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ABSTRACT 

The current experimental investigation focuses on generating data and understanding about the 

feasibility of developing an improved, continuous electrolytic process for the reduction of rare earth 

oxides to rare earth metals in a molten salt media. The rare earth oxides are the typical starting material 

for conversion into their metals because they are the most common products of ore processing and 

separation operations. The extreme chemical stability of the rare earth oxides is responsible for the rather 

complex and energy intensive methods used for rare earth metal production.  

In the proposed electrolysis scheme, a mixture of rare earth oxide and carbon would be used as a 

consumable anode in the electrolysis cell.  The electrolyte in the cell would contain dissolved rare earth 

halides of the metal to be extracted as the seed.  Once the electrowinning of metals from halides begins, 

the halogen would report to the anode and convert the rare earth oxide to a rare earth halide via a process 

called carbohalogenation.  Halogen gas would also be introduced into the system to help promote the rare 

earth oxide to halide conversion. The produced rare earth halide would then dissolve in the electrolyte and 

be available for reduction to metal.  The chlorine based route rather than the fluoride based route was 

chosen for evaluation in this study.  

In order to fully develop a continuous chloride electrolysis process, the individual steps in the 

scheme need to be understood and optimized.  The three steps in the proposed continuous chloride 

electrolysis scheme are: 

1. Carbochlorination of the rare earth oxide  

2. Dissolution of the rare earth chloride in the molten electrolyte 

3. Electrowinning of the rare earth metals  

This project focused on proving the carbochlorination reaction for cerium oxide and neodymium oxide as 

well as optimizing the process parameters involved.  A preliminary kinetic study was performed for both 

carbochlorination reactions to determine the optimal time for the reaction and the rate controlling 

mechanism.  The experimental work also focused on evaluating different electrolytes for use in the 

electrolysis process based on the degree of rare earth chloride solubility and electrolyte stability at various 

operating temperatures.  The information gathered from these two process steps was used to perform two 

scoping tests to evaluate the feasibility of executing the carbochlorination reaction within the molten 

electrolyte.  The present work does not focus on evaluating the electrolysis step of the proposed metal 

reduction scheme. 
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1 

CHAPTER 1  

INTRODUCTION 

This research project was supported by the Critical Materials Institute (CMI) which is an energy 

innovation hub associated with the United States Department of Energy.  The overall goal of CMI is to 

develop technologies that make better use of materials and eliminate the need for materials that are 

subject to supply disruptions.  Currently, the Department of Energy has classified five elements as critical 

materials as well as two elements as near-critical materials due to their importance in clean energy 

technologies.  The materials classified as critical are five rare earth elements: dysprosium, terbium, 

europium, neodymium and yttrium.  The near-critical elements are lithium and tellurium.  CMI seeks to 

minimize the criticality of these elements by supporting research projects in four different focus areas [1]: 

 Development of technologies that diversify the supply of critical elements 

 Development of substitute materials for the critical and near-critical elements that meet the 

current technological needs 

 Development of processes that use the available materials more efficiently  

 Development of forecasting methods that can be used to predict future critical materials 

This research project falls under the diversifying supply focus area and is further categorized 

within a research sub-section that focuses on transformation metal processing. The overall goal of this 

research area within CMI is to develop new, environmentally friendly technologies for conversion of rare 

earth oxides to metallic materials by electrochemical techniques, aiming for breakthrough results 

attractive to domestic industry.  The present work focuses on generating data and understanding about the 

feasibility of developing an improved, continuous electrolytic process for the reduction of rare earth 

oxides to rare earth metals in a molten salt media.   

In the proposed electrolysis scheme, a mixture of rare earth oxide and carbon would be used as a 

consumable anode in the electrolysis cell.  The electrolyte in the cell would contain dissolved rare earth 

halides of the metal to be extracted as the seed.  Once the electrowinning of metals from halides begins, 

the halogen would report to the anode and convert the rare earth oxide to a rare earth halide via a process 

called carbohalogenation.  Halogen gas would also be introduced into the system to help promote the rare 

earth oxide to halide conversion.  The resulting carbohalogenation reaction at the anode would be: 

 
REO + C +  Halogen (g) = RE Halide + CO2 (g)  Reaction 1.1 

The produced rare earth halide would then dissolve in the electrolyte and be available for reduction to 

metal.  The resulting reaction at the cathode would be: 

 
RE Halide = RE Metal (cathode) +  Halogen (anode) Reaction 1.2 q. 1.1 

 



  2 

 

 

The production of rare earth metals by electrolysis of their respective oxides in fluoride 

electrolytes is commonly practiced, but this process is limited by the low solubility of the rare earth 

oxides in the electrolyte and the need for high temperatures.  The proposed process scheme would address 

the limited oxide solubility in the electrolyte by allowing for the conversion of the rare earth oxide into a 

rare earth halide by means of carbohalogenation.  The resulting rare earth halides are much more soluble 

than the oxides in halide based electrolytes.  The increased solubility would result in higher metal yields 

and current efficiencies. 

The chlorine based route rather than the fluoride based route was chosen for evaluation in this 

study.  Figure 1.1 shows a schematic of the proposed electrolysis scheme and the various chemical 

reactions that are involved for the chloride based process.   

 

Figure 1.1 Schematic of the proposed continuous chloride electrolysis scheme for rare earth  

  metal production.   

In order to fully develop a continuous chloride electrolysis process, the individual steps in the 

scheme need to be understood and optimized.  The three steps in the proposed continuous chloride 

electrolysis scheme are: 

1. Carbochlorination of the rare earth oxide  

2. Dissolution of the rare earth chloride in the molten electrolyte 

3. Electrowinning of the rare earth chloride  
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This project focuses on proving the carbochlorination reaction for the selected rare earth oxides and 

optimizing the process parameters involved.  The experimental work also focuses on evaluating different 

electrolytes for use in the electrolysis process based on the degree of rare earth chloride solubility and 

electrolyte stability at various operating temperatures.  The present work does not focus on evaluating the 

electrolysis step of the process.     
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CHAPTER 2  

LITERATURE REVIEW 

A literature survey pertaining to rare earth metal uses and rare earth metal production strategies 

was conducted in order to provide the researcher with proper background information.  This chapter 

provides a summary of the literature findings.  The information gained from the literature survey provided 

valuable knowledge and proved useful for designing the experimental work.   

2.1 Rare Earth Bearing Commercial Products  

The rare earth elements are generally defined as the fifteen lanthanide elements in addition to 

scandium (Sc) and yttrium (Y).  Although, for practical engineering applications, scandium and 

promethium are excluded from this classification because scandium is scarcely found in nature and 

promethium is a radioactive element.  Therefore, the rare earth metals considered for industrially 

applications are the remaining fifteen elements in the group.  These fifteen elements are further classified 

into either light rare earth elements (LREEs) or heavy rare earth elements (HREEs). The HREEs are 

typically more expensive than the LREEs because HREEs frequently occur in ores that are scarcer and 

harder to process than LREE ores.   Figure 2.1 shows the division between these two groups [2].  

 

Figure 2.1   Sub-groups of the rare earth elements from an industrial standpoint [2]. 

The rare earth metals are very critical in many industrially applications due to their unique 

properties.  The most common applications for these metals are: phosphors, magnets, metallurgy, energy 

storage, catalysts, glass, polishing agents and ceramics.  Figure 2.2 shows a breakdown of these main 

application fields and the rare earth elements that are involved in each field.  The elements shown in a 

smaller font size play a minor role in the application field in comparison to the other elements shown in 

each section of the figure.  The breakdown is based on the volume of rare earth elements required for each 

application. [3].   
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Figure 2.2 Global applications of rare earth elements based on data gathered between 2008 to 

  2010 [3]. 

Figure 2.3 shows a breakdown of the demand for rare earth elements used in commercial 

applications in terms of tonnage.  In 2008, the demand for the rare earth elements was projected to grow 

significantly, especially for the permanent magnet industry.  The global demand was projected to increase 

from 120,000 tons of rare earth elements in 2008 to 170,000 – 200,000 tons of rare earth elements in 2014 

[3].   

Figure 2.4 shows the demand for rare earths used in commercial applications in terms of 

economic value.  This figure shows that the most relevant field of application economically are magnets 

and phosphors.  Neodymium, praseodymium, dysprosium and terbium are the main rare earth elements 

used for magnet applications.  Neodymium and praseodymium are typically medium priced elements, but 

dysprosium and terbium are typically high priced rare earth metals and contribute significantly to the 

overall economic value of the magnet industry.  Other expensive rare earth elements such europium and 

terbium are used in phosphor manufacturing.  The applications of glass, polishing, ceramics and catalysts 

are relevant in terms of their volume but less relevant in terms of their economic value.  This is because 

less expensive rare earth elements such as cerium and lanthanum are typically used for these applications.  
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The data used to generate Figure 2.2, Figure 2.3 and Figure 2.4 was gathered from the years 2008 to 2010.  

All of the application fields listed on the figures above are discussed in the following sections.   

 

 

Figure 2.3 Global demand of rare earths by volume from 2008 to 2010 [3]. 

 

Figure 2.4 Global demand of rare earths in terms of economic value from 2008 to 2010 [3]. 
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2.1.1 Magnets 

The two major rare earth based permanent magnet materials are the rare earth – cobalt system and 

the neodymium-iron-boron system.  Both systems are prepared through various methods some of which 

use rare earth oxides as the starting material.   

Preparation of the rare earth – cobalt alloy can be accomplished through direct melting of the 

alloy components, co-reduction or reduction diffusion and by fused salt electrolysis using cobalt as the 

consumable anode.  The co-reduction process, reduction diffusion process and electrolysis process all use 

rare earth oxides as starting materials.  In the co-reduction process, calcium is used as the reducing agent 

and cobalt oxide is used as a thermal booster in the reaction mixture.  A portion of the cobalt in the final 

alloy is derived from the addition of the cobalt oxide starting material.  This process takes place in at 

1100-1200 °C under a vacuum environment.  

In the reduction diffusion process cobalt powder, rare earth oxide and calcium hydride are used as 

starting materials.  The materials are pretreated to remove residual oxygen from the cobalt powder, 

remove moisture from the rare earth oxide and convert the metallic calcium to a hydride.  After the 

pretreatment, the starting materials are mixed and heated in a hydrogen atmosphere furnace.  The product 

is then leached with a dilute mineral acid to remove the calcium oxide  

The electrolytic process for producing rare earth - cobalt alloys for magnets was primarily 

developed at the U.S. Bureau of Mines in Reno.  The process developed was a form of oxide-fluoride 

electrolysis.  In this process, rare earth oxides are used as the feed material and the consumable cathode is 

made of cobalt.  The electrolyte is comprised of LiF and the respective rare earth fluoride [4]. 

Preparation of the Nd-Fe-B alloys are typically accomplished through direct melting of the alloy 

components or co-reduction.  The co-reduction process uses rare earth oxides as starting materials.  The 

co-reduction processes for Nd-Fe-B alloys are very similar to the co-reduction process used to prepare 

rare earth – Co alloys.  In this process, neodymium oxide, iron, iron oxide, ferroboron and calcium are 

mixed together and heated for four hours at 1100 – 1200 °C under a vacuum environment [4]. 

2.1.2 Phosphors 

In the last few decades, a large number of luminescent materials based on rare earth ions or rare 

earth host lattices have been developed.  This is partly due to the fact that the rare earth phosphors are so 

much more efficient at converting electrical energy to light than other conventional light sources.  

Common end uses for these phosphors are liquid crystal displays (LCDs), plasma screen displays, light-

emitting diodes (LEDs) and compact fluorescent lamps (CFLs).  Rare earth host lattices are typically 

comprised of oxides, oxysulfides, phosphates, vanadates and silicates.  Little information was found 

regarding the preparation of rare earth phosphors.  What was stated in literature was that there are many 
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different types of rare earth phosphors and their preparation is highly dependent on their chemical 

constituents [5], [2].   

2.1.3 Metallurgy 

The rare earth elements have been used in various metallurgical applications.  One of the oldest 

applications of rare earth elements is the use of cerium and lanthanum in pyrophoric alloys that are used 

in flint ignition devices for lighters and torches [3].  Rare earth elements have also been used in iron and 

steel making.  Sulfur is known to have detrimental effects on the mechanical properties of freshly cast 

steel or iron due to the concentrate of sulfides at grain boundaries.  These sulfides cause the steel or iron 

to become very brittle upon solidification.  To minimize this problem, mischmetal and cerium are used as 

minor alloys for the casting of steel and iron.  Mischmetal is a mixture of different rare earth elements in 

various naturally occurring proportions.  Mischmetal is commonly produced either from bastnasite or 

monazite ore concentrates through fused salt electrolysis or thermal reduction.  The major commercial 

method for the production of mischmetal is fused salt electrolysis of anhydrous chlorides [4].  The 

addition of the rare earth elements to either steel or iron causes the sulfur content in the melt to be 

captured in the form of stable compounds such as RE2S3 or RE2S2O.  These rare earth compounds form 

spherical inclusions which do not concentrate at the grain boundaries, thus enhancing the ductility of the 

steel or iron [3], [6].   

Other metallurgical applications include the use of rare earth elements as an alloying element in 

some superalloys and for use in light weight aviation construction.  Yttrium, lanthanum and cerium have 

been added to heat-resistance superalloys.  The addition of these elements have shown to greatly improve 

the performance of various superalloys.  For example, the addition of mischmetal to electrical resistance 

alloys such as Ni-20Cr causes the formation of a dense and more adherent surface oxide.  The improved 

oxide layer leads to a longer service life of the alloy.  Scandium-aluminum alloys have proven to be a fit 

material for light weight aviation construction.  Although, due to its cost and limited availability, this 

alloys is primarily only used for military aviation applications and has not been used for civil aviation 

applications  [3], [6]. 

2.1.4 Energy Storage 

The main energy storage applications for rare earth elements are batteries, solid state storage of 

hydrogen, and solid oxide fuel cells.  The rare earths are primarily found in Ni-MH batteries.  Along with 

nickel and cobalt, Ni-MH batteries also contain a mix of lanthanum, cerium, neodymium and 

praseodymium.  The lanthanum in the mixture enables the absorption the H+ ions in the battery cell.  This 

electrochemical process is easily reversed, which makes the Ni-MH batteries very suitable for 
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rechargeable-battery applications [7], [2].  Ni-MH batteries are used for the battery packs in many major 

hybrid electric vehicles, such as the Toyota Prius [3]. 

Rare earth elements are also utilized in hydrogen energy systems.  The rare earth elements, mixed 

with various other metals, are used for a solid state storage media of hydrogen.  Solid state storage 

involves the absorptions of large quantities of hydrogen at room temperature into a metallic matrix of 

different metals.  The hydrogen storage method is more advantageous than hydrogen storage as a 

cryogenic liquid or compressed gas because it provides safer conditions, decreases the volume required 

and energy savings [3].  The LaNi5 compound is typically used for this application because it has been 

found to absorb and desorb large amounts of hydrogen gas in undemanding conditions.  It should be 

noted that although the LaNi5 is very efficient in terms of capacity and kinetics, it is much more 

expensive than other materials used for the solid state storage of hydrogen [6].   

Solid oxide fuel cells are a recently developed technology in which rare earth elements play an 

integral role.  The electrolyte in this fuel cell contains yttrium and the electrodes are made from 

mischmetal containing rare earth elements.  The most common material for the anode is yttria stabilized 

zirconia and the most common material for the cathode is lanthanum strontium manganite [8]. 

2.1.5 Catalysts 

Cerium and lanthanum are widely used for catalysts in the automotive and petroleum refining 

industries.  Cerium oxide is the primary rare earth compound that is used in automotive catalytic 

convertors to reduce pollutants that are a product of the combustion process.  Lanthanum oxide and 

neodymium oxide are sometimes used for this application as well.  Cerium compounds are also 

sometimes added to diesel fuel in order to promote clean combustion [3]. 

Both lanthanum and cerium are used extensively in fluid cracking catalysts that are critical in the 

petroleum refining industry.  The rare earth content of these catalysts usually ranges from 0.5 to 5% [6].  

The fluid cracking catalysts are used to convert the heavy crude oil into gasoline and various other 

products.  Lanthanum and cerium are used as additives in these catalysts because of their ability to 

interact with hydrogen atoms.  The interaction helps conversion of crude oil into useful petroleum 

products [2].       

2.1.6 Glass, Polishing and Ceramics 

One of the earliest applications of rare earths is in the glass industry.  Cerium oxide and 

lanthanum oxide are the most common rare earth compounds utilized in this industry.  Different additions 

of certain rare earth elements can aid in removing color from glass or adding color to glass.  Traditionally, 

small amounts cerium oxide have been added to glass to remove undesirable color by minimizing the 

effect of the Fe impurities within the material.  Large additions of certain rare earth elements can actually 
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color glass.  Cerium is used to produce yellow or brown glass, neodymium is used to produces bright red 

glass and praseodymium is used to produces green glass [2], [6].   

Additions of both cerium oxide and lanthanum oxide have also been used to reduce UV light 

penetration.  Therefore these rare earth compounds are often used in the production of vehicle glass and 

eye protective glass.  Didymium, a mixture of praseodymium and neodymium, oxide has also been used 

in the production of welding googles because the high concentration of Nd and Pr effectively absorb 

yellow sodium light [6]. 

The rare earth elements are not just used as glass additives but also as glass polishing agents.  

Cerium oxide or a natural mixture of rare earth oxides are often used to produce these polishing agents.  

These agents are typically used to polish cut glass, mirrors, TV screens, computer displays and the wafer 

used to produce silicon chips.  Rare earth elements are not only effective polishing agents because of their 

abrasive nature, but also because they enable a chemical reaction to take place that aids the polishing 

process [2], [6].   

The rare earth elements have a wide variety of applications in the ceramics industry as well.  

Cerium and yttrium have been found to be an excellent stabilizer for certain ceramic materials.  For 

example, these rare earth elements are added to the transformation toughened zirconia to enhance 

properties and stability.  Praseodymium and other rare earths are used to produce high temperature 

resistant, pigments for the ceramic industry.  Lanthanum and cerium have also been used in ceramic 

capacitors, semiconductors and other components for LCDs and electronics [6]. 

2.1.7 Other Applications 

Other applications of rare earth elements include fertilizer, nuclear energy, and waste water 

treatment.  Rare earth element fertilizer is primarily used in China. This fertilizer contains between 0.04 

to 0.16% of rare earth elements and is produced by adding rare earth compounds to calcium 

superphosphate.  It has been found that the use of rare earth fertilizer has improved crop yields and 

decreased the amount of diseased plants [3].   

Gadolinium is the primary rare earth element used in nuclear energy generation.  Gadolinium 

oxide is used in General Electric’s boiling reactors as a burnable poison.  Gadolinium oxide is mixed 

directly with uranium to attain a uniform neutron flux for the duration of the life time of a fuel element.  

Europium is also used in the nuclear industry due to its high capture cross section for thermal neutrons 

[6].   

Lastly, rare earth elements have been utilized in specific water purification applications.  

Molycorp in conjunction with United State Army recently developed two water purifying technologies 

that utilize rare earths.  These technologies were a portable water purifying device and a material that 

effectively removes arsenic and other harmful compounds from process water [3]. 
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2.2 Methods for Rare Earth Oxide Separation  

The rare earth oxides are the typical starting material for conversion into metal because they are 

the most common products of ore processing and separation operations.  Rare earth oxides can be 

produced by five commonly used methods: selective oxidation, selective reduction, fractional 

crystallization, ion exchange and solvent extraction.  

2.2.1 Selective Oxidation 

The rare earth metals that can be separated by selective oxidation are cerium, praseodymium and 

terbium.  Selective oxidation is effective for these three rare earth metals because they can be oxidized 

from trivalent state to a tetravalent state, which allows for separation.   The most commonly used 

oxidizing agents used for these reactions are persulfates, permanganate and hypochlorite.  Air or oxygen 

is also used as an oxidizing agent [9].  In the selective oxidation of praseodymium and terbium, Pr (IV) 

and Tb (IV) will precipitate out of solution as rare earth oxides and settle because the tetravalent states for 

praseodymium and terbium are not stable in an aqueous solution. Whereas, in the selective oxidation of 

cerium, the tetravalent cerium must be separated from the rare earth mixture by selective dissolution of 

trivalent elements in a dilute acid or complete dissolution of the species in a concentrated acid followed 

by precipitation.  The tetravalent cerium can be precipitated from the acidic solution through pH control 

[6].  

2.2.2 Selective Reduction 

The rare earth metals that can be separated by selective reduction are samarium, europium and 

ytterbium.   Selective reduction is effective for these three rare earth metals because they can be reduced 

to a divalent state.  McCoy developed the commercially used method for selective reduction of Eu.  In 

this method, Eu (III) is reduced to Eu (II) by zinc in a chlorine solution.  The divalent Eu is precipitated 

from the solution as a sulfate and is then dissolved in HCl, which causes the formation of an oxide [10].  

This method does not work for samarium or ytterbium because zinc does not reduce these metals.  Marsh 

et al. developed the commercially used method for the selective reduction of ytterbium and samarium.  In 

this method, rare earth mixtures are placed in an acetate solution.  Samarium and europium can then be 

separated by reductive extraction into dilute sodium amalgam [6].   

2.2.3 Fractional Crystallization 

Fractional crystallization is a process of separating the components of a solution on the basis of 

their different solubility.  In this method, the solution is evaporated until the least soluble component in 

solution crystallizes out.  In the fractional crystallization of rare earths, rare earth solutions are mixed with 

a salt and then heated.  The solutions are then allowed to gradually cool causing the rare earth oxide to 

crystallize out of solution.  This method is usually most suitable for lanthanides at the lower end of the 
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series [7].  Ammonium nitrate salts are commonly used for the separation of praseodymium and 

neodymium from solutions.  Double magnesium nitrates are commonly used for the separation of 

samarium, europium, gadolinium and the ceric group.  Bromates and ethyl sulfates are used in the 

separation of the yttric group [6]. 

2.2.4 Ion Exchange 

Ion exchange reactions are a two-step process that involves the interchange of ions between an 

aqueous solution and an insoluble resin.  The first step is absorption, which removes the metal ions from 

the solution and the second step is elution, which is the recovery of metal compounds from the resin bed.   

This method is suitable for rare earth separation on a small scale because it is a batch process.   A 

commercially used ion exchange method involves the recovery of rare earth compounds through the use 

of amberlite type resins and elution with chelating agents such as citric acid.  Diamine tetraacetic acid 

(EDTA) and hydroxyl ethylene diamine triacetic acid (HEDTA) are two other commonly used chelating 

agents because most all rare earth combinations can be successfully separated through the use of these 

two agents [11].        

2.2.5 Solvent Extraction 

Solvent extraction is the most economical method for separating rare earth metals today.  In 

solvent extraction, an aqueous solution is mixed with an immiscible organic solvent.  The metal is then 

transferred to the organic phase and there is a phase separation due to the different densities.  In the 

solvent extraction of rare earth metals, the aqueous solution contains the desired metals to be separated, 

which are subsequently transferred to the organic phase.  The organic extractants used in this method can 

be classified as neutral, acidic, basic or a chelating agent.  Neutral organic extractants generally yield low 

separation factors, which make them suitable for the recovery of mixed rare earth oxides.  Tributyl 

phosphate (TBP) is the most commonly used neutral extractant. Basic organic extractants are used to 

recover anionic lanthanides from aqueous solutions.  Acidic extractants are very powerful and can be used 

to separate most rare earth metals.  Di-(2-ethylhexyl)-phosphoric acid (D2EPHA) is the most commonly 

used acidic extractant because it can be used to recover rare earth compounds from many different types 

of solutions [7]. 

2.3 Preparation of Rare Earth Halides 

The conversion of the oxides into halides is necessary for production methods that involve the 

reduction of rare earth halides and molten salt electrolysis.  There are two different types of methods 

established for the preparation of rare earth halides that are used as intermediates for reduction to metal: 

wet methods and dry methods.   
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2.3.1 Wet Methods used for the Preparation of Rare Earth Chlorides 

There are a few basic wet method procedures found in literature.  One such procedure is 

described by Spedding et al. in which the rare earth oxides are dissolved in hydrochloric acid.  The 

solution is then evaporated to a syrup.  The syrup is poured into a large porcelain disc and stirred while it 

cools forming hydrated chloride crystals.  Nolting et al. also describes a procedure in literature in which 

yttrium chloride is prepared by digesting yttrium oxide in concentrated hydrochloric acid.  The solution is 

then evaporated until the yttrium chloride hexahydrate crystallizes.  Chlorides produced by wet methods 

must be dehydrated before further processing can take place [4]. 

2.3.2 Dry Methods for the Preparation of Rare Earth Chlorides 

Direct chlorination and carbochlorination processes are the most common dry methods for 

producing metal chlorides.  There is very little information about the use of these methods for the 

preparation of rare earth chlorides on a production scale.  Most of the methods pertaining to the industrial 

practice of producing rare earth chlorides through dry methods is either outdated or proven to be 

inefficient. There are two fairly recent and effective carbochlorination type processes documented in 

literature that have been developed for the production of rare earth chlorides: the Goldschmidt process 

and the Block and Campbell process [4].       

The Goldschmidt process is a high temperature direct chlorination process which has been used 

on a production scale at Th. Goldschmidt AG located in Germany.  This process was developed to 

produce an anhydrous rare earth chlorides directly from bastnasite ore.  This process has also been proven 

to be effective for other rare earth ores such as monazite or xenotime as well as for rare earth oxide 

concentrates.  The first step in the process is to grind the ore and then mix it with a binder and some 

water.  The most common binders used are sulfite liquor, sugar and starch.  The ore mixture is then 

compacted into pellets through a briquetting machine.  The pellets and loose layers of coke are then 

placed in a chlorination furnace.  The furnace was lined with carbon and designed to run at temperatures 

of 1000 – 1200 °C.  The temperature required for producing silicate or phosphate ores was found to be 

higher than when processing oxide ores.  The typical energy consumption for this reaction setup was 

reported to be 0.4 – 0.6 kWh/ kg ReCl3 and the reaction consumed chlorine at the rate 0.9 -1.0 kg/kg 

RECl3.  This process produced anhydrous chlorides that are without oxide or oxychlorine content and 

clearly separated from impurities. Figure 2.5a shows the experimental setup for the Goldschmidt process 

[4]. 

Block and Campbell developed a similar process to Goldschmidt for producing rare earth 

chlorides.  This process has only been performed in a laboratory setting.  The method they developed was 

for the chlorination of cerium and yttrium oxides with a mixture of chlorine and carbon tetrachloride in 
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the presence of carbon.  The oxides are mixed with an excess amount of carbon and a small amount of 

dextrin, which is used as a binder.  This mixture is then pressed into pellets.  The pellets are loaded into a 

quartz vessel where they are heated to 600 °C in the absence of air.  This initial heating causes the dextrin 

to decompose.  The furnace is then heated to just below the melting temperature of the RECl3 and either 

chlorine gas or carbon tetrachloride mixed with small amounts of chlorine gas is injected into the furnace.  

The furnace is kept just below the melting point of the RECl3 to keep the RECl3 from melting and coating 

the unreacted oxide particles.  The optimum temperature for cerium oxide conversion in this process was 

found to be between 750 and 800 °C and the optimum temperature for yttrium was found to be 650 °C.  

Around 95% of the initial rare earth oxide presence was converted into a chloride, but the product needed 

to be purified due to the presences of unreacted oxide and excess carbon. Figure 2.5b shows the 

experimental setup for this procedure [4]. 

 

(a) 

 

(b) 

Figure 2.5 Carbochlorination furnace setups used for the a) Goldschmidt process and b) Block and Campbell  

 experimental process [4]. 

2.3.3 Wet Methods for the Preparation of Rare Earth Fluorides 

The most common wet method for producing rare earth fluorides consists of the precipitation of a 

hydrated rare earth fluoride from an aqueous solution directly followed by a dehydration process.  The 

first step in this process is to dissolve the rare earth oxide in hydrochloric or nitric acid.  The rare earth 

fluoride can then be precipitated from the solution through the addition of hydrofluoric acid.  The rare 
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earth fluoride is subsequently recovered through decantation or filtration.  The fluoride is dried in air and 

then heated in a vacuum or under the flow of dry hydrofluoric acid in order to decompose the hydrate [4]. 

2.3.4 Dry Methods for the Preparation on Rare Earth Fluorides   

The dry method used for fluoride conversion is called hydrofluorination.  Conversion to fluorides 

by this method takes place by passing anhydrous HF gas directly over the rare earth oxide at elevated 

temperatures.  Successful conversion is generally accomplished at a temperature of 700 °C for 8 hours for 

most rare earth oxides.  An excess of 200% HF gas is utilized in this reaction.  The fluoride conversion 

attained through this method usually range from 99.90 – 99.98% [4]. 

2.4 Methods for the Production of Rare Earth Metals 

There three primary methods practiced for producing pure rare earth metals from compounds.  

These three methods are (1) reduction of anhydrous chlorides and fluorides (2) direct reduction of rare 

earth oxides, and (3) fused salt electrolysis of rare earth chlorides or oxide fluoride mixtures [4].  In the 

first two methods, direct oxide reduction and halide reduction, are usually accomplished through the use 

of metallothermic reduction methods.  The feasibility of metallothermic reactions is determined by the 

free energies of formation of the compounds involved in the reaction.  An evaluation of the free energies 

of formation allows for the selection of an appropriate reducing agent.  The third method, molten salt 

electrolysis, is also a viable option for the production of rare earth metals.  This process can be 

accomplished either through the electrolysis of chlorides or oxide-fluoride mixtures.  Each method has 

different advantages and limitations for the production of rare earth metals, which affect purity levels, 

metal yields, bath sizes, operating conditions and costs. 

2.4.1 Direct Reduction of Rare Earth Oxides 

Figure 2.76 shows a schematic of the common processes for metal production through the 

reduction of rare earth oxides.  Direct reduction of rare earth oxides process does not require the pre-

transformation of the rare earth oxides into halides.  The earliest attempts to directly reduce rare earth 

oxides to metals were made between 1890 and 1912 by Winckler, Matignon, and Hirsch.  They used 

magnesium or calcium as a reducing agent for the rare earth oxides.  Although, this method proved to be 

ineffective because the resulting mixture consisted of magnesium oxide or calcium oxide and a metal, 

which could not be separated.  Several years later, Mahn revisited the magnesium reduction route.  His 

method was to dip blocks of rare earth oxides in magnesium that was heated to 1050 °C.  Although the 

magnesium metal attacked the metal oxide block, the only products obtained were very dilute solutions of 

rare earth metals in magnesium [6]. 

In 1953, a major breakthrough was made by Daane for the reduction of volatile rare earth metals.  

In this process, rare earth oxides are mixed with lanthanum chips in a tantalum crucible fitted with a 
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tantalum condenser.  The mixture is heated to high temperature under a vacuum so that the metal 

produced by the lanthanum reduction sublimes as crystalline condensates on the crucible wall.  The metal 

was then collected from the crucible wall. The metal contained residual lanthanum, oxygen, and 

hydrogen, but these impurities were removed by subliming the metal once more [12].  Onstatt also used 

this reduction – distillation method, but he used calcium instead of lanthanum as the reducing agent.  This 

method turned out to be less effective than the lanthanum method because the metal had to be distilled 

three to four times in order to remove the majority impurities and the metal was only around 40%.  

Achard experimented using carbon as the reducing agent for the reduction – distillation process, but the 

distilled product from this process contained high amounts of oxygen.  Achard found that a second 

distillation at a higher pressure resulted in purer rare earth metals [6]. 

  In 1988, General Motors developed a molten salt process for the direct reduction of rare earth 

metals.  To perform this process, a rare earth oxide is placed inside a reaction vessel with calcium 

chloride and sodium chloride.   The sodium chloride is used to reduce the calcium chloride to calcium 

metal.  The calcium metal is then used to reduce the rare earth oxide to a rare earth metal.  The reaction 

vessel is then heated to a temperature above the melting point of the constituents but below the 

vaporization temperature of the sodium metal.  The molten constituents must be rapidly stirred in order to 

keep them in contact with one another.  As the reaction progresses, calcium chloride is added to the 

reaction bath as necessary to maintain a weight percent of 70% of the combined weights of both the 

calcium chloride and the sodium chloride.  The following reaction explains the process: 

 
REnOm + mCaCl2 + 2mNa → nRE + mCaO + 2mNaCl  Eq. 2.1 

The “n” and “m” quantities are the number of moles of constituents and the relation of n and m is 

determined by the oxidation state of the rare earth metal.  When the reaction is complete and the stirring 

has stopped, the reduced metal can be recovered in a clean layer from the bottom of the reaction vessel 

[13].  Figure 2.6 shows a schematic of the common processes for metal production through the reduction 

of rare earth oxides.   

 

2.4.2 Reduction of Anhydrous Rare Earth Halides 

The second method for the production of rare earth metals is through the reduction of their 

halides.  This reduction method requires the pre-transformation of the rare earth oxides into either 

chlorides or fluorides.  The rare earth halides are less stable than the rare earth oxides which means that 

there are more potential reducing agents.       
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Figure 2.6 Common processes for the preparation of rare earth metals through the  reduction of the  

  oxides [6]. 

 Metallothermic Reduction of Rare Earth Chlorides 

Figure 2.7 shows a schematic of the common processes for metal production through the 

reduction of rare earth chlorides.  Trombe and Mahn performed one of the first metallothermic reductions 

of rare earth chlorides. They prepared cerium, neodymium and gadolinium by reduction of their 

trichlorides with magnesium.  This reduction produced magnesium – rare earth alloy.  The magnesium 

was subsequently removed through vacuum distillation.  A few years after Trombe and Mahn experiment, 

Keller and Karl prepared cerium metal by reducing cerium dichloride with calcium in dolomite lined steel 

bombs.  A Ca – I booster reaction was also used in this process to achieve a good slag – metal separation.  

The cerium metal was then vacuum melted to remove the calcium slag.  The metal was obtained in 99% 

yield [6]. 

Spedding and Daane also developed a technique for producing lanthanum, praseodymium, 

neodymium, and gadolinium metals that utilized calcium as a reducing agent.  The rare earth oxide and 

calcium reaction was performed in tantalum crucible that was heated above the melting temperature of the 

metal being reduced.  The reduction was also performed in a vacuum or inert atmosphere.  The metal was 

obtained in 99% yield [14]. 
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Lithium and sodium have also been used as reducing agents for rare earth chlorides.  Block and 

Campbell were able to prepare high purity yttrium by utilizing both elements as reducing agents.  In one 

technique, the chloride and lithium were placed in a molybdenum crucible and heated to 850 – 900 °C.  

The reaction took place in an inert atmosphere for four to five hours.  The excess lithium and lithium 

chloride was removed through vacuum distillation.  The metal was obtained in 95 – 99% yield [6].  In 

another technique, sodium is distilled into a yttrium chloride crucible.  The reaction took place at 800 – 

850 °C for 5 -7 hours.  The sodium chloride slag was then poured off and any excess sodium was 

removed through distillation.  Only 61 to 85 % of the metal could be recovered through this process [4]. 

More recent metallothermic studies have focused on lithium vapor reduction of rare earth 

trichlorides.  Nolting, Simons and Klingenberg have used lithium vapor reduction of rare earth 

trichlorides to prepare yttrium and other rare earth metals that have high melting temperatures.  This 

process involves reducing yttrium trichloride with lithium vapor inside a sealed stainless steel chamber.  

This reduction produces a lithium chloride slag, which is then distilled away from remaining yttrium 

crystals.  The metal crystals are consolidated through the arc melting process [15].   

 

Figure 2.7 Common processes for the preparation of rare earth metals through the reduction of the  

  chlorides [6]. 
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 Metallothermic Reduction of Rare Earth Fluorides 

Figure 2.8 shows a schematic of the common processes for metal production through the 

reduction of rare earth fluorides.  Metallothermic reduction of rare earth fluorides have been studied but 

these processes were developed much later than processes involving rare earth chlorides and not used as 

often as rare earth chloride reduction.  In the early 1950’s, Gray performed experiments in which rare 

earth fluorides were reduced with lithium inside a steel bomb.  Iodine was added to the reaction to lower 

the slag melting point and the mixture was heated to 1220 °C.  Cerium, lanthanum and neodymium were 

all successfully recovered from this method [16]. 

Soon after Gray’s method was tested, Daane and Spedding developed a very successful technique 

for reducing rare earth fluorides.  In this process, calcium is used as the reducing agent.  Calcium and the 

rare earth fluoride are heated in an argon atmosphere at varying temperatures.  This process resulted in 

good metal – slag separation and the slag could be removed from the metal through vacuum melting.  

This method is very similar to what was adopted for industrial practice [12].          

 

Figure 2.8 Common processes for the preparation of rare earth metals through the  reduction of the  

  fluorides [6]. 
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2.4.3 Metal preparation through Molten Salt Electrolysis  

Molten salt electrolysis is also a viable option for the production of rare earth metals. Electrolysis 

of the rare earth elements can be done by the use of a molten alkali halide bath.  Chloride and oxide-

fluoride mixtures are the most common basis of electrolytes used for this process. Electrolytic methods 

are typically less complex and expensive than metallothermic reduction methods. This type of process is 

not completely limited by considerations of chemical stability. Instead, electrolytic methods rely on the 

theoretical decomposition potential to determine feasibility [4], [17].  

 Molten Salt Electrolysis of Rare Earth Chloride Mixtures 

Lanthanum, cerium, praseodymium and didymium (alloy of neodymium) have been produced by 

fused salt electrolysis of chlorides on a commercial scale.  The maximum operating temperature of a 

chloride electrolysis cell is 1100 °C.  At temperatures above 1100 °C, the volatility of the electrolyte 

constituents becomes unacceptable and severe attack of the cell wall material can occur.  Lanthanum, 

cerium, praseodymium and didymium have been successfully recovered through chloride electrolysis 

because all of these elements have melting points less than 1100 °C.  Rare earth elements with high 

melting temperatures, such as gadolinium, dysprosium and yttrium, have been recovered in limited 

quantities by fused salt electrolysis of their fluorides rather than their chlorides [18].   

The technique for fused salt electrolysis of chlorides that was adopted in industry uses an iron or 

carbon cathode and a graphite anode.  The cathode is either the cell container itself, carbon or ions blocks 

at the bottom of the cell.  The electrolysis takes place in a ceramic, iron, carbon or graphite lined reactor.  

The electrolyte contains the rare earth chloride and NaCl, KCl, BaCl2 or CaCl2.  The electrolyte bath is 

typically heated between 800 – 900 °C.  Lanthanum, cerium and didymium metals of 99% or greater 

purity have been produced by this method [18].  

 The current efficiencies of these cells were usually between 45 – 50%.  The current efficiencies 

in these cells are influenced by various factors.  At the cell operating temperature (typically 900°C), the 

rare earth metals can react with O2, H2, CO2 or graphite forming products that have high melting points 

and low electrical conductivity, thus decreasing the current efficiency.  The presence of oxychlorides can 

also decrease the current efficiency.  Oxychlorides have higher melting points than the rare earth 

chlorides and have limited solubility in the electrolyte.  Their presence in the melt increases the viscosity 

causing current losses due to the lower mobility of the ions in solutions and high operating temperatures 

[4]. 

 Molten Salt Electrolysis of Rare Earth Oxide-Fluoride Mixtures 

Molten salt electrolysis of rare earth oxide-fluoride mixtures is typically used to produce rare 

earth metals with high melting temperatures.  The first successful technique for producing metal through 
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oxide-fluoride electrolysis was developed by Gray in the early 1950’s.  The process utilized a graphite 

anode and molybdenum cathode.  A rare earth oxide was dissolved in a REF3 – LiF – BaF2 electrolyte and 

the mixture was externally heated in a carbon reactor.  The reaction also took place in an argon gas 

atmosphere and an inert crucible was placed below the cathode to recover the rare earth metal. 

During the 1960’s, much of the research and development of oxide-fluoride electrolysis was 

carried out by the Reno Metallurgy Center of the United States Bureau of Mines.  An important feature of 

the electrolytic cells that were developed at Reno was that there was layer of frozen bath on the interior 

surface of the graphite reactor.  This layer was called a skull and kept the rare earth metals from coming 

in contact with the graphite crucible.  The cells were first used to recovery cerium metal.  During 

electrolysis, cerium nodules formed on the surface of the skull.  After the procedure was complete and the 

cell was cooled to room temperature, the skull was taken into open air and broken up to recover the 

cerium nodules.  This technique was also used to recover neodymium, praseodymium and didymium.  

The current efficiencies for these cells typically ranged from 75-95%.  The electrolyte consisted of the 

RE2O3, REF, LiF, and BaF2.  Rare earth metals could be produced in 99% or greater purity through this 

method [18].   

2.5 Solubility of Rare Earth Elements in Molten Salt 

The solubility of rare earth halides as well as their metal and oxide phases play a critical role in 

the molten salt electrolysis process described above.  The solubility of the rare earth halides and/or oxides 

in a molten electrolyte should be as high as possible to ensure an efficient and stable electrolysis process.  

On the other hand, the solubility of the rare earth metal phase should remain as low as possible in order to 

keep current efficiencies and metal yields high.   The solubility of these rare earth compounds are 

dependent on both the molten salt composition as well as the temperature of the mixture. Chloride melts 

are the most common molten salt among the various halides.  They are typically inexpensive, are less 

corrosive and have lower melting points than fluoride based melts.  A drawback to chloride based melts is 

that most of them are hydroscopic thus requiring a dehydration step in an inert atmosphere.  Fluoride 

melts are very corrosive which can make them more difficult to work with, but it also means high 

solubility for many substances including some metal oxides.  Bromide and iodine melts are not very 

common compared with the chloride and fluoride melts.  These types of molten salts are typically prone 

to thermal decomposition, hydrolysis and air oxidation.   Although, they do have lower melting points 

which may make the attractive for some processes. The present literature review focuses on the solubility 

of various rare earth chlorides, oxides and metals in chloride based salts [19]. 
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2.5.1 Rare Earth Chloride Solubility      

A recent study conducted at KAIST, a research university in South Korea, investigated the 

solubility of the various rare earth chlorides in a molten LiCl-KCl eutectic mixture at 500 °C.  The rare 

earth chlorides used in this study were CeCl3, DyCl3, LaCl3 and NdCl3.  The tests were conducted inside 

of a glove box under an argon atmosphere.  Each rare earth chloride and the eutectic salt mixture was 

placed in a 6 mm diameter Pyrex tube and heated to 500 °C.  The mixture was allowed to reach 

equilibrium for 12 hours.  After 12 hours, the tube was rapidly cooled to room temperature.  The resulting 

solid rod of material was then split into sections and the rare earth element concentration of each section 

was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES).  Figure 2.9 

shows the depth profiles for cerium and dysprosium tests [20].  The ICP-AES results showed that the 

CeCl3 and the DyCl3 tests produced a very clear solubility trend in which the cerium and dysprosium 

concentrations remained relatively constant at the higher sections of the sample and then increased 

dramatically at the lower sections due to oversaturation.  Figure 2.10 shows the depth profiles for the 

neodymium and lanthanum test.  The ICP-AES results for the NdCl3 and LaCl3 tests did not show a clear 

solubility trend.  The concentration of neodymium and lanthanum were consistent in the sample 

regardless of the depth 

 

(a) 

 

(b) 

Figure 2.9 Concentration profiles as a function of sample depth for the samples containing cerium and  

  dysprosium chloride at 500 °C.  The concentration amount indicates the weight percent of rare 

  earth ions present the portion of the sample [20].  
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Figure 2.10 Concentration profiles as a function of sample depth for the samples containing  

  neodymium and lanthanum chloride at 500 °C.  The concentration amount indicates 

  the weight percent of rare earth ions present the portion of the sample [20]. 

The author of this study reports that the sampling method could introduce error into the 

solubility measurements due to uneven breaking of the sample and nonhomogeneous sample sections.  

Table 2.1 lists the solubility limits of CeCl3, DyCl3, LaCl3 and NdCl3 in the LiCl-KCl eutectic molten 

salt measured by this study. 

Table 2.1 Solubility data in weight percent and mole percent for CeCl3, DyCl3, LaCl3 and 

NdCl3   in LiCl-KCl molten salt at 500 °C [20]. 

Solute Solubility (wt%) Solubility (mol %) 

CeCl3 23.65 ± 1.12 7.06 ± 0.71 

DyCl3 21.23 ± 0.76 5.71 ± 0.24 

LaCl3 ≥ 52.26 ± 6.91 ≥ 21.54 ± 4.33 

NdCl3 ≥ 25.35 ± 1.89 ≥ 7.57 ± 0.71 
 

 

2.5.2 Rare Earth Oxide Solubility 

The solubility of rare earth oxides in molten salts are typically very low.  Kim et al. tested the 

solubility of various rare earth oxides in a LiCl-KCl eutectic salt at 450 °C.  These tests were performed 

inside of an argon atmosphere glove box.  The samples consisted of 1 gram of rare earth oxide powder 

and 100 grams of LiCl-KCl eutectic mixture which was preheated to 450 °C.  The sample was allowed to 

equilibrate for 10 hours and then molten salt samples were taken using a quartz tube.  The concentration 

of the rare earth element in the sample was determined by ICP-AES.  Figure 2.11 shows the results of the 

solubility measurements.    
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Figure 2.11 Solubility concentrations of various rare earth oxides in LiCl-KCl eutectic melt at 

  450 °C  [21]. 

All of the rare earth oxides tested showed very low solubility in the LiCl-KCl eutectic salt except 

for the europium oxide.  The solubility of the europium oxide was measured to be around three orders of 

magnitude higher than that of the other rare earth oxides.  It was suggested that this solubility behavior 

could be attributed to the fact the europium ion was found to predominantly exist as a divalent species in 

the LiCl-KCl salt where as the other rare earth ions favor the trivalent state [21].       

Yondge et al. performed another study on the solubility of rare earth oxides in both LiCl-KCl and 

LiCl-KCl-AlCl3 melts.  They proposed that the addition of AlCl3 to molten salt mixture could effectively 

chloridize rare earth oxides and thereby increase the rare earth solubility in molten salt.  Ytterbium oxide 

was used to investigate the behavior of rare earth oxides in the two molten salts.  After the molten salt 

mixture was heated, the ytterbium oxide powder was introduced and allowed to equilibrate for 3 hours.  

Samples were then taken from the clear supernatant fluid in the molten salt mixtures and were dissolved 

in distilled water for analysis.  The concentration of ytterbium in the samples was determined by ICP-

AES.  Figure 2.12 shows the results of these tests.  Figure 2.12a shows that the concentration of ytterbium 

was very low in the LiCl-KCl salt and had almost no relationship with temperature when there was no 

aluminum chloride present.  This thereby indicated very low ytterbium oxide solubility in the melt.  

Figure 2.12a also shows that the addition of 2.5 wt % AlCl3 greatly increased the concentration of 

ytterbium in the melt and the concentration of the ytterbium in the LiCl-KCl-AlCl3 molten salt continued 

to increase with increasing temperature up until 476 °C.  At 476 °C the concentration of ytterbium begins 

to decrease which is likely due to the volatility of AlCl3 at this temperature [22].   
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(a)  

 

(b) 

Figure 2.12 The concentration of ytterbium in a LiCl-KCl eutectic molten salt as a function of a) 

  the temperature and presence of aluminum chloride and b) the mass of aluminum 

  chloride addition to the melt that held at a constant temperature [22].  

Figure 2.12b shows that the concentration of the ytterbium in the LiCl-KCl-AlCl3 molten salt also 

increased with increasing AlCl3 content until a plateau was reached at an AlCl3 addition of around 3.5 

grams.  From these results, the authors concluded that the ytterbium oxide could be chloridized by the 

AlCl3 in the molten salt melt by the following reaction [22]: 

 
Yb2O3 + 2AlCl3 (l) →  Al2O3 (s) + 2YbCl3 (s) Reaction 2.1 

The results of Yondge et al. match up with the work performed by Papatheodorou et al. on the 

production of rare earth chlorides with aluminum chloride.  In this work, samarium oxide was placed in 

fused silica tubes with an excess amount of aluminum chloride.  The tube was then sealed and heated in a 

furnace to 300 °C causing the following reaction to proceed: 

 
Sm2O3 + Al2Cl6 (g, l) →  Al2O3 (s) + 2SmCl3 (s) Reaction 2.2 

The tube was then placed in a tilted furnace where the lower part of the sample, which contained 

the Al2O3 and the SmCl3, was heated to 350 °C and the upper portion of the sample, which contained the 

excess Al2Cl6, remained near 180 °C.  The resulting thermal gradient caused samarium chloride vapor to 

be transported from the bottom of the tube and condense in the form of small yellow crystal in the middle 

of the tube.  The authors reported to have successfully prepared and vapor transported NdCl3, PrCl3, ErCl3 

and YCl3 by this method with Al2Cl3 [23]. 
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2.5.3 Rare earth metal solubility 

The solubility of rare earth metals in a molten electrolyte is a significant parameter when 

considering an electrolysis process.  Studies have indicated that the current efficiencies for chloride 

electrolysis of the light rare earth metals decrease significantly from lanthanum to samarium and in many 

cases no samarium can be obtained from this process.  The high solubility of the light rare earth metals in 

molten chlorides are responsible for this phenomena.  Table 2.2 shows the relationship between the 

current efficiency and the solubility of the light rare earth metals in their own chlorides.  The current 

efficiency decreases significantly with the increase in solubility.  Therefore, in a chloride electrolysis 

process, electrolyzed rare earth metals with high solubility in their own chlorides will be dissolved into 

the molten salt resulting in lower current efficiencies and greater loss of metal [24]. 

Table 2.2   Data for the solubility of the light rare earth metals in their own chlorides and  

  respective electrolysis current efficiencies [24]. 

Rare Earth Metal Molten Salt Solubility (at. %) Current Efficiency (%) 

La LaCl3 12 80 

Ce CeCl3 9 77 

Pr PrCl3 22 60 

Nd NdCl3 31 30 
 

 

Kvam et al. investigated the extent of neodymium solubility in both NdCl3-LiCl and NdCl3-LiCl-

KCl salts.  The salt compounds first underwent a drying pre-treatment to remove any absorbed water.  

The tests were then performed inside of a tube furnace that was mounted in a glove box with an argon 

atmosphere.  A tantalum crucible housed the molten mixture inside of the glove box.  The neodymium 

metal was added to the mixture once it had reached a constant temperature of 900 °C.  After two hours of 

equilibrating, samples were taken with a tantalum scoop and were immediately quenched on a tungsten 

plate inside of the glove box.  This procedure was repeated for temperatures down to 700 to 750 °C.  The 

samples were analyzed for metal content by titration.  The samples were dissolved in 50 ml of 0.1 M HCl 

and titrated with 0.1 M NaOH.  Figure 2.13 and Figure 2.14 show the results of these tests [25].  

 Figure 2.13 shows the amount of neodymium dissolved in the melt as a function of temperature 

and molten salt composition.  The varying symbols in Figure 2.13 correspond to different compositions of 

the molten melt in the following order: NdCl3-LiCl-KCl.  The amount of neodymium chloride in the melt 

significantly affected the solubility of the neodymium metal.  The amount of dissolved neodymium metal 

increased with increasing neodymium chloride content.  Figure 2.13 also shows that the solubility of the 

metal varies very little with temperature.  Figure 2.14  shows the amount of dissolved metal as a function 
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of KCl content.  This plot shows that the solubility of the neodymium metal decreases with increasing 

KCl content [25]. 

                     

Figure 2.13 The mass percent of neodymium metal dissolved in a LiCl-KCl molten salt as a  

  function of the temperature and the amount of neodymium chloride present in the 

  melt [25]. 

 

Figure 2.14 The mass percent of neodymium metal dissolved in a LiCl-KCl molten salt as a  

  function of the potassium chloride concentration of the melt [25]. 
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CHAPTER 3  

PROCESS DEVELOPMENT 

This chapter details the thermodynamics and chemical equations that were used to develop the 

testing conditions for the carbochlorination experiments and the solubility measurements.  Evaluating the 

thermodynamics of the processes allowed for a preliminary evaluation of the feasibility of the reactions 

and the chemical species that may be formed during the process.    

3.1 Carbochlorination  

The carbochlorination process is one in which a metal oxide is converted into the corresponding 

metal chloride in the presence of carbon and chlorine gas.  The carbon plays both a thermodynamic and 

kinetic role in the carbochlorination reaction.  From a thermodynamic standpoint, the carbon provides a 

low oxygen potential atmosphere which lessens the potential of the oxide present and thereby favors the 

formation of the chloride [26].  In terms of kinetics, it has been shown that direct contact between the 

metal oxides and the carbon is not necessary for effective chlorination, which has led to conclusion that 

carbochlorination reaction happens through gaseous intermediates [27].  Carbon is thought to favor the 

formation of these intermediates because it has catalytic activity sites where the formation of highly 

reactive gas intermediates is possible.  Phosgene (COCl2), monoatomic chlorine or oxychlorides have all 

been proposed as the reaction intermediates.  Monoatomic chlorine is thought to be the most probable 

gaseous intermediate [28].  The formation of monoatomic chlorine atoms in the gas phase have been 

observed when carbon is exposed to a chlorine atmosphere [27].  Studies have also shown that the kinetic 

effect of carbon in the chlorination of TiO2 disappears when the distance between the carbon and oxide is 

larger than the mean free path of monoatomic chlorine [29].   

3.1.1 Carbochlorination of Cerium Oxide 

Cerium oxide was the first rare earth oxide chosen for investigation because it is readily available, 

used in a wide variety of commercial products and has a melting temperature that is applicable for 

chloride electrolysis.  The direct chlorination of cerium oxide with chlorine gas is not thermodynamically 

feasible below temperatures of 1000 °C and thus becomes beneficial to perform the chlorination of 

cerium oxide in the presence of a reducing agent such as carbon [30].  The proposed chemical reaction for 

this process below temperatures of 700 °C is: 

 
CeO2 + C + 1.5Cl2(g) → CeCl3 + CO2 (g) Reaction 3.1 

Above temperatures of 700 °C, the stable off gas in the system changes from carbon dioxide to 

carbon monoxide.  Therefore, the proposed reaction for this process at temperatures above 700 °C is: 

 
CeO2 + 2C + 1.5Cl2(g) → CeCl3 + 2CO (g) Reaction 3.2 
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HSC Chemistry 5.1 was used to evaluate the thermodynamics of Reaction 3.1 and Reaction 3.2 

from 0 to 1000 °C.  Table 3.1 and Table 3.2 show the thermodynamic data for both reactions.  It can be 

seen from the tables that both reactions are thermodynamically favorable throughout the entire 

temperature range because of the large negative Gibb’s free energy values (ΔG) and large positive 

equilibrium constant values (K).  Reaction 3.1 has a more negative Gibb’s free energy value until 700 °C 

at which point Reaction 3.2 becomes more favorable.  The enthalpies of reaction are also negative 

meaning that both reactions will be exothermic.   

Table 3.1   Thermodynamic properties for the carbochlorination of cerium oxide by Reaction 3.1 

  rom 0 – 1000 °C [31]. 

T  

(°C) 

ΔH                        

(kJ) 

ΔS                    

(J/K) 

ΔG                       

(kJ) 
K 

0 -356.7 -38.1 -346.3 1.7 E+66 

100 -356.0 -36.1 -342.5 9.0 E+47 

200 -354.7 -33.0 -339.1 2.7 E+37 

300 -353.2 -30.1 -335.9 4.2 E+30 

400 -351.6 -27.5 -333.1 7.0 E+25 

500 -349.9 -25.2 -330.4 2.1 E+22 

600 -348.0 -22.9 -328.0 4.2 E+19 

700 -346.0 -20.7 -325.8 3.1 E+17 

800 -343.6 -18.3 -323.9 5.8 E+15 

900 -285.0 35.7 -326.9 3.6 E+14 

1000 -279.5 40.2 -330.7 3.7 E+13 
 

 

Table 3.2   Thermodynamic properties for the carbochlorination of cerium oxide by Reaction 3.2 

  from 0 – 1000 °C [31]. 

T (°C) 
ΔH                        

(kJ) 

ΔS                 

(J/K) 

ΔG                    

(KJ) 
K 

0 -184.6 136.5 -221.9 2.7 E+42 

100 -182.9 141.9 -235.8 1.0 E+33 

200 -181.1 146.0 -250.2 4.2 E+27 

300 -179.7 148.9 -265.0 1.4 E+24 

400 -178.4 150.8 -280.0 5.3 E+21 

500 -177.4 152.3 -295.1 8.7 E+19 

600 -176.3 153.6 -310.4 3.7 E+18 

700 -175.1 154.9 -325.9 3.1 E+17 

800 -173.7 156.3 -341.4 4.2 E+16 

900 -116.2 209.4 -361.8 1.3 E+16 

1000 -111.7 213.0 -382.9 5.16E+15 
 

HSC Chemistry 5.1 was also used to generate equilibrium composition plots for the 

carbochlorination system.  The equilibrium composition plots were used to observe the effects of process 

variables, specifically temperature and amount of raw material input, on the product composition and 
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degree of reaction.  For all of these plots, the cerium oxide input amount was held constant at one mole 

and the varying concentrations of carbon and chlorine gas were calculated on this basis.    Figure 3.1 

shows the equilibrium plot for stoichiometric inputs of carbon and chlorine gas assuming Reaction 2.1 (1 

mol CeO2, 1 mol C, 1.5 mol Cl2).   

According to Figure 3.1, the full conversion of cerium oxide to cerium chloride is 

thermodynamically favorable at stoichiometric material amounts and room temperature.  On a 

thermodynamic basis, no other products are formed for this combination of input materials and carbon 

monoxide prevails as the only product off gas in the system.    

  

Figure 3.1 Equilibrium composition plot for the carbochlorination of cerium oxide using  

  stoichiometric inputs carbon and chlorine according to Reaction 3.1 [31]. 

Equilibrium composition plots were also generated for 100% excess carbon input (2 mole C) as 

well as a combination of both 100% excess carbon and 100% chlorine gas (2 mol C, 3 mol Cl2) according 

to Reaction 3.1.  Figure 3.2a shows the equilibrium composition plot with 100% excess carbon input.  

Once again, full conversion of the cerium oxide to cerium chloride is thermodynamically favorable even 

at room temperature, but the extra carbon allows the primary off gas in the system to shift from carbon 

dioxide to carbon monoxide at around 670 °C.  Figure 3.2b shows the case in which 100 % excess carbon 

and chlorine gas are input into the system.  Again, the cerium oxide reaches full conversion to the 

chloride phase at room temperature, but this combination of input materials causes the formation of two 

more off gas species in the system.  Along with carbon dioxide and carbon monoxide gas, the equilibrium 

plot also shows that phosgene (COCl2) and carbon tetrachloride (CCl4) gases are thermodynamically 

favorable at lower temperatures.  Consideration was taken for off gas scrubbing knowing that these 

harmful gases could potentially be produced in the system (See Chapter 7). 
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(a) 

 

(b) 

Figure 3.2  Equilibrium composition plots for the carbochlorination of cerium oxide using a)  

  stoichiometric input amount for chlorine gas with 100 % excess carbon and b) inputs 

  of 100 % excess carbon and 100 % excess chlorine gas according to Reaction 3.1 [31]. 

3.1.2 Carbochlorination of neodymium oxide 

Neodymium oxide was the second oxide chosen for investigation.  Neodymium metal has been in 

high demand for the last several decades due to the development of neodymium-iron-boron permanent 

magnets [32].  The thermodynamics for the neodymium oxide carbochlorination process are very similar 

to the thermodynamics of the cerium oxide carbochlorination process.  The direct chlorination of 

neodymium is possible at temperatures below 1000 °C, but the chlorination reaction becomes much more 

favorable in the presence of carbon.  The proposed chemical reaction for this process at temperatures 

below 700 °C is: 

 Nd2O3 + 1.5C + 3Cl2(g) → 2NdCl3 + 1.5CO2 (g) Reaction 3.3 

Just as in cerium carbochlorination, above temperatures of 700 °C, the stable off gas in the 

system changes from carbon dioxide to carbon monoxide.  Therefore, the proposed reaction for this 

process at temperatures above 700 °C is: 

 
Nd2O3 + 3C + 3Cl2(g) → 2NdCl3 + 3CO (g) Reaction 3.4 

Again, HSC Chemistry 5.1 was used to evaluate the thermodynamics of Reaction 3.3 and 

Reaction 3.4 from 0 to 1000 °C.  Table 3.3 and Table 3.4 show the thermodynamic data for both 

reactions. 
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Table 3.3 Thermodynamic properties for the carbochlorination of neodymium oxide by Reaction 

3.3 from 0 – 1000 °C [31]. 

T  

(°C) 

ΔH                        

(kJ) 

ΔS                 

(J/K) 

ΔG                    

(KJ) 
K 

0 -866.3 -211.5 -808.5 4.3 E+154 

100 -863.6 -203.0 -787.9 2.0 E+110 

200 -861.0 -196.8 -767.9 6.0 E+84 

300 -858.2 -191.3 -748.5 1.7 E+68 

400 -854.9 -186.2 -729.6 4.2 E+56 

500 -851.2 -181.0 -711.2 1.1 E+48 

600 -846.9 -175.8 -693.4 3.1 E+41 

700 -842.0 -170.5 -676.1 2.0 E+36 

800 -735.0 -66.7 -663.4 1.9 E+32 

900 -726.8 -59.4 -657.0 1.8 E+29 

1000 -718.9 -53.0 -651.4 5.4 E+26 
 

 

Table 3.4 Thermodynamic properties for the carbochlorination of neodymium oxide by Reaction 

3.4 from 0 – 1000 °C [31]. 

T  

(°C) 

ΔH                        

(kJ) 

ΔS                 

(J/K) 

ΔG                    

(KJ) 
K 

0 -608.2 50.5 -622.0 8.9 E+118 

100 -603.9 64.1 -627.8 7.7 E+87 

200 -600.6 71.8 -634.6 1.2 E+70 

300 -597.9 77.1 -642.1 3.3 E+58 

400 -595.2 81.4 -650.0 2.8 E+50 

500 -592.4 85.2 -658.3 3.0 E+44 

600 -589.3 89.1 -667.0 8.1 E+39 

700 -585.7 92.9 -676.1 2.0 E+36 

800 -480.1 195.2 -689.6 3.7 E+33 

900 -473.5 201.1 -709.5 3.9 E+31 

1000 -467.3 206.2 -729.8 8.83E+29 
 

 

It can be seen from the tables that both reactions are thermodynamically favorable throughout the 

entire temperature range due to the large negative Gibb’s free energy values (ΔG) and large positive 

equilibrium constant values (K).  The Gibb’s free energy values are nearly twice as negative as those that 

were reported for the cerium oxide carbochlorination process which would indicate that the neodymium 

oxide carbochlorination reaction is thermodynamically more favorable than the cerium oxide 

carbochlorination reaction.  Reaction 3.3 has a more negative Gibb’s free energy value until 700 °C at 

which point Reaction 3.4  has a more negative Gibb’s free energy value which indicates that this reaction 
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is more favorable at temperatures above 700 °C.  The enthalpies of reaction for both reactions are also 

negative meaning that the neodymium carbochlorination will be also exothermic process.   

HSC 5.1 was used to generate equilibrium composition plots for the neodymium 

carbochlorination system as well.  Figure 3.3 shows the equilibrium plot for stoichiometric inputs of 

neodymium oxide, carbon and chlorine gas assuming Reaction 3.3 (1 mol Nd2O2, 1.5 mol C, 3 kmol Cl2).      

 

Figure 3.3 Equilibrium composition plot for the carbochlorination of cerium oxide using  

  stoichiometric inputs carbon and chlorine according to Reaction 3.3 [31]. 

Figure 3.3 shows that the full conversion of neodymium oxide to chloride is thermodynamically 

possible with stoichiometric inputs and at room temperature.  On a thermodynamic basis, no other 

products are formed for this combination of input materials and carbon monoxide prevails as the only 

product off gas in the system.    

Again, equilibrium plots for the conditions in which 100 % excess carbon (3 mole C) and a 

combination of 100 % carbon and chlorine gas (3 mole C, 6 mol Cl2) according to Reaction 3.3  were 

input into the system were generated.  Figure 3.4a shows the case in which 100 % excess carbon was used 

as an input.  Once again, it is thermodynamically possible for the neodymium oxide to reach full 

conversion to the chloride phase at room temperature, but the extra carbon causes the primary off gas to 

switch from carbon dioxide to carbon monoxide at around 670 °C.  Figure 3.4b shows the case in which 

both 100 % excess carbon and chlorine gas were used.   The cerium oxide reaches full conversion to the 

chloride phase at room temperature, but this combination of input materials causes the formation of two 

more off gas species in the system.  Along with carbon dioxide and carbon monoxide gas, the equilibrium 

plot also shows that phosgene (COCl2) and carbon tetrachloride (CCl4) gases are thermodynamically 
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favorable at lower temperatures.  Consideration was taken for off gas scrubbing knowing that these 

harmful gases could potentially be produced in the system (See Chapter 7). 

 

 

(a) 

 

(b) 

Figure 3.4  Equilibrium composition plots for the carbochlorination of neodymium oxide using a)  

 stoichiometric input amount for chlorine gas with 100 % excess carbon and b) inputs  

 of 100 % excess carbon and 100 % excess chlorine gas according to according to   

 Reaction 3.3 [31]. 

3.2 Solubility of Cerium and Neodymium Chloride in Molten Salts Mixtures 

Two chloride based salts were chosen to investigate for use as the electrolyte in the molten salt 

electrolysis process.  The first salt composition chosen was the eutectic mixture between lithium chloride 

and potassium chloride.  The LiCl-KCl system is used in a wide variety of applications and as a result is 

very well studied.  Figure 3.5 shows a binary phase diagram for this salt system. 

The eutectic composition for this system is 59 mol % LiCl and 41 mol % KCl.  This melting 

point at the eutectic is 353 °C [33].  The anodic limit for this salt mixture is Cl2 evolution and the cathodic 

limit is lithium deposition.  These two limits allow for a potential range of 3.62 V [19].  Correlation 

equations have been established for the density (ρ), viscosity (µ) and electrical conductance (G) of the 

LiCl-KCl eutectic over various temperature ranges.  Table 3.5 shows these equations and the valid 

temperature ranges for these physical properties. 
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Figure 3.5 Binary phase diagram for the LiCl-KCl system showing the eutectic composition at a 

  LiCl mole fraction of 0.592 and a temperature of 353 °C [33]. 

Table 3.5 Correlation equations and their valid temperature ranges for various physical  

  properties of the LiCl-KCl system [34]. 

Property Equation Temperature Range (°C) 

Density (ρ) 

ρ (
g

cm3) = 2.0286 − 5.2676 × 10−4 T  407 - 587 

ρ (
g

cm3
) = 2.0768 − 5.2676 × 10−4 T 587 – 727  

Viscosity μ (cP) = 0.08703 × exp (
2.08 × 104

RT
) 617 - 797 

Conductance G(ohm−1cm−1) = 13.21 × exp(
−1.39 × 104

RT
) 597 - 737 

 

The second salt chosen for investigation was a mixture between sodium chloride and potassium 

chloride.  This system is not as commonly used as the LiCl-KCl system.  Figure 3.6 shows the binary 

phase diagram for this system.  The minimum melting composition for this system is 50.6 mol % NaCl 

and 49.4 mol % KCl.  This melting point at the minimum melting point 657 °C [33].  Correlation 

equations have been also established for the density (ρ), viscosity (µ) and conductance (G) of the NaCl-

KCl eutectic over various temperature ranges. Table 3.6 shows these equations and the valid temperature 

ranges for these physical properties.     
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Figure 3.6 Binary phase diagram for the NaCl-KCl system showing the minimum melting  

  composition at a NaCl mole fraction of 0.506 and a temperature of 657 °C [33]. 

Table 3.6 Correlation equations and their valid temperature ranges for various physical properties 

  of the NaCl-KCl system [34]. 

Property Equation Temperature Range (°C) 

Density (ρ) ρ (
g

cm3
) = 2.1338 − 5.5749 × 10−4 T 712 - 912 

Viscosity (µ) μ (cP) = 0.028 × exp (
3.4 ×  104

RT
) 727 - 897 

Conductance (G) G(ohm−1cm−1) = 8.21 × exp(
−1.01 × 104

RT
) 667 - 907 
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CHAPTER 4  

EXPERIMENTAL WORK 

The experimental work that was performed for this project is discussed in this chapter.  Included 

in this discussion are details about the experimental setups for both the carbochlorination experiments and 

solubility measurements, structure of the design of experiments as well as the methods used to perform 

the experiments and analysis. 

4.1 Experimental setup 

The scope of work for this project required the construction of two different experimental setups, 

one for the carbochlorination experiments and one for the solubility measurements.  This section provides 

a detailed description of both setups.  

4.1.1 Experimental Setup for Carbochlorination Study 

Figure 4.1 shows a picture of the carbochlorination experimental setup.  The carbochlorination 

experiments took place inside of a hood in order to ensure safe handling of any harmful off gases.  The 

two input gas tanks were placed next to the hood and the lines for each tank were routed up into a 

rotameter so flow could be adjusted and maintained.   

 

Figure 4.1 Picture of the carbochlorination experimental setup showing the input gases,  

  rotamerter, box furnace, reactor, cooling fan and off gas scrubber 

Figure 4.2 shows a schematic of the individual components that make up the carbochlorination 

reactor.  The carbochlorination reactor was designed to be a closed system in which a desired atmosphere 

could be maintained.  A quartz vessel was fabricated for use as the main body of the reactor.  This vessel 
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was placed inside of a Lindberg box furnace.  The lid of the vessel was made from Pyrex and equipped 

with three ports which housed Teflon bushings for ¼ inch tubing.  These ports were used for the gas inlet, 

the gas outlet and for thermocouple access.  The gas inlet and outlet stream was routed through quartz 

tubing.  The gas inlet line was also equipped with a pressure gauge to ensure that the pressure was not 

developed inside of the reactor.  The outlet gas stream was directed into a scrubbing solution which was 

contained in a two liter Erlenmeyer flask.  The thermocouple used was a K-type with an Inconel sheath 

and was further protected with an alumina cover.  The vessel was sealed using a horseshoe clamp and a 

Viton O-ring.  Viton was chosen because it is chemically inert and resistant to degradation in a chlorine 

atmosphere, but it could not withstand the temperatures necessary for the carbochlorination reaction.  For 

this reason, the reactor was designed to stick up out of the furnace so that the O-ring could remain away 

from the heated zone.  The O-ring was also cooled with a fan.  The sample was placed inside of a quartz 

crucible which sat at the bottom of the reactor during testing.  Quartz, Teflon and alumina were chosen as 

the main materials of construction for this reactor due to the corrosive nature of a high temperature 

chlorine atmosphere.  Metal components were tried for use in this system, but significant corrosion 

occurred (See Chapter 7). 

 

Figure 4.2 Schematic showing the individual conponents of the experimental setup used  

  for the carbochlorination experiments 

4.1.2 Experimental Setup for Solubility Measurements  

Figure 4.3 shows a picture of the solubility measurement experimental setup.  The solubility 

measurements were performed inside of a glove box under an argon atmosphere in order to avoid the 

formation of rare earth oxide or oxychlorides during testing [35].  
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Figure 4.3 Picture of the solubility measurement setup showing the glove box, temperature  

  controller and the constructed furnace 

Figure 4.4 shows a schematic of the individual components that make up the solubility 

measurement setup.  Ceramic coated heating coils were placed inside of a clay vessel.  The space between 

the heating coil until and the vessel wall was packed with insulation fibers.  Electrical lines were routed 

from the heating coil unit to a temperature controller. The quartz sample tube was placed inside of a wire 

holder that rested on top of the heating coil unit.  A copper cooling tube was routed up through the clay 

vessel and sat right beneath the sample tube. 

 

Figure 4.4 Schematic showing the individual conponents of the experimental setup used  

  for the solubility measurement setup  
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4.2 Description of Experimental Input Materials 

The following sections provide a description about the input materials used in both the 

carbochlorination experiments and the solubility measurements.   

4.2.1  Carbochlorination Input Materials  

The rare earth oxide powders used for the carbochlorination experiments were ordered from Alfa 

Aesar.  The cerium oxide used was 99.5% purity and the neodymium oxide used was 99.9% purity.  

These two materials were initially characterized by x-ray diffraction so they could be used as standards 

for comparison. Figure 4.5 shows the diffraction patterns for both rare earth oxides.   

 

(a) 

 

(b) 

Figure 4.5 XRD patterns for the starting a) cerium oxide powder b) neodymium oxide powder. 

The partial size distribution of each rare earth oxide was also determined by a Microtrac particle 

size analyzer.  The internal flow rate for instrument was set at 55% of maximum for both the cerium 

oxide and neodymium oxide analysis.  Figure 4.6 shows the particle size distribution for both of these 

powders.  The average particle size for the cerium oxide was 42 µm and the P80 was 68.5 µm.  The 

neodymium oxide average particle size was 14.5 µm and the P80 was 20.9 µm.    

High purity activated carbon was ordered from Sigma Aldrich to be used as the carbon source in 

the carbochlorination experiments.  The activated carbon consisted of less than two ppm acid soluble iron 

and less than 12% moisture.  It was critical that the carbon source for these experiments contained very 

little iron impurities due to the high temperature chlorine atmosphere (See Chapter 7).   The particle size 

for this material was -100 mesh or 150 µm.  The two input gases used were industrial grade argon (99% 

purity) and a mixture of 25 % chlorine and 75 % argon gas.  
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(a) 

 

(b) 

Figure 4.6 Particle size distribution for the starting a) cerium oxide powder b) neodymium oxide 

  powder. 

4.2.2 Solubility Measurement Input Materials 

All of the input materials used for the solubility measurements were ordered from Alfa Aesar. 

Figure 4.7 shows the diffraction patterns for both of the starting rare earth chlorides.  

 

(a) 

 

(b) 

Figure 4.7 XRD patterns for the starting a) cerium chloride powder b) neodymium chloride  

  powder. 
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The cerium chloride and neodymium chloride used were both anhydrous and packed under argon.  

The purity level of the cerium chloride was 99.5% and the purity level of the neodymium chloride was 

99.9%.  The cerium chloride and neodymium chloride powders were characterized by XRD so that the 

resulting patterns could be used for comparison against the samples generated during the 

carbochlorination experiments. The lithium chloride, potassium chloride and sodium chloride were all 

anhydrous and 99% pure.   

4.3 Experimental Procedure 

The following section documents the experimental procedures used for carbochlorination study 

and solubility measurements.   

4.3.1 Carbochlorination Procedure 

The overall procedure for the carbochlorination experiments remained constant even with varying 

process parameters.  The rare earth oxide and carbon sample was weighed, recorded and mixed in the 

quartz crucible.  The sample crucible was then placed inside of the quartz vessel and the vessel was 

tightly sealed.  The rest of the reactor was assembled which included connecting the thermocouple as well 

as the gas inlet and outlet lines.  The gas outlet line was routed into 1 L of scrubbing solution.  The 

scrubbing solution was caustic soda or sodium hydroxide and water.  The scrubbing solution was made at 

a sodium hydroxide concentration of 105 g/l.  This concentration was used because 105 grams of sodium 

hydroxide was 50% excess the amount needed to completely scrub an input of 100% excess chlorine gas 

into the system assuming that no chlorine gas was consumed during the test.  Argon gas was introduced 

into the system at 0.2 L/min while the reactor was heated to the desired temperature at a ramp rate of 300 

°C/hour.  This ramp rate was chosen to minimize thermal shock as well as to allow time for any moisture 

in the system to evaporate out.  Once the desired temperature was reached, the system was allowed to 

stabilize for 30 minutes before chlorine gas was introduced at the appropriate flow rate for the test.  When 

the test was complete, the furnace was shut off and argon gas flowed into the system at 0.2 L/min during 

the cooling process.  Once cooled, the sample was removed from the reactor, weighed and stored for 

analysis.  

4.3.2 Sampling Method Used for solubility Measurements  

A quartz test tube was used to contain the solubility measurement samples.  The rare earth 

chloride was loaded in the quartz test tube first.  The salt mixture was then placed on top of the rare earth 

chloride.  After the samples were prepared, they were heated and were allowed to equilibrate for 24 hours 

before a sampling occurred.  After 24 hours, a quartz rod was used to take a small portion of sample from 

the top of the melt.  Sample was weighed and dissolved in 200 ml of de-ionized water.  Two samples 
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were taken at each testing temperature.  The resulting solution was then analyzed on ICP-MS for rare 

earth element concentration.    

The assumption made with this sampling method was that the undissolved rare earth chloride 

would settle to the bottom of the quartz test tube due to the difference in density between the rare earth 

chloride and the salt mixture.  Therefore, it was important to input an excess amount of rare earth chloride 

into the system and to sample only from the very top portion of the melt.     

4.4 Experimental design 

The experimental designs for both the carbochlorination study and the solubility measurements 

are presented in this section.  The carbochlorination experimental design contained two parts, one that 

focused on a kinetic analysis and another that focused on optimizing the process parameters.  The 

solubility measurements focused on dissolution limit for the rare earth chlorides in two different molten 

electrolytes at various testing temperatures.   

4.4.1 Carbochlorination Process Parameters 

The aim of the carbochlorination experiments was not only to prove the feasibility of the reaction, 

but also to optimize the process parameters involved.  The four process parameters chosen for evaluation 

were time, temperature, carbon content and amount of chlorine gas.  The optimal time was determined 

from the kinetic analysis portion of the experimental design.  The remaining three process parameters 

were evaluated using the optimization study.          

4.4.2 Carbochlorination Kinetic Analysis 

The first experiments done for the kinetic analysis portion of the experimental design evaluated 

the time dependent behavior of the reaction.  From these experiments, a reaction rate curve was generated 

where the fraction conversion was plotted as a function of time.  This reaction rate curve was used to 

determine the optimal time of reaction as well as to determine the rate controlling step for the reaction.  

The rate controlling step was determined by utilizing the heterogeneous rate expressions for fluid-solid 

reactions based on the shrinking core-model.  Under the shrinking core model, there are two common 

types of behavior for reacting solid particles.  Figure 4.8 shows these two types of behaviors.   

The top schematic in Figure 4.8 depicts a solid particle that remains unchanged in size during the 

reaction.  This behavior happens when the reaction product(s) forms a firm product material or when the 

starting unreacted particle contains a large amount of impurities which remain as a nonflaking ash layer.  

The bottom schematic in Figure 4.8 shows a particle that shrinks in size during the reaction.  This 

behavior happens when the reaction product(s) form a flaking ash or when the reaction product(s) are all 

fluids.   
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Figure 4.8  Two different types of behavior of reacting solid particles for heterogeneous kinetics 

  based on the shrinking core model [36]. 

Rate expressions have been developed for both of these types of behaviors.  If the particle 

remains unchanged in size during the reaction, the rate of reaction can be controlled by the diffusion of 

the reactant through the gas film, diffusion of the reactant through the ash layer, or the chemical reaction.  

Table 4.1 lists the rate expressions for these controlling mechanisms assuming constant particle size 

behavior and spherical geometry.  In the case where the particle shrinks in size during the reaction, 

diffusion through the ash layer will not be a controlling mechanism since no ash layer exists.  Table 4.2 

lists the rate expressions that correspond to shrinking particle size behavior and spherical geometry.  For 

the rate equations corresponding to both cases, t is equal to the time, τ is equal to the time for complete 

conversion of a particle and XB is equal to the fractional conversion of a particle.  The reaction rate curve 

was used to determine the rate controlling mechanism.  The time dependent behavior of the reaction was 

then used to plot the right hand side of the various rate equations in Table 4.1 and Table 4.2 against 
t

τ
 and 

the rate equation that resulted in the most linear function was determined to correspond to rate limiting 

step.   

Table 4.1 Conversion-time expressions for the shrinking-core model for spherical particles of  

 unchanging size [36].  

 Film Diffusion Control Ash Diffusion Control Reaction Control 

t

τ
= XB 

t

τ
= 1 − 3(1 − XB)

2
3 + 2(1 − XB) 

t

τ
= 1 −  (1 −  XB)

1
3 
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Table 4.2 Conversion-time expressions for the shrinking-core model for shrinking spherical 

  particles [36]. 

 Film Diffusion Control Ash Diffusion Control Reaction Control 

Small Particle 
t

τ
= 1 − (1 − XB)

2
3 N/A 

t

τ
= 1 − (1 − XB)

1
3 

Large Particle 
t

τ
= 1 − (1 − XB)

1
2 N/A 

t

τ
= 1 − (1 − XB)

1
3 

 

 

4.4.3 Carbochlorination Optimization Study  

Stat-Ease Design-Expert 8® software was used for statistical analysis of analytical results, 

statistical modeling and preliminary optimization of the carbochlorination process.  The experimental 

matrix used for the carbochlorination studies was a three factor two level full factorial design with three 

midpoint experiments.  This type of design permitted the estimation of all main effects and all interaction 

effects as well as allowed for the generation of an empirical model equation and 3D response surface 

graphs.  The factors or process parameters chosen for investigation were temperature, time, chlorine gas 

concentration and carbon to rare earth oxide ratio. Table 4.3 shows the lower and upper limits of the 

process parameters that were tested for the cerium oxide carbochlorination study and Table 4.4 shows the 

lower and upper limits of the process parameters that were tested for the neodymium oxide 

carbochlorination experiments.   

Table 4.3 Lower and upper limits of the process parameters tested in the cerium oxide  

  carbochlorination experiments. 

Process Parameter Lower Limit Upper Limit 

Temperature 400 °C 750 °C 

Chlorine Gas Concentration 9.6 L (0 % Excess) 19.2 L (100 % Excess) 

C:CeO2 0.070 g/g (0 % Excess) 0.139 g/g (100 % Excess) 
 

Table 4.4 Lower and upper limits of the process parameters tested in the neodymium oxide  

  carbochlorination experiments. 

Process Parameter Lower Limit Upper Limit 

Temperature 400 °C 750 °C 

Chlorine Gas Concentration 9.8 L (0 % Excess) 19.7 L (100 % Excess) 

C:Nd2O3 0.054 g/g (0 % Excess) 0.107 g/g (100 % Excess) 
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Lower and upper limit values were chosen for each process parameter. It was determined that 50 

grams of rare earth oxide would be used in each sample and all of the input materials were calculated off 

this amount.  The percent excess for chlorine gas concentration and carbon to rare earth oxide ratio was 

determined from Reaction 3.1 for the cerium oxide experiments and from Reaction 3.3 for the 

neodymium oxide experiments.   

The number of experiments or runs (n) for a full factorial design of k factors is n= 2k.  Therefore, 

in both carbochlorination studies, the experimental matrix consisted of eight main experiments plus three 

midpoint experiments or eleven total experiments.  Table 4.5 and Table 4.6 show the full factorial design 

of experiments for the cerium oxide and neodymium oxide carbochlorination respectively.   

Table 4.5 The full factorial design of experiments generated by Stat-Ease Design-Expert 8® 

  software for the cerium oxide carbochlorination study. 

Test # 
C:CeO   

(g/g) 

Temperature  

(°C) 

Cl2  

(l) 

1 0.070 400 9.6 

2 0.070 750 9.6 

3 0.105 575 14.4 

4 0.139 400 19.2 

5 0.139 400 9.6 

6 0.139 750 9.6 

7 0.105 575 14.4 

8 0.070 400 19.2 

9 0.105 575 14.4 

10 0.139 750 19.2 

11 0.070 750 19.2 
 

Table 4.6 The full factorial design of experiments generated by Stat-Ease Design-Expert 8® 

  software for the neodymium oxide carbochlorination study. 

Test # 
C:CeO   

(g/g) 

Temperature  

(°C) 

Cl2  

(l) 

1 0.054 400 9.8 

2 0.107 400 9.8 

3 0.054 750 9.8 

4 0.107 750 9.8 

5 0.054 400 19.7 

6 0.107 400 19.7 

7 0.054 750 19.7 

8 0.107 750 19.7 

9 0.080 575 14.8 

10 0.080 575 14.8 

11 0.080 575 14.8 
 

Adding center points to the experimental matrix permits a statistical check for the goodness-of-fit 

of the two-level factorial model. The stat-ease software uses the average response value from the actual 
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center point experiments to compare to the estimated value of the center point that comes from averaging 

all the factorial points. If there is curvature of the response surface in the region of the design, the actual 

center point value will be either higher or lower than predicted by the factorial design points [37].  An 

understanding and the proper assessment of the statistical information generated by the Stat-Ease Design-

Expert 8® was necessary for the creation statistically viable model.  The Stat-Ease Design-Expert 8® 

software first determines the effects present in the design of experiments.  For a three factor two level full 

factorial design there are seven interaction parameters that must be analyzed in order to determine the 

significant effects in the process.  These interaction parameters are A, B, C, AB, AC, BC, and ABC where 

A is carbon to rare earth oxide ratio (g/g), B is temperature (°C) and C is chlorine gas concentration (l).  

In order to quantify the absolute value of the effect of each interaction parameter, ΔY, the average of the 

response values (% conversion) associated with all of the upper limit occurrences of an interaction 

parameters were subtracted from the average of the response values associated with all of the lower limits 

of that same interaction parameters.  The software then produces a Daniel probability table to determine 

the significance of each effect.  In this table, the interaction parameters are arranged so that the ΔY values 

proceed in ascending order.  A cumulative probability value, Pi, was then calculated for each interaction 

parameter according to the following equation: 

 
𝑃𝑖 = (

100

𝑚
) × (𝑖 − 0.5)          Eq. 4.1 

The m value in the above equation is the total number of interaction parameters (7 for three main factors) 

and i is the order number of the interaction parameter in the table.  The Stat-Ease Design-Expert 8® 

software then plots Pi versus ΔY on a half normal scale.  The resulting plot is called a Daniel plot or a half 

normal plot and is used to help determine which factors are significant.  The software also generated a 

Pareto chart which can help determine significant factors as well. Stat-Ease recommends using the Half-

Normal Plot of Effects for choosing the statistically significant effects but the Pareto chart is a useful tool 

for showing the relative size of effects.  The Pareto chart includes two lines indicating the Bonferroni 

limit and the T-Value limit.  Both of these limit values are adjusted as significant interaction parameters 

are selected and are used to help separate significant and insignificant effects [38].       

After the significant interaction parameters are selected on the Daniel plot and/or the pareto chart, 

Stat-Ease Design-Expert 8® performs an analysis of variance (ANOVA) to vary the selected interaction 

parameters statistical significance.  For the ANOVA, the sum of squares for each selected interaction 

parameter is calculated by the following equation: 

 
SS =  

N

4
×  [∆Y]2     Eq. 4.2 
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The N value in the above equation is the number of experiments performed and [∆Y]2 value is the 

absolute value of the effects squared.   The ANOVA analysis performed by the software reports the sum 

of squares values for all of the selected interaction parameters as well as the total sum of squares for the 

residual factors or the noise.  The degrees of freedom, df, are also reported in the ANOVA for both the 

model parameters and residuals.  The software uses the degrees of freedom values and the sum of squares 

values to calculate mean squares values which are the model estimate of variance.  To calculate the mean 

squares value for the overall model, interaction parameters and the residuals, the sum of squares value is 

divided by the degrees of freedoms associated with each group.  A F value, which is the a statistical test 

for comparing the model variance to the residual variance, is calculated for the overall model as well as 

the individual interaction parameters by dividing the associated mean squares value by the mean squares 

value of the residual.  A p-value is then estimated from corresponding F tables.  The p-value quantifies 

the probability of the effect of the interaction parameter occur due to noise.  P-values less than 0.05 

indicate that the interaction parameters are significant in the model, i.e. there is a 95% confidence level 

that the F value is not a result of noise.  Therefore, all interaction parameters selected on the half normal 

plot/pareto chart should produce p-values of less than 0.05 in the ANOVA analysis [38].   

 In addition to these values, the ANOVA also includes various correlation factors to ensure that 

the model is statistically sound and appropriate for making predications within the lower and upper limits 

of each process parameters.  The first correlation factor calculated is the R-squared value or the multiple 

correlation coefficient.  The R-squared value is calculated by the following equation: 

 
R2 = 1 −  [

SSResidual

(SSModel+SSResidual)
]  Eq. 4.3 

This value is ideally equal to 1 but never is in real life modeling.  The next correlation factor calculated is 

an adjusted R-squared value.  This is the R-squared value that is adjusted for the number of parameters in 

the model relative to the number of points in the design of experiments.  It is a measure of the amount of 

variation about the mean explained by the model and is calculated by the following equation: 

 

Adj. R2 = 1 −  {
[
SSResidual
dfResidual

]

[
(SSResidual + SSModel)
(dfResidual + dfmodel)

]
} Eq. 4.4 

The AVONA analysis also calculates a predicted R-squared value which measures the amount of 

variation in new data explained by the model or how well the model predicts a response value.  This value 

is calculated by: 

 

Pred.  R2 = 1 −  [
PRESS

SSModel + SSResidual
] 

Eq. 4.5 
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The PRESS values in the above equation is equal to the predicted residual sum of squares and is a 

measure of how well the model fits each point in the design.  The smaller the PRESS statistic, the better 

the model fits the data points.  The adjusted R-squared and the predicted R-squared values should be 

rather high if the model is to be used to predict responses within the design space.  These values should 

also be within 0.20 of each other to be in reasonable agreement.  If this is not the case, there may be a 

problem with the model or the data.  The last value of interest in the ANOVA analysis is the adequate 

precision term.  This term compares the range of predicted values at the design points to the average 

prediction error.  Adequate precision terms greater than four indicate adequate model discrimination [38].      

4.4.4 Experimental Design of Solubility Measurements 

Each solubility measurement sample contained 12 g of the salt mixture and 8 g of the rare each 

chloride resulting in a sample in a 20 g sample that contained 40 wt % rare earth chloride.  The salt 

mixtures were prepared according to their respective eutectic or minimum melting composition.  Table 

4.7 shows the amounts of each constituent in both of the binary salts system. 

Table 4.7 Composition of the two molten salt electrolytes used for the solubility measurements 

Salt LiCl (g) KCl (g) NaCl (g) 

LiCl-KCl  5.40 6.60 - 

NaCl-KCl  - 6.66 5.34 

 

 

 The solubility of cerium chloride and neodymium chloride was tested in the LiCl-KCl molten salt 

at temperatures of 500, 600 and 700 °C.  The solubility of cerium chloride and neodymium chloride was 

tested in the NaCl-KCl molten salt only at 700 °C since the melting point of this molten salt is 653 °C. 

4.5 Methods for Analysis of Experimental Results 

The following section describes the various analytical techniques and equipment that were used 

for the analysis of the carbochlorination experiments and solubility measurements. 

4.5.1 Carbochlorination Degree of Reaction Determination 

The degree of reaction was determined by exploiting the differences in the solubility between the 

rare earth oxides and rare earth chlorides in water.  The rare earth oxides studied are insoluble in water at 

a pH of 7 whereas their corresponding chlorides have high solubility in water at a pH of 7.  The solubility 

limit for cerium chloride and neodymium chloride in water at a pH of 7 is 1 g/ml and 0.967 g/ml, 

respectively [39].  Therefore, to determine the amount of oxide that was converted to chloride, a 10 g 

sample was mixed with 100 ml of deionized water and stirred for 8 hours using a stir bar and plate at a 
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speed of 300 rpm.  Figure 4.9a shows the stirring setup.  The solution was then subjected to two stages of 

filtration, a coarse and a fine stage.  The coarse stage used filter paper with a particle size retention of 20-

25 µm and the fine stage used filter paper with a particle size retention 0.8 µm under vacuum assistance.  

Figure 4.9b shows the filtration setup.   

 

(a) 

 

(b) 

Figure 4.9   The degree of reaction determination procedure showing a) the water leach setup in 

  which the sample was stirred with a magnetic stir bar for 8 hours and b) the filtration 

  setup in which the sample underwent two stages of filtration. 

Both filter papers were weighed before and after filtration.  The degree of reaction was 

determined by change in sample mass before and after filtration.  The calculation for the percent 

conversion is given by Eq. 4.6.  

 

% Conversion =  
[Orginal Sample Mass] − [(∆m)coarse + (∆m)fine]

Orginal Sample Mass
 Eq. 4.6 

4.5.2 Phase Identification for the Carbochlorination Experiments 

X-Ray Diffraction (XRD) was used to identify the phases present in representative samples after 

the carbochlorination test had been performed.  XRD was also used to check that the rare earth chloride 

was being fully dissolved in the water leaching step and thereby ensuring that the degree of reaction was 

being quantified correctly.  To do this, various test samples were subjected to XRD characterization 

before and after the water leach to see if any of the chloride phase remained.  The XRD results were 

obtained using a copper tube at a voltage setting of 45 kV and a current setting of 40 A.  
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4.5.3 ICP-MS Analysis for Carbochlorination Experiments and Solubility Measurements 

Inductively coupled plasma mass spectrometry (ICP-MS) was utilized in the carbochlorination 

study to perform a mass balance check.  The leachate produced in the water leach step was analyzed for 

either cerium or neodymium ions by ICP-MS.  The rare earth element concentrations obtained from this 

analysis were converted into their respective chloride concentrations and compared with the degree of 

reaction determined from change in mass calculation.  If the amount of rare earth chloride calculated by 

the two methods was not within 5% of each other, the water leach was performed again on the sample and 

the degree of reaction was recalculated.  

ICP-MS was also used to determine the solubility limits of the cerium chloride and neodymium 

chloride in the two studied electrolytes.  This analysis was performed in the same manner as the 

carbochlorination mass balance check.  Samples were collected from the melt and dissolved in 200 ml of 

de-ionized water.  The resulting solution was diluted below a concentration of 1 ppm and run on ICP-MS 

to determine the rare earth element concentration.  The rare earth element concentration was then used to 

calculate the concentration of rare earth chloride in the sample which was then used to determine wt % of 

rare earth chloride that dissolved in the molten salt.    
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CHAPTER 5  

RESULTS 

The results from the experiments outlined in Chapter 4 are discussed in the following chapter.  

The carbochlorination studies for both the cerium oxide and neodymium oxide are discussed first 

followed by the results obtained for the solubility measurements.   

5.1 Cerium Carbochlorination 

The following sections present the kinetic and optimization study results for the cerium 

carbochlorination experiments.  The results of XRD analysis for representative samples from the cerium 

oxide carbochlorination experiments are also discussed as well as the observed effect of sample agitation.    

5.1.1 Effect of sample agitation 

Figure 5.1 shows the % conversion as a function of the number of agitation steps preformed on 

the sample.   

 

Figure 5.1  Plot of % conversion versus # of agitation steps for cerium oxide carbochlorination 

  with testing conditions of 100 % excess carbon, 100 % excess chlorine gas, 750 °C and 

  a test duration of 4 hours.  

The reactor was not designed with agitation ability so the tests had to be interrupted and mixed by 

hand.  The number of agitation steps indicates the number of times the test was interrupted and mixed.  

The testing conditions used to generate this curve were 100 % excess carbon, 100% excess chlorine gas, 

750 °C and 4 hours.  The effect of agitation was investigated because during initial testing severe 

agglomeration of the sample occurred at the higher testing temperatures.  The results of the investigation 

show a 10% increase in conversion between no agitation steps and two agitation.  This result indicates 
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that the degree of reaction in the cerium carbochlorination tests was greatly increased with agitation.  

Therefore, all of the experiments performed for the kinetic analysis and optimization study included two 

steps of agitation.   

5.1.2 Phase Identification  

XRD was used to identify the phases present in the cerium oxide carbochlorination test samples.  

The results of two representative samples are presented.  The XRD results are for samples that were taken 

from the lowest % conversion test and from the highest % conversion test.  These samples were analyzed 

both before and after the water leach. Figure 5.3 and Figure 5.3 show the XRD patterns of the analyzed 

samples.  The XRD patterns obtained for the starting cerium oxide and cerium chloride powders as well 

as x-ray diffraction pattern reference cards were used to identify peaks of different phases.  The reference 

cards used to analyze the peaks present in each pattern are the following: card 00-004-0593 was used for 

cerium oxide, card 00-034-0841 was used for cerium chloride and card 01-073-5027 was used for cerium 

oxychloride.    Figure 5.3a shows the x-ray diffraction pattern for the lowest % conversion sample before 

the water leach.  This pattern indicates that the sample contains cerium oxide.  There are also a few peaks 

in between 10 and 40 degrees that may indicate the presence of the cerium chloride phase.  Figure 5.3b 

shows this sample after the water leach.  The peaks present in Figure 5.3a that indicated the presence of 

cerium chloride are no longer seen Figure 5.3b, only the peaks for cerium oxide remain. 

 

(a) 

 

(b) 

Figure 5.2 XRD patterns for the lowest % conversion sample in the cerium oxide   

  carbochlorination experiments a) before the water leach and b) after the water leach. 
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  Figure 5.4a shows the x-ray diffraction pattern for the highest % conversion sample before the 

water leach.  In this pattern, the cerium chloride peaks are much more prevalent and intense.    Figure 5.4b 

shows this sample after the water leach.  Cerium oxide peaks are present in this pattern and possibly some 

peaks that correspond to the cerium oxychloride phase.  In both the lowest and the highest % conversion 

samples, the XRD patterns indicate that the cerium chloride was effectively removed through the water 

leach.     

 

(a) 

 

(b) 

Figure 5.3  XRD patterns for the highest % conversion sample in the cerium oxide   

  carbochlorination experiments a) before the water leach and b) after the water leach. 

5.1.3 Kinetic Analysis 

In order to perform a kinetic analysis, a rate curve was first generated for the cerium oxide 

carbochlorination reaction.  Figure 5.4 shows the resulting rate curve for the cerium oxide 

carbochlorination reaction. The rate curve was constructed by plotting the % conversion versus reaction 

time.  Five tests were performed for the curve at 1, 2, 3, 4, and 6 hours.  Each test used 100% excess 

carbon, 100% excess chlorine gas and was run at a temperature 750 °C with two agitation steps. Figure 

5.4 shows that the reaction time greatly affected the degree of conversion.  The degree of conversion 

increased steadily between 1 and 4 hours. Between 4 and 6 hours a plateau in the chloride conversion 

occurred.  The % conversion was 92.3% and 95.1% at 4 and 6 hours respectively.  Therefore, the optimal 

time for the reaction was taken to be 4 hours since little conversion was gained for a reaction time of 6 

hours.    The time dependent behavior of the reaction was then used to determine the rate controlling 

mechanism.  To perform the analysis, it was assumed that the time for complete reaction, τ, was 6 hours 
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since the trend from the rate curve indicated that little to no conversion would be gained from an increase 

in reaction time.  Therefore, the conversion at 6 hours (95.1%) was taken as the maximum and the other 

four tests on the rate curve were normalized according to this value (See Appendix A).  The resulting 

normalized conversion values were then used in the rate expressions shown in Table 4.1 and Table 4.2 

and plotted.  It was determined that the constant particle size model was a better fit for the reaction and 

therefore the expressions for the shrinking particle size model were not evaluated.   

 

Figure 5.4  Rate curve for the cerium carbochlorination reaction showing test results between one 

  and six hours. 

Figure 5.5 shows the rate expressions plotted against 
t

τ
 for a constant sized particle under pore 

diffusion control, fluid film control and chemical control.  The fluid film rate expression did not produce 

a linear set of data, but the pore diffusion and chemical rate expressions both produced data sets that were 

fairly linear.   Figure 5.6 shows a comparison between the results of these two controlling mechanisms.  

Both data sets were fit with a linear function that ran through the origin.  The pore diffusion controlled 

rate expression produced a function that was slightly more linear than the chemical controlled rate 

expression with a R2 of 0.99 versus a R2 of 0.97.  These results are still too close to conclude which 

mechanism controls the reaction and further testing should be done to determine the controlling 

mechanism with more certainty.  Performing a few more experiments so that the activation energy of the 

reaction can be determined may help clarify the rate controlling mechanism.                             



  56 

 

 

Figure 5.5 Fractional time for complete conversion of the cerium oxide by the carbochlorination 

  reaction plotted againist the progress of the reaction according to the various rate  

  controlling mechanisms.  

 

(a) 

 

(b) 

 Figure 5.6   Fractional time for complete conversion of the cerium oxide by the carbochlorination 

  reaction plotted againist the progress of the reaction according to a) pore diffusion 

  control b) chemical control. 
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5.1.4 Stat Ease Optimization 

Table 5.1 shows the cerium oxide carbochlorination results for the three factor two level full 

factorial experimental design with three midpoints.  The maximum % conversion achieved in this study 

was 92.3% and the minimum % conversion achieved was 16.7%.  The range of experimental results 

provided an optimal spread of data for statistical analysis and modeling.  Stat-Ease Design-Expert 8® 

software was used to perform the analysis.   

Table 5.1 The cerium oxide carbochlorination full factorial design of experiments test results.    

Test # 
C:CeO2   

(g/g) 

Temperature  

(°C) 

Cl2  

(l) 

% 

Conversion 

1 0.070 400 9.6 16.7 ± 1.2 

2 0.070 750 9.6 37.3 ± 1.8 

3 0.105 575 14.4 51.3 ± 2.6 

4 0.139 400 19.2 24.5 ± 2.6 

5 0.139 400 9.6 21.5 ± 2.4 

6 0.139 750 9.6 65.3 ± 3.0 

7 0.105 575 14.4 52.8 ± 2.6 

8 0.070 400 19.2 18.4 ± 1.3 

9 0.105 575 14.4 51.6 ± 2.6 

10 0.139 750 19.2 92.3 ± 1.2 

11 0.070 750 19.2 65.1 ± 1.7 
 

 

Figure 5.7 shows the Half-normal or Daniel plot generated by the Stat-Ease Software.  The data 

presented on the Daniel plot indicated that the interaction parameters that were significant for model were 

A, B, C, AB and BC where A was carbon to cerium oxide ratio, B was temperature and C was chlorine 

gas concentration.  Figure 5.8 shows that Pareto chart for the model.  The Pareto chart indicates that 

interaction parameter B or temperature had the largest effect on the reaction with interaction parameter A, 

C, AB and BC all effecting the reaction but to a lesser extent.   

After the significant interaction parameters were chosen, the software performed an ANOVA.  

Table 5.2 shows the results of the ANOVA.  The overall model F-value of 109.9 implies that the model is 

significant.  There is only a 0.01% chance that a model F-value this large could occur due to noise.  The 

p-values for all of the interaction parameters chosen are all less than 0.05 which also indicates that these 

model terms are significant.  Since midpoints were included in the design of experiments, the ANOVA 

adjusted for curvature and included a pure error term.  The pure error term was used to test the lack of fit 

terms for possible significance.  A power transformation was used for the ANOVA model because 

curvature was detected at the response midpoint values.  The ANOVA p-value for the curvature term 

indicated that the effect of curvature was not significant in the model after the power transformation was 

applied to the data.  
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Figure 5.7 Half-normal or Daniel plot generated by the Stat-Ease Design Software showing the 

  interaction parameters that were selected to have significant impact on the cerium 

  oxide carbochlorination reaction. 

 

Figure 5.8 The Pareto chart for the cerium oxide carbochlorination model showing the size of the 

  interaction parameter effects.   
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Table 5.2 Stat-Ease Design software ANOVA analysis for the cerium oxide carbochlorination 

  model. 

Source Sum of Squares df Mean Square F Value p-value 

Model 69963400 5 13992680 109.9 0.0002 

A-C:CeO2 8257906 1 8257906 64.9 0.0013 

B-Temperature 41241044 1 41241044 323.9 < 0.0001 

C-Cl2 7557475 1 7557475 59.4 0.0015 

AB 6236505 1 6236505 49.0 0.0022 

BC 6670469 1 6670469 52.4 0.0019 

Curvature 143604 1 143604 1.1 0.3481 

Residual 509283 4 127321 

  Lack of Fit 493425 2 246713 31.1 0.0311 

Pure Error 15858 2 7929 

  Cor Total 70616287 10 

   
 

 

Table 5.3 shows the calculated correlation factors generated in the ANOVA.  All of the R-

squared values are relatively high which would indicate the model fits fairly well and can be used to 

predict values within the design space. The predicted R-squared value of 0.9045 is also in reasonable 

agreement with the adjusted R-squared value of 0.9815 and the adequate precision value is greater than 

four which indicates adequate signal. 

Table 5.3 Stat-Ease Design software correlation factors for the cerium oxide carbochlorination 

  model.   

Correlation Factor Value 

R-Squared 0.9908 

Adjusted R-Squared 0.9815 

Predicted R-Squared 0.9045 

Adequate precision 31.913 
 

 

After the ANOVA was complete and verified, the software was able to generate a correlation 

equation to predict response values within the lower and upper limits of the process parameters studied.  It 

should be noted that this equation is not tested for process parameter values outside of the studied range 

and therefore should not be used for predictions outside of the range.   The resulting equation from the 

analysis was: 

% Conversion

=  √7264 − 54640 ∗ C: CeO2 − 18 ∗ T − 423 ∗  Cl2 + 146 ∗ C: CeO2 ∗ T + T ∗  Cl2
2 − 4.0 Eq. 5.1 
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Figure 5.9 shows a plot of the predicted values generated from Eq. 5.1 plotted against actual 

experimental values.  These points were fit with a linear regression that ran through the origin.  The R-

squared value for the resulting linear fit was 0.99 which indicates that Eq. 5.1  does a good job of 

predicting the % conversion values for the various experiments run and could most likely be used to 

predict other response values under a variety of conditions within the range.   

 

Figure 5.9 Predicted % conversion values found from Stat-Ease model equation for the cerium 

  oxide carbochlorination model plotted against the actual experimental % conversion 

  values achieved. 

Stat-Ease uses the model generated from the ANOVA and the correlation equation to produce 

various model graphs to aid in process parameter optimization.  Various interaction plots as well as 3D 

response surfaces were studied in order to better understand what process parameter(s) made the most 

difference when trying to achieve maximum conversion results.  Figure 5.10a shows an interaction plot 

generated with the carbon to cerium oxide ratio on the x-axis and % conversion on the y-axis at the high 

level of chlorine gas input.  Figure 5.10b shows an interaction plot generated with chlorine gas 

concentration on the x-axis and % conversion on the y-axis at the high level of carbon to cerium oxide 

ratio.  For both plots, black line corresponds to a constant temperature of 400 °C and the red line 

corresponds to a constant temperature of 750 °C.  In both cases at low temperatures, the degree of 

reaction was practically unaffected by the amount of carbon and chlorine gas present in the system.  It 

was not until high temperatures that the positive effect of an increase in carbon and chlorine gas content 

was observed. Therefore, it may in inferred from these interaction plots that the temperature had the most 

significant effect on the degree of reaction achieved.       
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The relationship between all three process parameters was also observed from various 3D 

response surfaces that were generated by the Stat-Ease software.  Figure 5.11a and Figure 5.11b show 

response surface graphs generated for the cerium carbochlorination study where chlorine gas 

concentration (L) is on the x-axis, carbon to cerium oxide ratio (g/g) is on the y-axis and % conversion is 

on the z-axis.  Figure 5.11a shows the case where the temperature is held constant at 400 °C.  This 

response surface is relatively flat with little change in % conversion achieved between the lower and 

upper limits of both process parameters.  Figure 5.11b shows the case where the temperature is held 

constant at 750 °C.  In this case, the degree of conversion achieved is heavily dependent on both the 

amount of chlorine gas and carbon used in the system.  Figure 5.12 shows a response surface plot where 

temperature (°C) is on the x-axis, carbon to cerium oxide ratio is on the y-axis and % conversion is on the 

z-axis.  The chlorine gas concentration is held constant at the upper limit for this response surface.  The 

extreme dependence on temperature for maximum degrees of conversion can be observed this response 

surface.   

 

(a) 

 

(b) 

Figure 5.10 Interaction plots generated by State-Easesoftware for the cerium oxide   

  carbochlorination model showing a) the relationship between the carbon to  

  cerium oxide ratio and temperature and b) the relationship between chlorine gas  

  amount and temperature in relation to % conversion achieved. 

In summary, the Stat-Ease study helped identify the interaction parameters that had the most 

significant effect on the degree of reaction for the carbochlorination of cerium oxide.  Temperature had to 

most significant effect on the reaction and maximum conversions were only achieved at the upper limit of 

the temperature range.  The relationship between chlorine gas content and carbon content was also 
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important for large conversion values, but this relationship was only observed at high temperatures.  The 

maximum conversion for this study under the range of process parameters chosen was 92.3% and was 

achieved at a temperature of 750 °C using 100 % chlorine gas and 100% carbon in the carbochlorination 

system.   

 

(a) 

 

(b) 

Figure 5.11 3D response surface graphs generated by the Stat-Ease software for the cerium oxide 

  carbochlorination model showing a) case where the temperature is held constant at 

  400 °C and b) case where the temperature is held constant at 750 °C  

 

Figure 5.12 3D response surface graph generated by the Stat-Ease software for the cerium oxide 

  carbochlorination model showing the case where the chlorine gas concentration is held 

  constant at 19.2 L.  
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5.2 Neodymium Carbochlorination Results 

The following sections present the kinetic and optimization study results for the neodymium 

carbochlorination experiments.  The results of XRD analysis for representative samples from the 

neodymium oxide carbochlorination experiments are also discussed as well as the observed effect of 

sample agitation.    

5.2.1 Effect of Sample Agitation 

The effect of sample agitation was also investigated for the neodymium oxide carbochlorination 

study since agitation had such a significant effect on the degree of reaction achieved for the cerium oxide 

carbochlorination study.  Two scoping tests were performed to determine degree of reaction that could be 

achieved for neodymium oxide carbochlorination at the following testing conditions: 700 °C, 4 hours, 100 

% excess carbon and 100 % excess chlorine gas.  The first test was run with no mixing and the second test 

was run with two mixing steps.  The % conversion values calculated for the scoping tests were 78.5% for 

the test with no mixing and 77.5 % for the test with two mixing steps.  The results of these two tests 

indicated that agitation did not affect the degree of reaction achieved for neodymium oxide 

carbochlorination and that test conditions needed to be adjusted to achieve higher % conversion values.  

The testing temperature of 700 °C was chosen for the scoping tests in order to avoid any partial melting of 

the neodymium chloride phase since the melting point of neodymium chloride is 758 °C.  But, in an 

attempt to increase the degree of reaction, the scoping test that incorporated no mixing steps was run 

again at a temperature of 750 °C.  This test produced a % conversion value of 87.4% which was about 

10% larger than the test run at 700 °C.  Therefore, the experiments run for the neodymium oxide 

carbochlorination study did not include sample agitation and had an upper testing temperature limit of 

750 °C.       

5.2.2  Phase Identification 

XRD was used to identify the phases present in the neodymium oxide carbochlorination test 

samples.  The results for two representative samples are presented.  The XRD results are for samples that 

were taken from the lowest % conversion test and from the highest % conversion test.  These samples 

were analyzed both before and after the water leach.  The XRD patterns obtained for the starting 

neodymium oxide and neodymium chloride powders as well as x-ray diffraction pattern reference cards 

were used to identify peaks of different phases.  The reference cards used to analyze the peaks present in 

each pattern are the following: card 00-006-0408 was used for neodymium oxide, card 04-005-4612 was 

used for neodymium chloride, card 00-008-0046 was used for neodymium oxychloride and card 00-024-

0776 was used for neodymium chloride hydrate.  Figure 5.13 shows the XRD patterns for the lowest % 

conversion sample before and after the water leach was performed.  The XRD pattern for the lowest % 
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conversion sample before the water leach shows that the sample predominantly consisted of neodymium 

oxychloride.  The XRD pattern for the lowest % conversion sample after the water leach indicates that the 

predominate phase was no longer the neodymium oxychloride but rather a hydrated form of the 

neodymium oxychloride.  Neodymium compounds have a great tendency to hydrate and so this change in 

phase is mostly due to the water leaching process [40].  The hydrated neodymium oxychloride phase 

occurred in the after leach samples for all of the test samples that were run at the low and medium level 

temperatures.  The presences of this hydrated phase could have caused inaccuracies in the % conversion 

values calculated for these tests due to the added mass of the moisture in the after leached mass.  The after 

leached masses for all of the optimization experiments performed at low and medium level temperatures 

were multiplied by the ratio of NdOCl to Nd(OH)3Cl to correct for the presence of the hydrated phase. 

           

 

(a) 

 

(b) 

Figure 5.13 XRD patterns for the lowest % conversion sample in the neodymium oxide  

  carbochlorination experiments a) before the water leach and b) after the water leach.   

Figure 5.14 shows the XRD patterns for the highest % conversion sample before and after the 

water leach was performed.  In this case, the XRD pattern shows that both neodymium chloride and 

neodymium oxychloride were present in the sample before the water leach, but only the neodymium 

oxychlooride phase remained in the sample after the water leach indicating that the water leach was 

effective at removing the neodymium chloride.  XRD analysis did not show a hydrated neodymium 

oxychloride in the after leach samples for the tests that were run at the high testing temperature.     
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(a) 

 

(b) 

Figure 5.14 XRD patterns for the highest % conversion sample in the neodymium oxide  

  carbochlorination experiments a) before the water leach and b) after the water leach.   

5.2.3 Kinetic Analysis 

In order to perform a kinetic analysis, a rate curve was first generated for the neodymium oxide 

carbochlorination reaction.  Figure 5.15 shows the resulting rate curve for the neodymium 

carbochlorination reaction.     

 

Figure 5.15  Rate curve for the neodymium oxide carbochlorination reaction showing test results 

  between one and six hours. 
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The rate curve was constructed by plotting the % conversion versus reaction time.  Four tests 

were performed for the curve at 1, 2, 4, and 6 hours.  Each test used 100% excess carbon, 100% excess 

chlorine gas and was run at a temperature 750 °C.  Time greatly affected the degree of reaction achieved 

for the neodymium oxide carbochlorination reaction just as in the case of the cerium carbochlorination 

reaction.  The % conversion values achieved for the neodymium oxide carbochlorination were slightly 

lower than the % conversion values obtained in the cerium oxide carbochlorination experiments.  Again, a 

major plateau in % conversion occurred between 4 and 6 hours.  The % conversion was 87.4% and 89.9% 

at 4 and 6 hours respectively.  Therefore, the optimal time for the reaction was taken to be 4 hours since 

little conversion was gained for a reaction time of 6 hours.     

The time dependent behavior of the reaction was then used to determine the rate controlling 

mechanism.  Figure 5.16 shows the rate expressions plotted against for a constant sized particle under 

pore diffusion control, fluid film control and chemical control.   

 

Figure 5.16 Fractional time for complete conversion of the neodymium oxide by the   

  carbochlorination reaction plotted against the progress of the reaction according to the 

  various rate controlling mechanisms. 

To perform the analysis, it was assumed that the time for complete reaction, , τ,  was 6 hours 

since the trend from the rate curve indicated that little to no conversion would be gained from an increase 

in reaction time.  Therefore, the conversion at 6 hours (89.9%) was taken as the maximum and the other 

four tests on the rate curve were normalized according to this value (See Appendix A).  The resulting 

normalized conversion values were then used in the rate expressions shown in Table 4.1 and Table 4.2 
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and plotted against 
t

τ
.    It was determined that the constant particle size model was a better fit for the 

reaction and therefore the expressions for the shrinking particle size model were not evaluated.   

The rate expression data for the neodymium oxide carbochlorination reaction looks very similar 

to the data for the rate expression data for the cerium oxide carbochlorination reaction. The fluid film rate 

expression did not produce a linear set of data, but the pore diffusion and chemical rate expressions both 

produced data sets that were fairly linear.  Figure 5.17 shows a comparison between the results of these 

two controlling mechanisms.  Both data sets were fit with a linear function that ran through the origin.  

The pore diffusion controlled rate expression produced a function that was slightly more linear than the 

chemical controlled rate expression with a R2 of 0.95 versus a R2 of 0.93.  These results are still too close 

to conclude which mechanism controls the reaction and further testing should be done to determine the 

controlling mechanism with more certainty.  Performing a few more experiments so that the activation 

energy of the reaction can be determined may help clarify the rate controlling mechanism.                             

 
(a) 

 

(b) 

Figure 5.17   Fractional time for complete conversion of the neodymium oxide by the   

  carbochlorination reaction plotted against the progress of the reaction according to a) 

  pore diffusion control b) chemical control. 

5.2.4 Stat Ease Optimization 

Table 5.4 shows the cerium oxide carbochlorination results for the three factor two level full 

factorial experimental design with three midpoints.  The maximum % conversion achieved in this study 

was 87.4% and the minimum % conversion achieved was 15.6%.  The range of experimental results 

provided an optimal spread of data for statistical analysis and modeling.  Stat-Ease Design-Expert 8® 

software was used to perform the analysis.   



  68 

 

Table 5.4 The neodymium oxide carbochlorination full factorial design of experiments test 

results.    

Test # 
C:Nd2O3   

(g/g) 

Temperature  

(°C) 

Cl2  

(l) 

% 

Conversion 

1 0.053 400 9.8 15.6 ± 1.1 

2 0.107 400 9.8 38.6 ± 2.3 

3 0.053 750 9.8 41.2 ± 1.7 

4 0.107 750 9.8 46.5 ± 2.8 

5 0.053 400 19.67 11.7 ± 1.1 

6 0.107 400 19.67 41.9 ± 2.4 

7 0.053 750 19.67 54.6 ± 1.6 

8 0.107 750 19.67 87.4 ± 1.5 

9 0.080 575 14.75 40.0 ± 1.9 

10 0.080 575 14.75 41.5 ± 1.9 

11 0.080 575 14.75 41.6 ± 1.9 
 

 

 Figure 5.18 shows the Half-normal or Daniel plot generated by the Stat-Ease Software.  The data 

presented on the Daniel plot indicated that the interaction parameters that were significant for model were 

A, B, C, AB, AC and BC where A was carbon to cerium oxide ratio, B was temperature and C was 

chlorine gas concentration.  

 

Figure 5.18 Half-normal or Daniel plot generated by the Stat-Ease Design Software showing the 

  interaction parameters that were selected to have significant impact on the neodymium 

  oxide carbochlorination reaction. 
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Figure 5.19 shows that Pareto chart for the model.  The Pareto chart indicates that interaction 

parameters B and A or temperature and carbon content had the largest effect on the reaction.  The 

interaction parameters A, C, AB, AC and BC all effected the reaction as well as but to a lesser extent.  

The statistical analysis showed that the relationship between temperature and carbon (interaction 

parameter AB) content had a negative effect on the degree of reaction achieved.  This result indicates that 

the carbon content affected the reaction to a much greater extent at lower temperatures than at higher 

temperatures.       

 

Figure 5.19 The Pareto chart for the neodymium oxide carbochlorination model showing the size 

  of the interaction parameter effects 

After the significant interaction parameters were chosen, the software performed an ANOVA.  

Table 5.5 shows the results of the ANOVA.  The overall model F-value of 121.72 implies that the 

model is significant.  There is only a 0.01% chance that a model F-value this large could occur due to 

noise.  The p-values for all of the interaction parameters chosen are all less than 0.05 which also 

indicates that these model terms are significant.  Since midpoints were included in the design of 

experiments, the ANOVA adjusted for curvature and included a pure error term.  The pure error term 

was used to test the lack of fit terms for possible significance.  A square root transformation was used 

for the ANOVA model because curvature was detected at the response midpoint values.  The ANOVA 

p-value for the curvature term indicated that the effect of curvature was not significant in the model 

after the square root transformation was applied to the data.  
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Table 5.5 Stat-Ease Design software ANOVA analysis for the neodymium oxide   

  carbochlorination model. 

Source Sum of Squares df Mean Square F Value p-value 

Model 23.76 6 3.96 121.72 0.0002 

A-C:CeO2 7.12 1 7.12 218.75 0.0001 

B-Temperature 11.92 1 11.92 366.40 < 0.0001 

C-Cl2 1.29 1 1.29 39.75 0.0032 

AB 1.02 1 1.02 31.49 0.0050 

BC 0.67 1 0.67 20.63 0.0105 

Curvature 1.73 1 1.73 53.28 0.0019 

Residual 0.13 4 0.03   

Lack of Fit 0.12 2 0.06 12.54 0.0739 

Pure Error 0.01 2 0.00   

Cor Total 23.89 10    
 

Table 5.6 shows the calculated correlation factors generated in the ANOVA.  All of the R-

squared values are relatively high which would indicate the model fits fairly well and can be used to 

predict values within the design space. The predicted R-squared value of 0.8516 is also in reasonable 

agreement with the adjusted R-squared value of 0.9815 and the adequate precision value is greater than 

four which indicates adequate signal.  These correlation factors show that the model for the neodymium 

oxide reaction is in good agreement with the experimental values.   

Table 5.6 Stat-Ease Design software correlation factors for the neodymium oxide   

  carbochlorination model.   

Correlation Factor Value 

R-Squared 0.9946 

Adjusted R-Squared 0.9864 

Predicted R-Squared 0.8516 

Adequate precision 40.573 
 

 

After the ANOVA was complete and verified, the software was able to generate a correlation 

equation to predict response values within the lower and upper limits of the process parameters studied.  It 

should be noted that this equation is not tested for process parameter values outside of the studied range 

and therefore should not be used for predictions outside of the range.   The resulting equation from the 

analysis is: 

% Conversion =  [2.0 + 46.9 ∗ C: Nd2O3 + 5.2 ∗ 10−3 ∗ T − 0.04 ∗ Cl2 − 0.08

∗  C: Nd2O3 ∗ T + 2.2 ∗  C: Nd2O3 ∗  Cl2 + 5.4 ∗ 10−4 ∗ T ∗ Cl2  ]2 + 1.0 
Eq. 5.2 
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Figure 5.20 shows a plot of the predicted values generated from plotted against actual 

experimental values.  These points were fit with a linear regression that ran through the origin.  The R-

squared value for the resulting linear fit was 0.99 which indicates that   does a good job of predicting the 

% conversion values for the various experiments run and could most likely be used to predict other 

response values under a variety of conditions within the range.   

 

Figure 5.20 Predicted % conversion values found from Stat-Ease model equation for the  

  neodymium oxide carbochlorination model plotted against the actual experimental % 

  conversion values achieved. 

 Various interaction plots as well as 3D response surfaces were generated by the Stat-Ease 

software in order to better understand what process parameter(s) made the most difference when trying to 

achieve maximum conversion results for the neodymium carbochlorination reaction.  Figure 5.21a shows 

an interaction plot generated with the carbon to neodymium oxide ratio on the x-axis and % conversion 

on the y-axis at the high level of chlorine gas input.  Figure 5.21b shows an interaction plot generated 

with chlorine gas concentration on the x-axis and % conversion on the y-axis at the high level of the 

carbon to neodymium oxide ratio.  For both plots, black line corresponds to a constant temperature of 400 

°C and the red line corresponds to a constant temperature of 750 °C.  Figure 5.20a shows that the effect of 

the carbon levels was seen both at the low and high reaction temperature limits.  This outcome differs 

from the cerium oxide carbochloriantion model which showed that the carbon levels only made a 

signficant difference at higher temperatures.  Figure 5.20b shows that at low temperatures the degree of 

reaction was practically unaffected by the amount of chlorine gas present in the system.  It is not until the 
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high temperature that the impact of chlorine gas content can be observed.  Therefore, it may in inferred 

from these interaction plots that both the temperature and the carbon content had the most significant 

effect on the degree of reaction achieved.    

  

Figure 5.21 Interaction plots generated by State-Ease software for the neodymium oxide  

  carbochlorination model showing a) the relationship between the carbon to  

  neodymium oxide ratio and temperature and b) the relationship between chlorine gas 

  amount and temperature in relation to the % conversion achieved. 

The relationship between all three process parameters was also observed from various 3D 

response surfaces that were generated by the Stat-Ease software.  Figure 5.22a and Figure 5.22b show 

response surface graphs generated for the neodymium carbochlorination study where chlorine gas 

concentration (L) is on the x-axis, carbon to cerium oxide ratio (g/g) is on the y-axis and % conversion is 

on the z-axis.  Figure 5.22a shows the case where the temperature is held constant at 400 °C.  This 

response surface is not flat as it was for cerium oxide carbochlorination study, but shows that the reaction 

has a great dependence the carbon to neodymium oxide ratio but not on the chlorine gas content.  Figure 

5.22b shows the case where the temperature is held constant at 750 °C.  In this case, the degree of 

conversion achieved is dependent on both the amount of chlorine gas and carbon used in the system.  

Figure 5.23 shows a response surface plot where temperature (°C) is on the x-axis, carbon to cerium oxide 

ratio is on the y-axis and % conversion is on the z-axis.  The chlorine gas concentration is held constant at 

the upper limit for this response surface.  The dependence on both temperature and carbon to neodymium 

oxide ration for maximum degrees of conversion can be observed in this response surface.   
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(a) 

 

(b) 

Figure 5.22 3D response surface graphs generated by the Stat-Ease software for the neodymium 

  oxide carbochlorination model showing a) case where the temperature is held constant 

  at 400 °C and b) case where the temperature was held constant at 750 °C  

 

Figure 5.23 3D response surface graph generated by the Stat-Ease software for the neodymium 

  oxide carbochlorination model showing the case where the chlorine gas concentration 

  was held constant at 19.2 L.  

In summary, the Stat-Ease optimization study helped identify the interaction parameters that had 

the most significant effect on the degree of reaction for the carbochlorination of neodymium oxide.  Both 

temperature and carbon to neodymium oxide ratio had to most significant effect on the reaction.  The 

chlorine gas content was also important for large conversion values, but the effect of this variable was 
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only observed at high temperatures.  The maximum conversion for this study under the range of process 

parameters chosen was 87.4% and was achieved at a temperature of 750 °C using 100 % chlorine gas and 

100% carbon in the carbochlorination system.   

5.3 Solubility Measurement Results 

The first salt mixture tested for cerium chloride and neodymium chloride solubility was the 

eutectic composition between lithium chloride and potassium chloride.  The solubility limit of cerium 

chloride and neodymium chloride were both tested in LiCl-KCl eutectic composition at 500, 600 and  

700 °C.  Table 5.7 shows the solubility limits measured for the cerium chloride in the LiCl-KCl eutectic 

at the various testing temperatures.  These results showed that the the solubility of the cerium chloride in 

the molten salt increased in between the temperatures of 500 and 600 °C, but decreased at the temperature 

of 700 °C.   

Table 5.7 The measured solubility limit of cerium chloride in the LiCl-KCl eutectic molten salt 

  mixture at various test temperatures. 

Temperature Solubility (wt%) 

500 30.2 ± 0.6 

600 33.7 ± 0.2 

700 27.3 ± 0.5 
 

Table 5.8 shows the solubility limits measured for neodymium chloride in the LiCl-KCl eutectic 

at the various testing temperatures.  The solubility of the neodymium chloride in the molten salt also 

increased between the temperatures of 500 and 600 °C, but a measurement could not be made at 700 °C 

because there was no molten salt mixture left in the quartz test tube at this temperature after the 24 hour 

equilibrating period.     

Table 5.8 The measured solubility limit of neodymium chloride in the LiCl-KCl eutectic molten 

  salt mixture at various test temperatures. 

Temperature Solubility (wt%) 

500 30.3 ± 0.3 

600 34.1 ± 1.0 

700 - 
 

The second molten salt mixture that was tested was the minimum melting composition between 

sodium chloride and potassium chloride.  Table 5.9 shows the solubility limits measured for both cerium 

chloride and neodymium chloride in this molten salt composition.  The solubility of the rare earth 

chlorides were only tested in this electrolyte at a temperature of 700 °C since the melting temperature of 

this composition is 653 °C.  The solubility limit found for the cerium chloride and neodymium in this 

electrolyte composition were very similar and calculated to be 19.5 wt% and 22 wt%, respectively.    
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Table 5.9 The measured solubility limit of cerium chloride and neodymium chloride in the NaCl-

  KCl minimum melting molten salt composition at 700 °C. 

Solute Solubility (wt%) 

CeCl3 19.5 ± 0.4 

NdCl3 22.0 ± 0.3 
 

The quartz test tubes were quenched with helium after the final solubility sample was taken for 

each electrolyte/rare earth chloride mixture at 700 °C in order to qualitatively examine the overall mixture 

within the test tube.  Figure 5.24 shows a picture of the test tubes containing each electrolyte/rare earth 

chloride composition after being quenched at the 700 °C condition.  

 

(a) 

 

(b) 

Figure 5.24 Pictures of the test tubes containing a) the LiCl-KCl molten salt mixtures and b) the 

  NaCl-KCl molten salt mixtures after being quenched at 700 °C. In both cases, the 

  upper test tubes pictured contain the addition of cerium chloride and the lower test tube 

  pictured contain the addition of neodymium chloride. 

Figure 5.24a shows the two cases where the LiCl-KCl eutectic composition was used as the 

molten salt.  Figure 5.24b shows the two cases where the NaCl-KCl minimum melting composition was 

used as the molten salt.  For both Figure 5.24a and Figure 5.24b, the test tube in upper portion of the 

picture that contains a yellow mixture is the molten salt with the addition of cerium chloride where as the 

test tube in the lower portion of the picture that contains a blue mixture is the molten salt with the 

addition of neodymium chloride.  Upon visual inspection of each test tube, it was seen that the mixtures 

that contained the LiCl-KCl molten salt coated the walls much farther up the test tube than the mixtures 

that contained the NaCl-KCl salt.  In the case of the NdCl3-LiCl-KCl salt, the mixture was even found to 

have coated the outside of the upper flange on the test tube.  The result from this inspection may indicate 

that the LiCl-KCl eutectic molten salt is not very stable at 700 °C and is prone to evaporation at this 

temperature.  This conclusion might also concur with the solubility measurement results for the LiCl-KCl 

molten salt at 700 °C.  Evaporation of the molten mixture could explain both the decrease in cerium 

chloride solubility in the LiCl-KCl molten salt as well as the absence of any of the neodymium containing 

mixture available for sampling at this temperature.  It should also be noted that for the CeCl3-NaCl-KCl 
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mixture, there is a district difference in color between the lower section of the mixture and the upper 

section of the mixture.  The lower section appears to be white in color which matches the color of the 

starting cerium chloride powder.  This visual result helps validate the sampling procedure which is 

dependent on the settling of the rare earth chlorides in the molten salt due to density differences.   

5.4 Scoping tests on the carbochlorination reaction within the LiCl-KCl molten electrolyte 

Two scoping tests, one for cerium oxide and one for neodymium oxide, were performed to assess 

the possibility of performing the carbochlorination reaction within the LiCl-KCl molten salt electrolyte.  

The same conditions that were used to achieve maximum conversion in the carbochlorination 

optimization studies were used for these two scoping tests with the expectation of optimal temperature.   

The testing conditions used were 100 % excess carbon, 100% excess chlorine gas, 4 hours and 600 °C.  

The reason for lowering the temperature for these tests was that the solubility measurement study showed 

that the LiCl-KCl salt was not stable at 700 °C but seemed to be stable at 600 °C.  Temperatures in 

between 600 and 700 °C were not evaluated for this salt composition.  The LiCl-KCl salt was chosen for 

these tests because the cerium and neodymium chloride exhibited higher solubility in this salt 

composition versus the NaCl-KCl molten salt electrolyte.   

The sample for prepared by layering 100 g of the LiCl-KCl eutectic mixture over a mixture of 50 

g of the rare earth oxide and the appropriate amount of carbon.  The sample was heated to 770 °C, the 

melting point of the potassium chloride, to ensure that the LiCl-KCl salt was melted and was then brought 

down to the testing temperature of 600 °C.  The chlorine gas was then introduced into the melt for 4 hours 

at the appropriate flowrate.  After the test was complete, the sample was cooled and removed from the 

crucible.  A water leach was also used to determine the degree of reaction achieved for these tests.  For 

the water leach, 20 g of the sample mass was mixed with 200 ml of D.I. water and filtered.  The resulting 

mass change was not used for the % conversion determination because of the presence of the soluble 

electrolyte in the sample.   The % conversion determination was rather found through the ICP-MS 

analysis of the solution for rare earth concentration. 

Table 5.10 shows the calculated results for the scoping test on the carbochlorination reaction 

within the LiCl-KCl molten electrolyte.  The mass of the rare earth chloride in the sample was determined 

by the cerium/neodymium concentration in the leachate found by ICP-MS.  The electrolyte mass was 

found by subtracting the mass of the rare earth chloride by the total dissolved mass.  The undissolved 

mass was assumed to consist of the unreacted rare earth oxide, rare earth oxychloride and remaining 

carbon.  Therefore, the % conversion value was determined by dividing the mass of the rare earth chloride 

in the sample by the sum of the rare earth chloride mass and the undissolved mass.   

The results show that the carbochlorination of the cerium oxide and neodymium oxide is possible 

within in the LiCl-KCl molten salt, but the degree of reaction achieved for both tests was much less than 
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expected for the set of testing conditions.  There was a significant decrease in volume of the sample as 

well which could indicate that electrolyte was lost during the duration of the test.   Further testing should 

be performed understand the factors affecting the carbochlorination reaction within the molten salt and 

how to improve the % conversion values.  

Table 5.10 % conversion calculation for the scoping tests on the carbochlorination within the 

  LiCl-KCl molten electrolyte. 

Starting 

REO 

Sample 

Mass (g) 

Dissolved 

Mass (g) 

Undissolved 

Mass (g) 

RE Chloride 

Mass (g) 

Electrolyte 

Mass (g) 

% 

conversion 

CeO2 20.003 9.888 10.115 1.94 7.95 16.1 ± 2.0 

Nd2O3 19.995 10.927 9.068 2.13 8.80 19.0 ± 1.8 
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CHAPTER 6  

PRELIMINARY PROCESS ECONOMIC ANALYSIS 

A preliminary economic analysis was performed for the overall metal production scheme.  Table 

6.1 shows the process assumptions that were made for the production of cerium and Table 6.2 shows the 

process assumptions that were made for the production of neodymium metal. 

Table 6.1 Process assumptions for the economic analysis of the cerium metal production scheme. 

Cerium Metal Production – Process Assumptions 

 

Consumables Prices 

 

 

 

Source 

Cerium Oxide - 99.5% purity ($US/kg) 4.60   Metal Pages  

High Purity Carbon - 99 % purity ($US/kg)  1.00  Cost Mine 

Chlorine Gas ($US/kg)  0.88  General Air 

Soda Ash ($US/kg)  0.02  Cost mine 

 

Processing Efficiencies  

CeO2 carbochlorination (%) 92 Current Research 

Electrolysis Current Efficiency (%) 90 Literature - Hall Heroult [41]  

C:CeO2 (kg C/kg CeO2) 0.139 Current Research 

Chlorine Gas (kg/kg CeO2) 1.23 Current Research 

 

Cerium Properties  

Atomic Weight of Ce (amu) 140.1 Literature 

Density (kg/m3) 6,689 Literature 

Valence of Cerium 4 Literature 

 

Electrolysis Cell Properties   

Electrolysis Current (amps) 180,000 Literature - Hall Heroult [41] 

Electrolysis Voltage (v) 4.5 Literature - Hall Heroult [41] 

 

Plant Capacities (one cell)  

Theoretical Electrolysis Capacity (kg Ce/day) 2,823 Calculated - Faraday’s 2nd Law 

Theoretical Electrolysis Capacity (kg Ce/year) 705,691 Calculated - Faraday’s 2nd Law 

Adjusted Electrolysis Capacity (kg Ce/day) 2,540 Calculated - Faraday’s 2nd Law 

Adjusted Electrolysis Capacity (kg Ce/year) 635,122 Calculated - Faraday’s 2nd Law 

Electrolysis Electricity Efficiency (kWh/kg Ce) 3.8 Calculated  

 

Consumables Usage   

CeO2 consumed (kg/year) 852,284 Calculated  

Activated Carbon consumed (kg/year) 118,467 Calculated  

Chlorine Gas (kg/year) 1,048,309 Calculated  

Soda Ash (kg/year) 1,572,464 Calculated  
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Table 6.2 Process assumptions for the economic analysis of the neodymium metal production 

  scheme. 

Neodymium Metal Production – Process Assumptions 

 

Consumables Prices  
Source 

Neodymium Oxide ($US/kg) 56.00   Metal Pages  

High Purity Carbon ($US/kg) 1.00  Cost Mine 

Chlorine Gas ($US/kg)   0.88 General Air 

Soda Ash ($US/kg) 

 

0.02 Cost mine 

Processing Efficiencies 
 

Nd2O3 carbochlorinaton (%) 87 Current Research 

Electrolysis Current Efficiency (%) 89 Literature - Hall Heroult [41]  

C:Nd2O3 (kg C/kg Nd2O3) 0.1071 Current Research 

Chlorine Gas (kg/kg Nd2O3) 1.26 Current Research 

 

Neodymium Properties  

Atomic Weight of Nd (amu) 144.2 Literature 

Density (kg/m3) 7,007 Literature 

Valence of Neodymium 3 Literature 

 

Electrolysis Cell Properties   

Electrolysis Current (amps) 180,000 Literature - Hall Heroult [41] 

Electrolysis Voltage (v) 4.5 Literature - Hall Heroult [41] 

 

Plant Capacities (one cell)  

Theoretical Electrolysis Capacity (kg Nd/day) 3,874 Calculated - Faraday’s 2nd Law 

Theoretical Electrolysis Capacity (kg Nd/year) 968,457 Calculated - Faraday’s 2nd Law 

Adjusted Electrolysis Capacity (kg Nd/day) 3,438 Calculated - Faraday’s 2nd Law 

Adjusted Electrolysis Capacity (kg Nd/year) 859,506 Calculated - Faraday’s 2nd Law 

Electrolysis Electricity Efficiency (kWh/kg Nd) 2.8 Calculated  

 

Consumables Amounts   

Nd2O3 consumed (kg/year) 1,248,535 Calculated  

Activated Carbon consumed (kg/year) 133,718 Calculated  

Chlorine Gas (kg/year) 1,573,154 Calculated  

Soda Ash (kg/year) 2,359,731 Calculated  
 

 

The process assumptions that were determined from the results of this current research are the 

carbochlorination processing efficiencies, the C:REO ratio and the amount of chlorine gas needed for the 

operation.  Soda ash was used in this analysis instead of sodium hydroxide for the off gas scrubber due to 

its lower cost per kilogram The theoretical electrolysis capacity was determined by Faraday’s 2nd law of 



  80 

 

electrolysis which states that for a given quantity of electric charge, the mass of an elemental material that 

is altered at the electrode is directly proportional to the element’s equivalent weight [42].  This law is 

described by the following equation: 

 
m =  

Ita

nF
 Eq. 6.1 

where F is Faraday’s constant, m the mass that is altered, I the current, n the number of electrons 

exchanged, a the atomic weight and t the time.  The adjusted electrolysis capacity was found by taking the 

current efficiency value into account.  Since electrolysis was not within the scope of the current research, 

values for the current, voltage and current efficiency were estimated based upon information found in 

literature pertaining to the Hall-Heroult process.  The current efficiency for neodymium was assumed to 

be slightly lower than that for cerium which corresponds to the information found in literature.  The 

electricity efficiencies and metal production rates were estimated assuming 12 hour days and 250 work 

days per year.     

Table 6.3 shows an estimation of the operating costs associated with the cerium metal electrolysis 

scheme.  Table 6.4 shows an estimation of the operating costs associated with the neodymium metal 

electrolysis scheme.  The cost of the electrolyte was assumed to be a fixed percentage of the total 

production cost for each different metal and the maintenance cost was estimated as a fixed percentage of 

the initial capital cost.  The cost of electricity was assumed to $0.01 per kWh.  The capital cost of the 

operation was estimated based upon the average capital for aluminum production plants.  The average 

capital cost for an installed capacity of aluminum is typically from $3500 to $5000 per annual tonne [43].  

The upper end of this range was used for the current economic analysis.  The upper end of the capital cost 

range was used because the rare earth metal operation will be much smaller than the typical aluminum 

operation and therefor will not get the same economies of scale.  The total tonnes of metal to be produced 

per year was estimated to 1495, 635 tonnes of cerium metal and 860 tonnes of neodymium metal.  This 

production rate results in an estimated fixed capital cost of about $7,475,000.  The NPV values show that 

the operation has the potential to be profitable and produce a 21% return on investment.    

Table 6.5 shows a breakdown of the labor costs associated with operation and were included as a 

portion of the operating costs for each metal.  In both cases, the operating costs are lower than the 

operating income per kilogram of metal.  At these operating costs, production rates and metal prices, the 

operation would bring in a net profit of around $6,300,000 per year.  Table 6.6 shows a table of the net 

present value (NPV) of the metal production operation after ten years at varying interest rates as well as 

the internal rate of return and the payback period.  This calculation assumes that both neodymium metal 

and cerium metal are both produced under the same operation at the production rates and operating costs 

stated above. 



  81 

 

Table 6.3 OPEX estimate for the economic analysis of the cerium metal production scheme 

 
use / kg of metal produced $/ kg metal produced 

Income 
  

Ce Metal - 10.50 
 

Consumables   
Cerium Oxide (kg) 1.34 6.15 

Activated Carbon (kg) 0.19 0.19 

Chlorine Gas 1.65 1.45 

Soda Ash (kg) 2.5 0.05 

Total 
 

7.84 
 

Power consumption   
Electricity: Electrolysis (kWh) 3.83 0.38 

 

Other   
Maintenance 1% of fixed capital cost 0.12 

Labor - 0.73 

Total 
 

0.61 

Operating Cost per kg Ce Metal  (8.83) 

Operating Income per kg Ce Metal  10.50 

Total Revenue per kg Ce Metal  2.12 

 

Table 6.4 OPEX estimate for the economic analysis of the neodymium metal production scheme 

 
use / kg of metal produced $/ kg metal produced 

Income 
  

Neodymium Metal - 90 
 

Consumables   
Neodymium oxide (kg) 1.45 81.35 

Activated Carbon (kg) 0.16 0.16 

Chlorine Gas 1.83 1.61 

Soda Ash (kg) 2.7 0.05 

Total 
 

83.17 
 

Power consumption   
Electricity: Electrolysis (kWh) 2.83 0.28 

 

Other   
Maintenance 1% of fixed capital cost 0.09 

Labor - 0.54 

Total 
 

0.45 

 

Operating Cost per kg Nd Metal 
 (83.90) 

Operating Income per Nd Metal  90.00 

Total Revenue per kg of Nd Metal  6.10 
  

The capital cost of the operation was estimated based upon the average capital for aluminum 

production plants.  The average capital cost for an installed capacity of aluminum is typically from $3500 
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to $5000 per annual tonne [43].  The upper end of this range was used for the current economic analysis.  

The upper end of the capital cost range was used because the rare earth metal operation will be much 

smaller than the typical aluminum operation and therefor will not get the same economies of scale.  The 

total tonnes of metal to be produced per year was estimated to 1495, 635 tonnes of cerium metal and 860 

tonnes of neodymium metal.  This production rate results in an estimated fixed capital cost of about 

$7,475,000.  The NPV values show that the operation has the potential to be profitable and produce a 21% 

return on investment.    

Table 6.5 Estimate of labor costs associated with the rare earth metal production operation. 

Labor Costs 

No. of Engineers 2 

No. of technicians 4 

Engineer Salary $ 75,000 

Technician Salary $ 40,000 

Payroll Burden Multiplier 1.5 

Total per year $ 465,000.00 
 

Table 6.6 NPV values of the metal production operation after 10 years at varying interest rates. 

NPV (10 Years) 

Interest Rate USD 

0% $264,175,663  

8% $137,257,258  

10% $117,700,578  

12% $101,288,121  

14% $87,454,009  

IRR 83% 

Payback Period (years) 1.2  
 

 

Figure 6.1 shows the sensitivity analysis for the operation where the percentage change for 

different economic parameters are plotted against the net present value of the operation after ten years 

with an interest rate of 10%.  The revenue parameter asses the operation’s sensitivity to changes in the 

rare earth metal prices and production rates whereas the OPEX parameters asses the operation’s 

sensitivity to rare earth oxide prices as well as price changes in other consumables, maintenance and 

labor.  The initial CAPEX parameter asses the operation’s sensitivity to the upfront capital cost of the 
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equipment and facility.  Figure 6.1 shows that the NPV of the operation is most sensitive to changes in 

revenue as well as changes in the neodymium operating cost whereas very little change occurs in the NPV 

with any changes in the cerium operating cost or initial capital cost.            

 

 

Figure 6.1 Sensitivity Analysis for the proposed cerium and neodymium metal production  

  operation examining the effect of revenue, operating cost for cerium metal production, 

  operating cost for neodymium metal production and the initial capital investment.  
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CHAPTER 7  

CHALLENGES AND RISKS 

The carbochlorination reaction of the rare earth oxides presented a few challenges and risks that 

needed to be addressed.  Learning about the challenges and risks associated with this process and how to 

minimize them is critical for developing an industrially relevant metal reduction scheme.  The following 

section details the challenges and risks that were documented and managed either before or during 

experimentation.   

7.1 Stability of Rare Earth Oxides in Atmospheric Conditions 

A concern with the carbochlorination experiments was that the starting rare earth oxides would 

have a tendency to form hydroxides or carbonates when exposed to the atmosphere.  The possibility of 

this concern was researched and tested because the presence of other phases besides the rare earth oxide 

in the starting material could affect the degree of chloride conversion achieved in each test.  Three tests 

were performed on each rare earth oxide to assess this possibility.  One sample consisting of 10 grams of 

the rare earth oxide was placed in a crucible and exposed to the atmosphere for 48 hours.  Two other 

samples consisting of 10 grams of the rare earth oxide were heated to two different temperatures in a 

furnace to assess the possibility of the hydroxide or carbonate phases forming at elevated temperatures.  

The two temperatures chosen for evaluation were 400 and 600 °C.  The samples were exposed to the test 

temperature for an hour before the furnace was cooled and the samples were removed.  The samples were 

analyzed using XRD and the resulting patterns were compared with the standard XRD pattern for the rare 

earth oxide to determine whether or not any new phases were present.  This procedure was performed on 

the cerium oxide powder and the neodymium oxide powder.     

Figure 7.1a shows the x-ray diffraction patterns for the cerium oxide standard and the three test 

samples.  The XRD patterns for all samples showed no new peaks when compared to the cerium oxide 

standard diffraction pattern.  The intensity of the peaks varied slightly between the samples and the 

standard.  The same procedure was repeated for the neodymium oxide.  Figure 7.1b shows the x-ray 

diffraction patterns for the neodymium oxide standard and the test samples.  Just as in the cerium oxide 

case, the XRD patterns for all samples showed no new peaks when compared to the neodymium oxide 

standard diffraction pattern.  From the XRD analysis, it may be inferred that little to no hydroxide and/or 

carbonate phases were formed during the atmospheric exposure and heating of the samples.  It also could 

be a possibility that the cerium/neodymium hydroxide and/or carbonate phases do exist but are not 

crystalline and therefore are not accurately identified by XRD.    

The results for the cerium oxide tests seem to match information found in literature.  In a kinetic 

study on the chlorination of cerium dioxide, the starting cerium oxide samples were heated under the flow 

of argon at 950 °C and thermogravimetric analysis was used to determine the percentage of hydration or 
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carbonation products in the initial oxide mass.  It was found that less than 0.31 wt.% of the sample was a 

hydrated or carbonated product and it was concluded that cerium oxide does not have a very large 

tendency to hydrate or carbonate [44].  Although, this was not found to be the same for neodymium 

oxide.  The authors of the above study also performed a kinetics study on the chlorination of neodymium 

oxide and repeated the same procedure used to determine the percentage of hydrate or carbonate products 

in the initial cerium oxide mass for the starting neodymium oxide sample. They determined that 

neodymium oxide is very unstable in atmospheric conditions and has a large tendency to form 

neodymium oxide carbonate and neodymium hydroxide.  For this reason, they performed a thermal 

treatment under the flow argon gas to remove the presence of these phase before starting the chlorination 

process [32]. 

 

(a) 

 

(b) 

Figure 7.1 XRD patterns for a) cerium oxide and b) neodymium oxide standards as well as for the 

  samples subjected to atmospheric conditions at 25, 400 and 600 °C.  

All of the carbochlorination experiments were heated and cooled under an argon atmosphere 

despite not finding any undesirable phases from the tests.  This was done because of the results reported 

in literature and because rare earth oxides are extremely stable and heating/cooling the samples under an 

oxygen containing atmosphere might have caused a reversal of the carbochlorination reaction.  Hydration 

of the produced rare earth chloride was also avoided by heating/cooling the samples under an argon 

atmosphere [6].     
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7.2 Treatment of Carbochlorination off Gas Stream 

The treatment of the carbochlorination off gas stream was a challenge that needed to be addressed 

before experimentation began for safety reasons.  The off gas stream of the carbochlorination experiments 

could have potentially contained excess chlorine gas as well as other harmful gases such as phosgene 

(COCl2) and carbon tetrachloride (CCl4).  Special consideration was taken to ensure that the gaseous 

effluent from these experiments was properly treated.  To do this, the outlet gas stream was routed 

through a chlorine scrubbing solution which neutralized the chlorine containing gases.  The scrubbing 

solution chosen for this application was caustic soda, a mixture of sodium hydroxide (NaOH) and water, 

at a concentration of 105 g/l.  Sodium hydroxide solutions are commonly used for gas scrubbing 

applications.  However, other chemicals such as potassium hydroxide, sodium carbonate and calcium 

hydroxide, have also been proven to be effective for gas scrubbing systems.   

The addition of chlorine gas to caustic soda produces sodium hypochlorite (NaOCl) and salt 

(NaCl) by the following reaction:      

 2NaOH +  Cl2  → NaOCl + NaCl + H2O Reaction 7.1 

The sodium hypochlorite formed in the above reaction also has the potential to decompose by one of the 

following reactions: 

 3NaOCl → NaClO3 + 2NaCl Reaction 7.2 

 2NaOCl → 2NaCl + O2 Reaction 7.3 

It should be noted that Reactions 7.1, 7.2, and 7.3 are all exothermic and therefore significant quantities of 

heat can be released by the off-gas scrubbing reaction.  Pyrex and quartz were the only two materials in 

contact with the scrubbing solution and the off gas stream.  Neither materials showed signs of thermal 

shock or wear over the course of the experimental work [45]. 

In order to prevent over-chlorination of the scrubbing solution, the caustic soda used to treat the 

carbochlorination off gas stream contained 50 % excess the amount of sodium hydroxide needed to treat 

the largest input amount of chlorine gas (100 % Cl2) assuming that none of the chlorine gas was 

consumed for carbochlorination reaction.  If over-chlorination occurs, the solution will become saturated 

with chlorine causing excess chlorine gas to vent from the scrubber.  Additionally, if chlorine continues to 

be fed into the saturated scrubbing solution, the solution pH will decrease due to acid generation by the 

following reactions: 

 NaOCl +  Cl2  + H2O → 2HOCl + NaCl Reaction 7.4 

 H2O +  Cl2  → HCl + HOCl Reaction 7.5 



  87 

 

If this acid generation causes the pH to drop below 11, the following reaction will take place, causing the 

pH to decrease even more due to the formation of additional HCl.  

 
2HOCl + NaOCl → NaClO3 + 2HCl Reaction 7.6 

If the pH decreases below 5, the HOCl will start to decompose into HCl by the following reaction: 

 2HOCl → 2HCl + O2 Reaction 7.7 

At this point, even if the chlorine gas flow is stopped to the over-chlorinated solution, chlorine gas will 

still continue to vent from the solution by following reaction: 

 HOCl +  HCl → H2O +  Cl2 Reaction 7.8 

Chlorine gas will continue to be vented from the solution until enough HCl is consumed to increase the 

pH above 5 [45]. 

Additional gases present in the chlorine stream can affect the chemistry of the scrubbing reaction.  

For instances, carbon dioxide reacts with caustic soda to form sodium carbonate and sodium bicarbonate 

according to the following reactions: 

 2NaOH +  CO2  → Na2CO3 + H2O Reaction 7.9 

 NaOH +  CO2  → NaHCO3 Reaction 7.10 

Reaction 7.9 occurs when the solution pH is greater than 12 and Reaction 7.10 occurs when the solution 

pH is less than 12 [45]. 

HSC Chemistry 5.1 was used to thermodynamically evaluate how additional gases in the off gas 

stream could influence the effectiveness of caustic soda scrubbing solution.  These additional off gases 

include carbon dioxide and carbon monoxide as well as carbon tetrachloride (CCl4) and phosgene 

(COCl2).  Two equilibrium composition plots were generated, one that input the off gas composition at 

the low end of the testing temperature range (≈ 400 °C) and one that input the off gas composition at the 

high end of the testing temperature range (≈ 700 °C), assuming the most extreme testing conditions 

(100% C and 100% Cl2).  The off gas compositions that were used at inputs for these two plots were 

estimated by using Figure 3.2b and Figure 3.4b.  For these testing conditions, Figure 3.2b and Figure 3.4b 

show that phosgene and carbon tetrachloride could be present at the lower end of the temperature range 

(≈ 400 °C)  but not at the upper end of the testing temperature range (≈ 700 °C).  Figure 3.2b and Figure 

3.4b also show that carbon dioxide rather than carbon monoxide is present in the off gas stream at the 

lower end of the temperature range where as carbon monoxide rather than carbon dioxide is present in the 

off gas stream at the upper end of the temperature range.  Figure 7.2 shows the two equilibrium plots 

generated to simulate the scrubber response to the off gas streams from the two different temperature 

conditions.      
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(a) 

 

(b) 

Figure 7.2 Equilibrium composition plots for the off gas scrubbing system simulating off gas 

  input compositions at a) the lower end of the testing temperature range (≈ 400 °C)  and 

  b) the upper end of the testing temperature range (≈ 700 °C)  [31].   

Figure 7.2a shows the equilibrium composition plot generated to simulate the off gas system at 

the lower end of the testing temperature range.  Chlorine gas, phosgene, carbon tetrachloride and carbon 

dioxide were input as the primary off gases present in the system at the low end of the temperature range.  

The amount of chlorine input into this calculation from the excess chlorine, phosgene and carbon 

tetrachloride summed to 3 moles which was equivalent to the testing case where 100 % excess chlorine 

gas was used.  This assumes that no chlorine gas would be utilized in the carbochlorination reaction.  This 

assumption was made to account for the most extreme possibility.  The amount of sodium hydroxide 

input into this calculation was 8 moles which is equivalent to 50 % excess the amount necessary to 

neutralize 100 % excess chlorine gas.  Figure 7.2a shows that all of the chlorine containing gases as well 

as the carbon dioxide is neutralized at these input concentrations.  The primary products of this scrubbing 

reaction from a thermodynamic standpoint at temperatures below 80 °C are sodium chloride, liquid and 

gaseous water, sodium bicarbonate, oxygen gas and sodium carbonate.             

Figure 7.2b shows the equilibrium composition plot generated to simulate the off gas system at 

the higher end of the testing temperature range.  At these temperatures, carbon monoxide is 

thermodynamically stable as an off gas and phosgene and carbon tetrachloride are not thermodynamically 

stable off gases.  The carbon monoxide concentration used for this calculation was 1 mole.  Again, the 

input concentration of the chlorine gas for this calculation was 3 moles to account for the most extreme 

case.  Figure 7.2b shows that the chlorine gas as well as the carbon monoxide is neutralized at these input 
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concentrations.  The primary products of this scrubbing reaction from a thermodynamic standpoint at 

temperatures below 80 °C are sodium chloride, liquid and gaseous water, oxygen gas and sodium 

carbonate. 

7.3 Corrosive Nature of the High Temperature Chlorine Gas Atmosphere 

The high temperature chlorine gas atmosphere caused some challenges associated with the design 

of the experimental setup.  Three different carbochlorination reactors were designed and fabricated during 

this study.  The high temperature chlorine gas atmosphere required for the carbochlorination reaction 

proved to be extremely corrosive and caused serious damage to the two initial experimental setups.  The 

final reactor utilized highly inert materials of construction in order to minimize the damage caused by the 

chlorine gas atmosphere.  This section details the problems associated with the initial two reactor designs 

as well as some issues faced with the final reactor.      

7.3.1 Reactor 1 – Metallic Body with the Heating Source Located Inside of the Reaction Space 

Figure 7.3 shows a picture of the first experimental setup tried for the carbochlorination 

experiments.  In this setup, a set of ceramic coated heating coils were housed inside of a 316 stainless 

steel shell.  Insulation fibers were packed between the heating coils and the shell in order to minimize 

heat loss.  The lid of the vessel was also 316 stainless steel and contained three ports: two for the inlet and 

outlet gas streams and one for the Inconel thermocouple.  The reactor was sealed with eight bolts and a 

viton O-ring. 

 

Figure 7.3 Picture of the first experimental setup constructed in which a metallic bodied  

  reactor was used with the heating source located inside of the reaction space. 
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The design of this reactor necessitated that the electrical wires from the heating coils be routed 

out the base of the vessel to the temperature controller through some type of a connector.  Figure 7.4a 

shows a picture of the electrical connector.  The use of this connector was the main flaw in this reactor 

design.  The reason for this was that it was very difficult to seal the space around the connector at the 

bottom of the vessel as well as around the electrical pins.  Several attempts were made to seal this 

connection but in every instance the sealant either dried out or degraded due to the temperature or 

chlorine atmosphere.  The failure of the sealant caused the reactor to leak.  The atmosphere inside of the 

reactor also caused damage to the ceramic coated heating coils.  Figure 7.4b shows a picture of the 

heating coil after the reactor was disassembled.  A portion of the ceramic was compromised and began to 

flake off which exposed the heating coils inside.  There were also stains and other marks of wear on the 

inside surface of the coil unit.      

 

(a) 

 

(b) 

Figure 7.4 Pictures of the first experiment setup constructed showing a) the electrical connector  

 utilized to route the heating coil leads from inside of the reactor to the control box  

 and b) the ceramic coated heating coil after the reactor was disassembled. 

7.3.2 Reactor 2– Metallic Body with the Heating Source Located Outside of the Reaction Space 

The issues associated with the first reactor prompted a redesign.  Figure 7.5 shows a picture of the 

second redesigned reactor.  The second reactor was designed so that the reaction atmosphere and the 

heating source were separated.  This eliminated the need for an electrical connector and reduced the wear 

on the heating source caused by the chlorine gas atmosphere.  In this design, a 316 stainless steel vessel 

with ¼” walls was fabricated to fit inside of a Lindberg box furnace.  The lid of the vessel contained three 

ports for the inlet and outlet gas streams as well as for the Inconel thermocouple.  The outlet gas stream 

was split into two different lines: one that ran through a pressure check value and the other ran through a 

valve that was shut during testing.  The stainless steel vessel was sealed with ten bolts and a high 

temperature sealant was used as a gasket.     
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The reactor successfully sealed and withstood the temperature required for the carbochlorination 

reaction, but its main flaw was the stainless steel components.  The chlorine atmosphere caused 

substantial corrosion of the stainless steel.  As a result, the corrosion product from this reaction would 

condense in the gas outlet tube which caused a significant pressure build up in the vessel.  No 

carbochlorination tests were able to be completed using this reactor due clogging of the outlet line.       

 

Figure 7.5 Picture of the second experimental setup constructed in which a metallic bodied  

  reactor was used with the heating source located outside of the reaction space. 

7.4 Iron Contamination in the Reaction Space  

The final reactor, as describe in Chapter 4, was made out of Pyrex and quartz in order to eliminate 

the issue of metallic corrosion.  During the initial run in this reactor, the outlet line did not clog but a dark 

yellow product developed on the surface of the top portion of the reactor.  The product was first suspected 

to contain iron because of its similarity to the corrosion product that developed in the outlet line of the 

second reactor.  Effort was made to identify the source of the yellow film because any unknown 

contaminates in the system could have skewed the test results.   

The film was first rinsed off of the reactor lid with de-ionized water and the resulting solution 

was subjected to further analysis.  The solution was yellow in color and a qualitative test was first 

performed to test for the presence of iron.  The qualitative test consisted of adding ammonium hydroxide 

to solution and observing the characteristics of any resulting precipitates.  This was done because ferric 

iron is readily precipitated as ferric hydroxide (Fe(OH)3) from acid solutions by adding an excess amount 

of ammonium hydroxide.  The ferric hydroxide precipitate will have a very distinct reddish brown color.  
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Nitric acid was added to the solution before the addition of the ammonium hydroxide to make sure that 

any iron present in the solution was in the ferric state [46].    

Figure 7.6 shows a picture of the solution after the addition of nitric acid and ammonium 

hydroxide.  A reddish brown precipitate was clearly observed, which mostly likely indicated the presence 

of iron. The solution was then run on ICP-MS and the results showed the presence of iron in the solution 

as well.  It was determined that the iron contamination was most likely due to the use of petroleum coke, 

which input as carbon source for the reaction.  The carbon source was switched from petroleum coke to 

high purity activated carbon.  An alumina cover was also installed to protect the Inconel thermocouple 

from the chlorine gas atmosphere.   

Figure 7.7 shows a comparison between the reactor when petroleum coke was used with an 

unprotected thermocouple versus when activated carbon was used with a protected thermocouple.  There 

was a significant decrease in the amount of yellow film that developed on the surface of the reactor when 

activated carbon was used with a protected thermocouple.  Therefore, it was determined that high purity 

carbon should be used and that all metal components inside of the reaction space should be protected in 

order to eliminate the unnecessary consumption of chlorine gas due to its interaction with iron. 

 

Figure 7.6 The solution generated by mixing the collected yellow product from the surface of the 

  reactor with de-ionized water after the addition of nitric acid and ammonium  

  hydroxide to qualitatively test for the presence of iron. 
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(a) 

 

(b) 

Figure 7.7 Pictures of the quartz bodied reactor showing a comparison between the amount of 

  yellow film deposited on the reactor surface a) when petroleum coke and  an  

  unprotected thermocouple were used to b) when activated carbon and a protected  

  thermocouple were used.   

 

.    
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CHAPTER 8  

DISCUSSION 

The goal of this research project was to generate data and understanding about the feasibility of 

developing an improved, continuous electrolytic process for the reduction of rare earth oxides to rare 

earth metals in a molten salt media.  This was accomplished by studying the carbochlorination reaction of 

both cerium oxide and neodymium oxide as well as measuring the solubility of cerium chloride and 

neodymium chloride in two selected molten salt electrolytes.  The following sections discuss and 

summarize the results of the experimental investigation presented in Chapter 5 as well as present 

recommendations for future work.   

8.1 Results summary and analysis 

The present research demonstrated the conversion of cerium oxide and neodymium oxide to their 

respective chlorides through the carbochlorination reaction.  The conversion of these oxides to their 

chlorides is important for the development of molten salt electrolysis scheme due to the greater solubility 

of the rare earth chlorides than the rare earth oxides in chloride based molten electrolytes.  The kinetic 

study showed both of the carbochlorination reactions had an optimal reaction time of around 4 hours.  The 

calculation for the rate controlling mechanism showed that the both carbochlorination reactions were not 

under fluid film control but could not conclusively differentiate between chemical and pore diffusion 

control.  Pore diffusion control may be a reasonable option for the rate controlling mechanism because of 

the role agitation played in the degree of reaction achieved in both carbochlorination studies.  The starting 

cerium oxide particles were much larger than the starting neodymium oxide particles and the effect of 

agitation was much more significant for the cerium oxide carbochlorination reaction than the neodymium 

oxide carbochlorination reaction.  The agitation steps may have helped minimize the product layer on the 

surface of the unreacted oxide powder which thereby aided to % conversion achieved for the test.  The 

effect of agitation would have been much more significant for the larger particle material than the smaller 

particle materials as was observed for the two carbochlorination reactions. Performing a few more tests 

that would allow for the calculation of the activation energy may help clarify the rate controlling 

mechanism of each reaction.  It is also possible that both reactions are under an intermediate or mixed 

control.  Clarifying the rate controlling mechanism for the carbochlorination reactions may be beneficial 

as it may allow for understanding of certain process parameters that could be altered in an industrial 

operation to achieve higher % conversion values under more efficient conditions.         

The optimization studies showed that all of the process parameters evaluated were important for 

maximum degrees of reaction with temperature being the most significant parameter for both the cerium 

oxide and neodymium oxide carbochlorination reactions.  The amount of carbon present for the reaction 
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played a much larger role in the reaction for the neodymium oxide carbochlorination than the cerium 

oxide carbochlorination.  The oxychloride phase was also much more prevalent in the neodymium oxide 

carbochlorination experiments than the cerium oxide carbochlorination experiments.  Figure 8.1 shows 

phase stability diagrams for the Ce-O-Cl system and Figure 8.2 shows phase stability diagrams for the 

Nd-O-Cl system.  Figure 8.1a and Figure 8.2a show the phase stability diagram for each system at a 

temperature of 400 °C.  Figure 8.1b and Figure 8.2b show the phase stability diagram for each system at a 

temperature of 750 °C.  The x-axis for all the diagrams were converted from the Log pO2 (g) to the 

equivalent Log pCO2 (g) scale assuming a carbon activity of one.  The boxes on the diagrams indicate the 

reasonable operating range for each system.  The phase stability diagrams for the Ce-O-Cl system shows 

that an increase in temperature moves the reasonable operating range from the CeO2 region to the CeCl3 

region indicating the reaction is heavily dependent on temperature just as the experimental work showed.  

The phase stability diagram for the Nd-O-Cl system shows that both NdOCl and NdCl3 are the stable 

phases within the reasonable operating range for both evaluated temperatures.  This also coincides with 

the results found in the experimental investigation which showed that Nd2O3 was not present in any of the 

reacted samples, only NdOCl and NdCl3.  The phase stability diagrams for the Ce-O-Cl system also show 

that there is a direct boundary between the CeO2 and the CeCl3 within the reasonable operating range.  

This implies that from a thermodynamic standpoint that the CeO2 will not have to go through an 

intermediate phase for its conversion to CeCl3.   

 

(a) 

 

(b) 

Figure 8.1 Phase stability diagrams for the Ce-O-Cl system at a) 400 °C and b) 750 °C with the 

  x-axis converted from the Log pO2 (g) to the equivalent Log pCO2 (g) scale [31]. 
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Figure 8.2  Phase stability diagrams for the Nd-O-Cl system at a) 400 °C and b) 750 °C with the 

  x-axis converted from the Log pO2 (g) to the equivalent Log pCO2 (g) scale [31]. 

On the other hand, the phase stability diagrams for the Nd-O-Cl system shows that there is no 

direct boundary between the Nd2O3 phase and the NdCl3 phase.  This indicates that the Nd2O3 must 

convert to the intermediate NdOCl phase before making a full conversion to the NdCl3 phase.  This would 

explain why the cerium oxychloride phase was not detected with certainty in cerium oxide 

carbochlorination experiments but the neodymium oxychloride phase was observed in all of the 

neodymium oxide carbochlorination experiments.  In both systems, the stability region of the oxychloride 

phase decreases with an increase in temperature.  It is important to understand the possibility of 

intermediate phases in the carbochlorination reactions as the presences of these intermediates could affect 

the efficiency of the electrolysis process.    

Information about two viable electrolyte compositions for the molten salt electrolysis process was 

gathered.  Solubility measurements were performed to evaluate the feasibility of using the selected molten 

salt compositions as an electrolyte.  The LiCl-KCl eutectic salt showed a greater solubility limit for both 

cerium chloride and neodymium chloride over the NaCl-KCl salt.  Although, the NaCl-KCl salt was 

shown to be more stable than the LiCl-KCl salt at the temperatures required for optimal cerium oxide and 

neodymium oxide carbochlorination. 

The last part of the experimental investigation was to assess the possibility of performing the 

carbochlorination reaction within the LiCl-KCl molten salt composition.  The results from the two 

scoping tests showed that the carbochlorination reaction does proceed in the molten salt, but at a much 

lower extent than expected.  Further testing will need to be done to optimize this combined process.     



  97 

 

The information gathered from the experimental investigation will aid in the development of a 

molten salt electrolysis process for cerium and neodymium metal production.  Studying the kinetics of the 

carbochlorination reaction will help determine whether or not the rates of chloride conversion and metal 

deposition via electrolysis can be matched in one continuous reactor.  Understanding the reactions 

dependence certain process parameters and the chloride solubility in two various electrolytes will also 

allowed for an informed choice on various input materials and design of the operation conditions.        

  

8.2 Future work 

 Perform further testing on the cerium oxide and neodymium oxide carbochlorination reactions to 

clarify the rate controlling mechanism 

 Perform further testing on the carbochlorination reaction for cerium oxide and neodymium oxide 

within the LiCl-KCl salt to optimize the reaction parameters and achieve higher degrees of 

conversion 

 Perform further testing on the carbochlorination reaction for cerium oxide and neodymium oxide 

within the NaCl-KCl salt to optimize the reaction parameters and achieve higher degrees of 

conversion 

 Perform chloride molten salt electrolysis experiments for cerium and neodymium metal produce 

in the LiCl-KCl and NaCl-KCl electrolytes  

 Conduct experiments to determine the feasibility of cerium oxide and neodymium oxide 

chlorination with AlCl3 in the molten salt electrolytes  

 Conduct experiments to determine the feasibility of cerium oxide and neodymium oxide 

chlorination with sulfur as the reducing agent instead of carbon   
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APPENDIX A 

 CARBOCHLORINATION KINETIC STUDY CALCULATION 

Table A.1 and Table A.2 show the calculation for the rate controlling mechanism for both the 

cerium oxide and neodymium oxide carbochlorination kinetic studies.  In both cases, the maximum 

conversion was taken to occur at 6 hours and the normalized XB was founded by dividing the % 

conversion values achieved at each time by the % conversion achieved at 6 hours.   

Table A.1 Cerium oxide kinetic study calculation for the rate controlling mechanism   

t t/τ 
% 

Conversion 

Normalized 

XB 
1-XB 

Pore 

Diffusion 
Fluid Film Reaction 

0 0.00 0.00 0.00 1.00 0 0 0 

1 0.17 0.61 0.64 0.36 0.20 0.64 0.29 

2 0.33 0.77 0.81 0.19 0.39 0.81 0.42 

3 0.50 0.845 0.89 0.11 0.53 0.89 0.52 

4 0.67 0.923 0.97 0.03 0.77 0.97 0.69 

6 1.00 0.951 1.00 0.00 1.00 1.00 1.00 

τ = 6.00 
        

 

Table A.2 Cerium oxide kinetic study calculation for the rate controlling mechanism 

t t/τ 
% 

Conversion 

Normalized 

XB 
1-XB 

Pore 

Diffusion 
Fluid Film Reaction 

 

0.00 0.00 0.00 1.00 0 0 0 

1 0.17 0.632 0.71 0.29 0.27 0.71 0.34 

2 0.33 0.779 0.88 0.12 0.50 0.88 0.50 

4 0.67 0.874 0.98 0.02 0.83 0.98 0.74 

6 1.00 0.89 1.00 0.00 1.00 1.00 1.00 

τ = 6.00 
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APPENDIX B 

CARBOCHLORINATION ERROR ANALYSIS 

Effort was made to try to quantify the error range associated with the % conversion values found 

for the carbochlorination experiments.  Two possible sources of error were taken into account for this 

analysis.  The first source of error had to do with the associated scatter in the % conversion value 

calculated for a single testing condition and was categorized as a precision error.  The only 

carbochlorination reaction that was repeated using the same testing conditions was the midpoint test in the 

optimization study for both cerium oxide carbochlorination and neodymium oxide carbochlorination.  The 

precision error was quantified by calculating the sample standard deviation between different % 

conversion values found for the midpoint tests for both cerium oxide carbochlorination and neodymium 

oxide carbochlorination studies.  The standard deviation of these midpoint tests was universally applied to 

all other tests in the study as an estimate for the precision error.  The other source of error that was taken 

into account for this analysis was related to the means by which the % conversion values were calculated 

and was categorized as bias error.  The basis of determining the degree of reaction achieved in each test 

was to perform a water leach on a 10 g representative sample, quantify the mass change and then divide 

the mass change by the original representative sample mass.  Error was introduced by the method because 

there could have been leftover carbon in the 10 g representative sample.  The presence of carbon in the 

leach sample could have added uncertainty in the data since the method used for calculating the % 

conversion values assumed that the leached sample consisted only of unreacted rare earth oxide and rare 

earth chloride.  The value of this error was estimated for each carbochlorination test by assuming that the 

sample mass remaining on the course and fine filter papers consisted of only of the rare earth oxide and 

carbon present in the same starting ratio.  The total uncertainty reported with each % conversion value 

was found by combining the precision uncertainty, P, and the bias uncertainty, B, in a root-mean-square 

sense as: 

 
U =  (P2 +  B2)

1
2 

 

 The justification for combining the two uncertainty values this way is largely empirical, but standard 

practice for most types of error analysis [47].
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Table B.1 Bias error calculation for the % conversion values found for the cerium oxide carbochlorination experiments 

Test Identifier 
C:CeO2 

(g/g) 

Sample 

Mass (g) 

Calculated 

Conversion (%) 

Leached 

Mass (g) 

Mass 

CeO2 (g) 

Mass C 

(g) 

Sample Mass 

w/o C (g) 

Corrected 

Conversion (%) 

Bias Error 

(%) 

Agitation: No Steps 0.140 10.004 82.0 8.20 1.58 0.22 9.78 83.9 1.9 

Agitation: One Steps 0.139 10.001 87.7 8.77 1.08 0.15 9.85 89.0 1.3 

Agitation: 2 Steps 0.140 9.999 92.6 9.26 0.65 0.09 9.91 93.4 0.9 

Rate Curve: 1 hr 0.139 10.003 63.3 6.13 3.40 0.47 9.53 64.3 3.1 

Rate Curve: 2 hr 0.140 10.000 77.0 7.70 2.02 0.28 9.72 79.2 2.2 

Rate Curve: 3 hr 0.139 10.006 85.6 8.56 1.26 0.18 9.83 87.1 1.5 

Rate Curve: 4 hr 0.140 9.999 92.6 9.26 0.65 0.09 9.91 93.4 0.9 

Rate Curve: 6 hr 0.139 10.001 95.1 9.51 0.43 0.06 9.94 95.7 0.6 

Optimization Test #1 0.070 10.003 16.7 1.67 7.79 0.54 9.46 17.7 1.0 

Optimization Test #2 0.070 10.006 37.3 3.73 5.87 0.41 9.60 38.9 1.6 

Optimization Test #3 0.104 10.007 51.3 5.13 4.41 0.46 9.55 53.8 2.5 

Optimization Test #4 0.139 10.004 24.5 2.45 6.63 0.92 9.08 27.0 2.5 

Optimization Test #5 0.139 9.997 21.5 2.15 6.89 0.96 9.04 23.8 2.3 

Optimization Test #6 0.139 10.000 65.3 6.53 3.05 0.42 9.58 68.2 2.9 

Optimization Test #7 0.104 10.009 52.8 5.28 4.28 0.45 9.56 55.3 2.5 

Optimization Test #8 0.070 10.002 18.4 1.84 7.63 0.53 9.47 19.4 1.0 

Optimization Test #9 0.104 10.000 51.6 5.16 4.38 0.46 9.54 54.1 2.5 

Optimization Test #10 0.140 9.999 92.3 9.23 0.68 0.09 9.90 93.2 0.9 

Optimization Test #11 0.070 10.004 65.1 6.51 3.26 0.23 9.78 66.6 1.5 

Ce Molten Salt Test 0.139 12.055 16.1 1.94 8.88 1.23 10.82 17.9 1.8 
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Table B.2 Bias error calculation for the % conversion values found for the neodymium oxide carbochlorination experiments 

Test Identifier 
C:Nd2O3 

(g/g) 

Sample 

Mass (g) 

Calculated 

Conversion (%) 

Leached 

Mass (g) 

Mass 

Nd2O3 (g) 

Mass C 

(g) 

Sample Mass 

w/o C (g) 

Corrected 

Conversion (%) 

Bias 

Error (%) 

Agitation: No Steps 0.107 10.004 78.5 7.85 1.95 0.21 9.80 80.1 1.7 

Agitation: 2 Steps 0.107 10.000 77.5 7.75 2.03 0.22 9.78 79.2 1.7 

Rate Curve: 1 hr 0.107 10.000 63.2 6.32 3.33 0.36 9.64 65.5 2.3 

Rate Curve: 2 hr 0.107 10.009 77.9 7.79 2.00 0.21 9.79 79.6 1.7 

Rate Curve: 4 hr 0.107 10.006 87.4 8.74 1.14 0.12 9.88 88.5 1.1 

Rate Curve: 6 hr 0.107 9.998 89.9 8.99 0.91 0.10 9.90 90.8 0.9 

Optimization Test #1 0.053 10.002 15.6 1.56 8.01 0.43 9.57 16.3 0.7 

Optimization Test #2 0.107 10.005 38.6 3.86 5.55 0.59 9.41 41.0 2.4 

Optimization Test #3 0.054 9.999 41.2 4.12 5.58 0.30 9.70 42.5 1.3 

Optimization Test #4 0.107 10.006 46.5 4.65 4.84 0.52 9.49 49.0 2.5 

Optimization Test #5 0.053 10.004 11.7 1.17 8.39 0.45 9.56 12.2 0.5 

Optimization Test #6 0.107 10.009 41.9 4.20 5.25 0.56 9.45 44.4 2.5 

Optimization Test #7 0.047 10.002 54.6 5.46 4.34 0.21 9.80 55.7 1.1 

Optimization Test #8 0.107 10.006 87.4 8.74 1.14 0.12 9.88 88.5 1.1 

Optimization Test #9 0.080 9.997 40.0 4.00 5.55 0.45 9.55 41.9 1.9 

Optimization Test #10 0.080 10.003 41.5 4.15 5.42 0.44 9.57 43.3 1.9 

Optimization Test #11 0.080 10.004 41.6 4.16 5.41 0.43 9.57 43.5 1.9 

Nd Molten Salt Test 0.0107 11.1988 19.0 2.13 8.19 0.88 10.32 20.6 1.6 
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Table B.3 List of precision error, bias error and total uncertainty values for the % conversion 

 values calculated for the neodymium oxide carbochlorination experiments 

Test Identifier Precision Error (%) Bias Error (%) Total Uncertainty (%) 

Agitation: No Steps 0.79 1.9 2.0 

Agitation: One Steps 0.79 1.3 1.6 

Agitation: 2 Steps 0.79 0.9 1.2 

Rate Curve: 1 hr 0.79 3.0 3.1 

Rate Curve: 2 hr 0.79 2.2 2.4 

Rate Curve: 3 hr 0.79 1.5 1.7 

Rate Curve: 4 hr 0.79 0.9 1.2 

Rate Curve: 6 hr 0.79 0.6 1.0 

Optimization Test #1 0.79 1.0 1.2 

Optimization Test #2 0.79 1.6 1.8 

Optimization Test #3 0.79 2.5 2.6 

Optimization Test #4 0.79 2.5 2.6 

Optimization Test #5 0.79 2.3 2.4 

Optimization Test #6 0.79 2.9 3.0 

Optimization Test #7 0.79 2.5 2.6 

Optimization Test #8 0.79 1.0 1.3 

Optimization Test #9 0.79 2.5 2.6 

Optimization Test #10 0.79 0.9 1.2 

Optimization Test #11 0.79 1.5 1.7 

Ce Molten Salt Test 0.79 1.8 2.0 
 

Table B.4 List of precision error, bias error and total uncertainty values for the % conversion 

  values calculated for the neodymium oxide carbochlorination experiments 
 

Test Identifier Precision Error (%) Bias Error (%) Total Uncertainty (%) 

Agitation: No Steps 0.90 1.7 1.9 

Agitation: 2 Steps 0.90 1.7 1.9 

Rate Curve: 1 hr 0.90 2.3 2.5 

Rate Curve: 3 hr 0.90 1.7 1.9 

Rate Curve: 4 hr 0.90 1.1 1.4 

Rate Curve: 6 hr 0.90 0.9 1.3 

Optimization Test #1 0.90 0.7 1.1 

Optimization Test #2 0.90 2.4 2.6 

Optimization Test #3 0.90 1.3 1.6 

Optimization Test #4 0.90 2.5 2.7 

Optimization Test #5 0.90 0.5 1.1 

Optimization Test #6 0.90 2.5 2.7 

Optimization Test #7 0.90 1.1 1.5 

Optimization Test #8 0.90 1.1 1.4 

Optimization Test #9 0.90 1.9 2.1 

Optimization Test #10 0.90 1.9 2.1 

Optimization Test #11 0.90 1.9 2.1 

Nd Molten Salt Test 0.9 1.6 1.8 
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APPENDIX C 

CARBOCHLORINATION MASS BALANCE 

All of the % conversion values presented for the cerium oxide and neodymium oxide 

carbochlorination experiments in this chapter were calculated using the water leach method described in 

section 4.5.  The resulting leachate from this step was analyzed for rare earth concentration using ICP-MS 

to verify the mass balance.  Table  shows the calculated results for the amount of cerium chloride present 

in the sample based on the sample mass change method and the ICP-MS cerium concentration.  Table  

shows the calculated results for the amount of neodymium chloride present in the sample based on the 

sample mass change method and the ICP-MS cerium concentration.   

Table C.1 Mass balance results for the cerium carbochlorination experiments  

Test 
Mass Change Calculation  

(g CeCl3) 

ICP-MS Calculation  

(g CeCl3) 

Difference 

(g CeCl3) 

Agitation Test: No steps 8.21 ± 0.09 8.48 ± 0.12 0.27 

Agitation Test: 1 step 8.77 ± 0.09 8.79 ± 0.09  0.03 

Agitation Test: 2 steps 9.26 ± 0.09 9.32 ± 0.07 0.07 

Rate Curve: 1 hr 6.33 ± 0.09 6.73 ± 0.09 0.40 

Rate Curve: 2 hr 7.71 ± 0.09 7.67 ± 0.05 -0.05 

Rate Curve: 3 hr 8.47 ± 0.09 8.60 ± 0.18 0.13 

Rate Curve: 4 hr 9.21 ± 0.09 9.32 ± 0.07 0.12 

Rate Curve: 6 hr 9.51 ± 0.09 9.62 ± 0.09 0.11 

Optimization Test #1 1.69 ± 0.09 1.77 ± 0.02 0.09 

Optimization Test #2 3.78 ± 0.09 3.95 ± 0.06 0.17 

Optimization Test #3 5.15 ± 0.09 5.43 ± 0.06 0.28 

Optimization Test #4 2.45 ± 0.09 2.25 ± 0.01 -0.20 

Optimization Test #5 2.15 ± 0.09 2.44 ± 0.02 0.30 

Optimization Test #6 6.53 ± 0.09 6.55 ± 0.09 0.02 

Optimization Test #7 5.29 ± 0.09 5.61 ± 0.03 0.32 

Optimization Test #8 1.84 ± 0.09 2.05 ± 0.03 0.22 

Optimization Test #9 5.13 ± 0.09 5.57 ± 0.07 0.44 

Optimization Test #10 9.26 ± 0.09 9.32 ± 0.07 0.07 

Optimization Test #11 6.50 ± 0.09 6.80 ± 0.08  0.30 
 

 

The uncertainty ranges associated with the ICP-MS values were calculated from the RSD 

percentages given by the ICP-MS software.  The uncertainty range associated with the mass change 

values was estimated as the standard deviation of the mass change results for the midpoint tests.  The 

difference in these two values was determined by subtracting the nominal values found for the ICP-MS 

calculation from the nominal values found for the mass change calculation.  All of the differences 

between the two methods of calculation for the cerium carbochlorination experiments were found to be 

within 0.5 grams of each other.  The same was true of the neodymium carbochlorination experiments with 

the expectation of the midpoint tests.  The mass balance for all three midpoint tests in the neodymium 
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oxide carbochlorination study produced difference values that were much greater than the rest of the tests.  

This could indicate that the midpoint tests had more waters of hydration left over in the after leached 

sample mass than what was corrected for.     

Table C.2 Mass balance results for the cerium carbochlorination experiments  

Test 
Mass Change Calculation  

(g NdCl3) 

ICP-MS Calculation  

(g NdCl3) 

Difference 

(g NdCl3) 

Agitation Test: No steps 7.85 ± 0.08 7.70 ± 0.16 -0.15 

Agitation Test: 2 steps 7.75 ± 0.08 7.51 ± 0.06 -0.24 

Rate Curve: 1 hr 6.32 ± 0.08 6.17 ± 0.10 -0.15 

Rate Curve: 2 hr 7.79 ± 0.08 7.69 ± 0.09 -0.10 

Rate Curve: 4 hr 8.74 ± 0.08 8.75 ± 0.05 0.01 

Rate Curve: 6 hr 8.99 ± 0.08 8.94 ± 0.05 -0.05 

Optimization Test #1 1.56 ± 0.08 1.57 ± 0.01 0.01 

Optimization Test #2 3.86 ± 0.08 4.03 ± 0.05 0.17 

Optimization Test #3 4.12 ± 0.08 4.29 ± 0.05 0.17 

Optimization Test #4 4.65 ± 0.08 5.09 ± 0.02 0.45 

Optimization Test #5 1.17 ± 0.08 1.58 ± 0.02 0.41 

Optimization Test #6 4.20 ± 0.08 3.93 ± 0.02 -0.27 

Optimization Test #7 5.46 ± 0.08 5.49 ± 0.09 0.04 

Optimization Test #8 8.74 ± 0.08 8.75 ± 0.05 0.01 

Optimization Test #9 4.00 ± 0.08 5.31 ± 0.10 1.30 

Optimization Test #10 4.15 ± 0.08 4.76 ± 0.05 0.61 

Optimization Test #11 4.16 ± 0.08 5.23 ± 0.08  1.07 
 

 

 

 

 

 

 

 

 

 

 

 

 


