removal and decrease selectivity for other 

REE. Terbium precipitation increased from 49.21% to 64.11 and 77.02% at 45 and 65 °C, 

respectively. In general, there is not benefit to increasing temperature when separating 

cerium from other REE by permanganate oxidation. 
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Figure 5-12: Cerium oxidation by Caro’s acid in the presence of other REE at a) 25 °C b) 45 

°C c) 65 °C. 

Analysis of the wash solutions and mass balance calculations showed that similar 

percentages of all REE re-dissolved in the wash solutions at all temperatures, as shown in 

Table 5-3. In hypochlorite tests, the amount of LREE in the final washed residue nearly 

doubled upon temperature increase to 45 °C but actually decreased slightly when it was 

raised further to 65 °C. The HREE retention in the cerium hydroxide residue decreased 

with increasing test temperature. The Ce/TREE quotient increased slightly with 

increasing temperature.  
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In hydrogen peroxide temperature tests co-precipitation of other REE increased, like in 

hypochlorite tests. Ce/TREE quotient decreased, indicating a greater co-precipitation of 

hydroxides and double sulfates 

In potassium permanganate temperature tests Ce/TREE ratios decreased from 0.61 to 

0.55 at both 45 and 65 °C. At elevated temperatures more LREE and HREE reported to 

the final cerium residue, indicating a higher amount of RE double sulfate precipitation. 

Analysis of the residues from the Caro’s acid temperature tests showed a decrease in the 

amount of non-cerium REE reporting to the final residue at 65 °C relative to the 45 °C 

test, as was the case with permanganate. In general the Ce/TREE quotient decreased from 

0.39 tom 0.35 upon increase to 45 °C, but increased to 0.41 after further temperature 

increase to 65 °C. Although the proportion of cerium in the final residue increased at 65 

°C, the amount of HREE removed increased. As in the case of permanganate the is no 

benefit from the increased energy input from heating when attempting to remove cerium 

from other REE using Caro’s acid as the effect of increasing temperature is primarily and 

increase in HREE precipitation. 
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Table 5-3: REE reporting to solids and wash solution at 25, 45, and 65 ºC 

  Sodium Hypochlorite Hydrogen Peroxide 

 Recovery Ce La Nd Pr Tb Ce/TREE Ce La Nd Pr Tb Ce/TREE 

65 ºC 

 

 

% Unwashed 

Residue 

85.2 78.4 79.4 83.0 29.0 0.39 79.6 74.5 75.3 78.6 37.1 0.39 

% Wash 

Water 

37.9 37.0 36.1 45.9 10.9 0.37 33.0 32.2 32.4 33.5 10.1 0.39 

% Washed 

Residue 

47.3 41.4 43.3 37.2 18.2 0.40 46.6 42.3 42.9 45.1 27.0 0.38 

45 ºC 

 

 

% Unwashed 

Residue 

76.2 69.0 69.8 74.0 24.6 0.39 61.2 54.8 56.1 60.0 19.7 0.39 

% Wash 

Water 

23.1 28.4 22.0 23.1 6.1 0.35 27.4 24.4 25.1 42.1 5.2 0.35 

% Washed 

Residue 

53.1 40.6 47.7 50.9 18.4 0.41 33.8 30.4 31.0 17.9 14.4 0.42 

25 ºC 

 

 

% Unwashed 

Residue 

56.4 50.4 50.8 54.8 15.8 0.38 58.1 44.2 47.1 51.0 22.0 0.41 

% Wash 

Water 

20.7 18.4 18.0 21.5 2.8 0.40 22.1 19.1 19.7 21.5 3.4 0.40 

% Washed 

Residue 

35.8 32.0 32.8 33.3 13.0 0.38 36.0 25.1 27.4 29.5 18.6 0.41 
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  Potassium Permanganate Caro’s Acid 

 Recovery Ce La Nd Pr Tb Ce/TREE Ce La Nd Pr Tb Ce/TREE 

65 ºC 

 

 

% Unwashed 

Residue 

99.9 86.3 87.3 51.0 45.1 0.39 99.9 100.0 100.0 100.0 77.0 0.38 

% Wash 

Water 

0.7 42.1 45.1 44.9 28.4 0.01 33.0 34.8 44.7 45.8 39.7 0.33 

% Washed 

Residue 

99.2 44.2 42.3 45.3 16.6 0.55 66.9 65.2 55.3 54.2 37.4 0.41 

45 ºC 

 

 

% Unwashed 

Residue 

99.9 93.4 94.0 96.1 54.3 0.38 99.8 99.4 99.5 99.8 64.1 0.36 

% Wash 

Water 

4.0 48.0 50.7 55.3 27.7 0.04 34.5 37.3 31.8 32.3 16.6 0.36 

% Washed 

Residue 

95.9 45.5 43.3 40.9 26.6 0.55 65.3 62.1 67.7 67.5 47.5 0.35 

25 ºC 

 

 

% Unwashed 

Residue 

99.4 70.7 72.8 51.0 30.8 0.43 99.7 98.7 98.9 99.6 49.2 0.38 

% Wash 

Water 

1.0 38.7 36.7 43.9 12.6 0.01 28.5 34.7 32.0 33.0 13.9 0.34 

% Washed 

Residue 

98.4 32.0 36.1 31.8 18.2 0.61 71.2 64.0 66.9 66.6 35.3 0.39 



 

77 

 

5.4 Adsorption Tests 

In the oxidation selectivity tests the REE would continue to co-precipitate even after all 

of the cerium oxidant had been added and the pH was stable, indicating the oxidation 

reaction had ceased. This indicates that the REE ions were adsorbing on to the ceric 

hydroxide solids both during the cerium oxidation process and for the remainder of the 

observation period. To test this and see if ceric hydroxide particles were capable of 

adsorbing trivalent REE, adsorption isotherms were created for neodymium and terbium. 

This was to represent the response of LREE and HREE, respectively. Ceric hydroxide 

produced in the cerium only oxidation tests using Caro’s acid were selected for these tests 

due to the relative abundance compared to those produced by hydrogen peroxide or 

sodium hypochlorite, as well as the lack of manganese dioxide that precipitates alongside 

ceric hydroxide when using permanganate. These cerium solids were washed in two 

stages to ensure only ceric hydroxide was present and all trivalent cerium had been 

removed. Batch adsorption tests were performed using solutions of only neodymium or 

terbium and 0.1 g of ceric hydroxide. Figure 27 illustrates the adsorption isotherm of the 

ceric hydroxide particles as a function of the equilibrium concentration of neodymium 

and terbium in the respective tests, Ce represents the equilibrium concentration of the test 

solution in mg/L. This result confirms that both LREE and HREE do indeed adsorb to the 

surface of ceric hydroxide particles in solutions containing hydrochloric acid at 25 ºC, the 

same conditions as the oxidation tests. The equilibrium concentration increased sharply in 

the case of neodymium and more gradually in the case of terbium. This agrees well with 

the experimental results of the previous section, indicating that LREE are adsorbed more 

favorably to the surface of Ce(OH)4 than HREE.  
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Figure 5-13: Adsorption isotherms of neodymium and terbium on cerium hydroxide 

particles produced by oxidation with Caro’s acid. 

The characteristics of this adsorption was investigated by fitting the data to both the 

Langmuir and Freundlich adsorption models. The Langmuir model describes adsorption 

occurring at a homogenous surface, which consists of a monolayer of adsorbate. Other 

features of this model are that adsorption sites possess an identical affinity for adsorbate, 

and the lack of interaction between adsorbed molecules that are adjacent to each other 

(Langmuir, 1916). The equation for the Langmuir model is given in Equation 14.  

 
𝐪𝐞 =

𝐪𝐦𝐚𝐱 × 𝐊𝐋 × 𝐂𝐞
𝟏 + (𝐊𝐋 × 𝐂𝐞)

 
Equation 14 

 where qe and Ce represent mass of adsorbate per mass of adsorbent at equilibrium 

(mg/g) and equilibrium concentration of the metal ions being adsorbed (mg/L). The terms 

qmax and KL are Langmuir constants that refer to adsorption capacity and adsorption 

energy, respectively. The linearized form of Equation 14 is given in Equation 15.  

 𝟏

𝐪𝐞
= (

𝟏

𝐪𝐦𝐚𝐱 × 𝐊𝐋
×
𝟏

𝐂𝐞
) +

𝟏

𝐪𝐦𝐚𝐱
 

Equation 15 
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 The Freundlich model assumes that adsorption is multi-layered and that the 

adsorbent in question has a heterogeneous surface (Freundlich, 1906). Equation 16 is the 

equation for the Freundlich model.  

 
𝐪𝐞 = 𝐊𝐟 × 𝐂𝐞

𝟏
𝐧 

Equation 16 

 

 Where Kf and n are the Freundlich constants that related to adsorption capacity 

and adsorption intensity. The linear for of Equation 16 is produced by taking logarithms 

of both sides of the equation and is shown in Equation 17. 

 
𝐥𝐨𝐠(𝐪𝐞) = 𝐥𝐨𝐠(𝐊𝐟) +

𝟏

𝐧
× 𝐥𝐨𝐠(𝐂𝐞) 

Equation 17 

The data points obtained from analysis of the final solutions in the adsorption tests were 

fitted to both of these models and can be seen in Figure 28. Figure 28 a) shows the results 

for the Langmuir model, presented as a plot of 1/qe vs. 1/Ce, and Figure 28 b) shows the 

results for the Freundlich model as a plot of log(qe) vs. log(Ce).  
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Figure 5-14: Linear adsorption isotherms fitted to a) the Langmuir model and b) the 

Freundlich model. 

The Langmuir and Freundlich constants were calculated using the slope and intercept of 

the linearized plots seen in Figure 26 a & b) and are given in Table 16. The correlation 

coefficient (R2), a measure of the quality of fit, was higher for the Langmuir model in the 

case of neodymium (0.9975) and higher for the Freundlich model in the case of terbium 

(0.9902). This indicates that the Langmuir model is better for describing the adsorption of 

LREE to ceric hydroxide and the Freundlich model is better for describing the adsorption 

of HREE, however the R2 value was quite high in both models for HREE. This implies 
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that LREE are adsorbed to the ceric hydroxide particles in solution as a monolayer and 

will become encased in a shell of adsorbed LREE particles when left in solution in the 

presence of these metal ions. The adsorption of HREE is better described by the 

Freundlich model, which would imply that the adsorption of HREE is multi-layer and can 

be adsorbed to ceric hydroxide particles in solution as well as the heterogeneous solids of 

LREE coated ceric hydroxide particles, which will increase the number of sites where 

HREE can adsorb. This is supported by experimental data of the previous sections where 

we can observe HREE adsorption occurring shortly after LREE have begun to precipitate 

from solution onto cerium particles. 

Table 5-4: Langmuir and Freundlich constants. 

 Langmuir isotherm Freundlich isotherm 

 qmax (mg/g) KL (L/mg) Kf (mg/g) n 

Neodymium 116.3 0.0006 1.30 1.63 

Terbium 15.03 0.0019 2.01 1.81 
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Chapter 6 

Analysis of Precipitates 

This section presents and discusses the analysis conducted on solids produced in the 

oxidation tests of this study. This section focuses on the solids produced in the work 

presented in Chapter 4, as the form of the cerium precipitated from oxidation experiments 

was deemed to be of primary importance. Tetravalent cerium precipitating as Ce(OH)4 

will dehydrate to form CeO2 when heated due to the release of oxygen gas (Morais and 

Abreu, 2010). Therefore, the expected makeup of the dried residues from the cerium 

oxidation tests was a mixture of tetravalent hydroxide and oxide. More analysis will be 

required to come to final conclusions on the precise makeup of the mixed REE resides, 

which will be discussed in the future work section. 

6.1 X-Ray Diffraction 

X-ray diffraction analysis was undertaken to gain some insight on the crystal structure of 

cerium precipitates produced in the oxidation experiments described in Chapter 4. XRD 

was used on samples from cerium solids produced using all four oxidants, from tests 

where the conditions were 25 ºC, pH 3.0, and 150% of theoretical stoichiometric addition 

of oxidants. The Results of XRD analysis are shown in Figures 6-1 through 6-4. 

As shown in Figures 6-1, 6-2, and 6-3 the solids produced in the oxidation reactions were 

primarily amorphous. The XRD of solids produced using sodium hypochlorite and 

hydrogen peroxide have some very wide peaks that correspond to the ceric oxide peaks 

shown in Figures 6-1 and 6-2, however they were not distinct enough to match. There 

were no peaks in the COD database for ceric hydroxide, Ce(OH)4, therefore detection of 
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this compound was not possible using XRD. This implies that the majority of the solid 

precipitate is amorphous ceric hydroxide, with minor amounts of ceric oxide produced by 

dehydration in when the solids were drying. The precipitates produced in the potassium 

permanganate tests, Figure 6-3, were completely amorphous. The pattern that was 

produced by the XRD was similar to those of hypochlorite and hydrogen peroxide tests 

however, indicating that it is likely the same substance, amorphous ceric hydroxide. 

 

Figure 6-1: XRD peaks obtained from cerium solids produced via oxidation with sodium 

hypochlorite. 
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Figure 6-2: XRD peaks obtained from cerium solids produced via oxidation with hydrogen 

peroxide 

 

Figure 6-3: XRD peaks obtained from cerium solids produced via oxidation with potassium 

permanganate. 

Results were quite different when XRD was performed on solids produced using Caro’s 

acid. The same sloping curve was obtained as in the other tests, mixed in with distince 

peaks corresponding to sodium cerium double sulphate, NaCe(SO4)2·H2O. This indicates 

that in addition to oxidizing cerium to tetravalent hydroxide, the sulfuric acid in the 
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Caro’s acid solution reacted with trivalent cerium and sodium from NaOH used to 

stabilize pH to produce the double sulfate in a competing reaction, shown in Eqs. 18 and 

19 (Porvali et al., 2018). 

 𝟐𝐂𝐞𝟑+ + 𝟑𝐒𝐎𝟒
𝟐− ↔ 𝐂𝐞𝟐(𝐒𝐎𝟒)𝟑 Equation 18 

Cerium sulfate reacts with sodium sulfate to form double sulfates. 

 𝐂𝐞𝟐(𝐒𝐎𝟒)𝟑 + 𝐍𝐚𝟐𝐒𝐎𝟒 + 𝟐𝐇𝟐𝐎 ↔ 𝟐𝐍𝐚𝐂𝐞(𝐒𝐎𝟒)𝟐 ∙ 𝐇𝟐𝐎 Equation 19 

 

 

Figure 6-4: XRD peaks obtained from cerium solids produced via oxidation with Caro's 

acid. 

6.2 Thermogravemetric Analysis 

The percent weight lost for the cerium solid samples produced in oxidation tests obtained 

by TGA are shown in Figure 6-5. In all tests there is a weight loss of approximately 2% 

corresponding to the evaporation of water that was contained in the solids. Between 125 

and 300 ºC varying weight losses are observed, likely corresponding to the evolution of 

hydroxylated water from the chemical structure. The difference between solids suggests 

that different co-precipitates, such as NaCl forming due to high concentrations of sodium 
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and chlorine ions in solutions, cerium double sulphates, and manganese dioxide adsorbed 

different amounts of water in the different tests. In all solids but those produced with 

Caro’s acid there was an unidentified reaction occurring between 300 and 575 °C, 

accounting for approximately 2% weight loss. This could potentially represent the 

evolution of chlorine gas from small amounts of NaCl precipitated with cerium 

(Brostrom et al., 2011). There is another small weight loss at 800 °C, corresponding to 

the thermal decomposition of ceric oxide to cerous oxide, Eq. 20 (Abanades and Flamant, 

2006).  

 
𝟐𝐂𝐞𝐎𝟐 → 𝐂𝐞𝟐𝐎𝟑 +

𝟏

𝟐
𝐎𝟐 

Equation 20 

The loss of excess weight in the Caro’s acid solids at approximately 850 °C corresponds 

to the decomposition of the cerium sulfate produced in those tests (Nathans and 

Wendlant, 1962). 

 

Figure 6-5: TGA curves produced under an 80% nitrogen, 20% oxygen atmosphere, with a 

temperature change rate of 10K/min. 
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6.3 Scanning Electron Microscopy 

SEM photos were taken of the cerium solids produced using each oxidant in the cerium 

oxidation tests discussed in Chapter 4.  

6.3.1 SEM Photos 

SEM photos are show in Figures 6-6 to 6-9. In Figures 6-6 and 6-7 it is shown that 

cerium precipitates formed using sodium hypochlorite and hydrogen peroxide vary 

greatly in size with smaller particles agglomerating to the surface of the larger particles. 

Size of the precipitate grains varied from approximately 1 to 40 microns in the sodium 

hypochlorite tests and 1 to 25 microns in hydrogen peroxide produced solids.  

Figure 6-8 shows that solids produced using potassium permanganate, there are smaller 

and more uniform in size than those produced using different oxidants, and agglomerate 

together to form large clumps. The larger particles may be the manganese dioxide 

particles that co precipitated with cerium. 

 

Figure 6-6: SEM image of cerium precipitate formed in sodium hypochlorite oxidation. 
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Figure 6-7: SEM image of cerium precipitate formed in hydrogen peroxide oxidation. 

 

Figure 6-8: SEM image of cerium precipitate formed in potassium permanganate oxidation. 

Solids produced in oxidation tests using Caro’s acid were much smaller in diameter than 

those produced with other oxidants, so are shown at a higher magnification in Figure 6-9. 

It should be noted that there is a mixture of larger crystals and smaller amorphous 
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particles adhering together in clumps. This is likely due to the presence of crystalline 

cerium double sulphates and amorphous cerium hydroxide particles.  

 

Figure 6-9: SEM image of cerium precipitate formed in Caro's acid oxidation. 

6.3.2 Energy Dispersive X-Ray Spectroscopy 

EDX analysis was conducted to obtain the distribution of elements in the SEM samples 

on an atom percent basis. The results of the EDX analysis are shown in Table 6-1. The 

EDX was performed on a 5𝗑5 µm section of each sample, so while not being 

representative of the bulk it can give us some inference into the materials produced. From 

the table we can see that solids produced in oxidation tests using hydrogen peroxide, 

sodium hypochlorite, and potassium permanganate had between 32.8 and 34.2% cerium. 

Solids produced in Caro’s acid tests had a lower only 28.3% cerium atoms due to an 

increase in sodium precipitated during the experiments.  
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Table 6-1: Energy Dispersive X-Ray Spectroscopy Results (atom-%) 

Oxidant O Na S Cl Ce Mn 

H2O2 58.3 0.9 N/A 6.6 34.2 N/A 

NaOCl 62.4 1.5 1.4 1.3 33.5 N/A 

KMnO4 51.3 N/A N/A 11.6 32.8 4.4 

H2SO5 56.5 14.9 0.2 N/A 28.3 N/A 
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Chapter 7 

Conclusions and Future Work 

The kinetics of cerium oxidation using sodium hypochlorite, hydrogen peroxide, potassium 

permanganate, and Caro’s acid were investigated at a range of acidic conditions. Solutions 

with cerium as the only REE as well as solutions containing cerium, lanthanum, 

neodymium, praseodymium, and terbium were used in these experiments. When cerium is 

isolated from other REE oxidation of over 90% of aqueous cerium was achieved using 

Caro’s acid under all tested conditions. 100% oxidation of cerium can be achieved using 

in excess of 25% the stoichiometric requirement of potassium permanganate at any 

temperature in solutions with pH above 2.0. Sodium Hypochlorite followed similar trends 

but was inferior to permanganate in its ability to oxidize cerium, with a maximum of 49.1% 

oxidation achieved at 150% stoichiometry and 60 °C. Hydrogen peroxide produced the 

lowest oxidation yield of all reagents under all conditions excluding initial cerium 

concentration, the best results were obtained at 150% stoichiometry and pH 4.0, giving an 

oxidation of 40.2%. K values for the oxidation reactions indicated that the largest effect on 

the rate of reaction occurred upon the increase of pH and temperature. The average 

Ce(IV):Ce(III) ratios of residues produced in cerium only tests were above 0.968 for all 

oxidants except for Caro’s acid, in which case it was 0.72. Oxidation tests performed on 

cerium in the presence of other REE indicated that potassium permanganate was the most 

selective oxidant for cerium tested in this study. Cerium precipitation of 98.4% was 

achieved using potassium permanganate with washed residues having a Ce/TREE quotient 

of 0.62 on average. The greatest cerium removal using Caro’s acid, hydrogen peroxide, 
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and sodium hypochlorite were 73.8% at pH 2.0 and 25 °C, 40.1% at pH 3.0 and 45 °C, and 

46.5% at pH 3.0 and 65 °C, respectively. Ce/TREE ratios for these cases were 0.42, 0.38, 

and 0.41, respectively. Adsorption tests for neodymium and terbium ions using ceric 

hydroxide were fitted to the Langmuir and Freundlich isotherms. Neodymium fitted very 

well to the Langmuir model and terbium had a reasonable fit to the Freundlich model. This 

suggests that the adsorption of LREE and HREE is a mixture of mono and multi layer 

adsorption. Maximum adsorption capacity for ceric hydroxide was calculated to be 115.3 

and 15.03 mg/g for neodymium and terbium, respectively. With respect to the oxidant with 

the greatest potential for selective oxidation of cerium from other REE in acidic media, 

potassium permanganate shows the most promise. 

There are still many aspects of the oxidation reaction between cerium and the reagents 

used in this study, as well as any competing reactions that are occurring simultaneously. 

More investigation and experiments should be conducted to fully understand what is 

occurring in the system. Some include: 

 Running XPS anlysis on solids produced in oxidation tests to gain a better 

understanding on the chemical bonds in the solids 

 Solids analysis on residues produced in cerium oxidation tests in the presence of 

other REE to determine the structure of the REE that co-precipitated with cerium. 

 Tests employing solid liquid separation after 30 minutes in oxidation tests with 

potassium permanganate followed by neutralization of the remaining oxidant to 

see if a cerium product with higher purity can be obtained using this oxidant.  
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 Digestion and analysis of cerium precipitates should be compared to data from the 

TGA analysis to gain a better understanding of the composition of tetravalent 

cerium precipitates produced in the tests 
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Appendix A 

Kinetic Correlation Coefficients 

 

Oxidant Stoichiometry pH Cerium Concentration Temperature 

Test 100% 125% 150% 1.0 2.0 3.0 4.0 2 g/L 8 g/L 16 g/L 25°C 45ºC 65°C 

Sodium 

Hypochlorite 

0.9991 0.9353 0.9492 0.8072 0.8947 0.9492 0.9382 0.9211 0.9492 0.9991 0.9492 0.9522 0.953 

Hydrogen 

Peroxide 

0.8611 0.7887 0.9529 0.9749 0.942 0.942 0.894 0.7888 0.9529 0.9218 0.9529 0.9776 0.914 

Potassium 

Permanganate 

0.965 0.9026 0.9587 0.9707 0.9723 0.9587 0.9979 0.9872 0.9587 0.9617 0.9587 0.9368 0.9258 

Caro’s Acid 0.8696 0.9034 0.8858 0.9489 0.8188 0.8858 0.8915 0.76 0.8858 0.85 0.8858 0.9468 0.9014 
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