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Abstract 

 Rare earth metals and compounds are critical components of advanced materials for energy, structural alloys, and 

transportation.  These low-tonnage elements are sourced together as by- and co-products, and presently require complete 

hydrometallurgical dissolution followed by liquid-liquid separation for their isolation and production.  There is great interest in 

developing alternatives to those hydrometallurgical processes in order to limit the environmental impact of rare-earth element 

supply.  Herein, we present selective sulfidation as a novel, high-temperature alternative to facilitate physical separation of rare 

earth by- and co-product elements.  We explore the thermodynamics of rare earth oxide sulfidation with elemental sulfur, and 

discuss the role of carbon in controlling sulfidation selectivity.  We apply these findings to the demonstration of selective 

sulfidation for iron-rare earth and lanthanide-lanthanide separations. 
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Introduction 

 Rare earth elements are required for a broad range of technologies essential to modern society, ranging from 

neodymium and dysprosium for high-strength magnets to cerium for automotive catalytic converters to scandium for aerospace 

aluminum alloys[1].  These elements, consisting of the lanthanides, scandium, and yttrium, are found together in nature and are 

produced as co- and by-products of one another[2].  Despite being classified as “rare earth” elements, they are relatively common 

within the earth’s crust – on par with many base metals.  For example, the crustal abundance of neodymium is on the same order 

of magnitude of nickel, zinc, and copper, twice that of cobalt, three times that of lead, and twenty times that of tin[3].  

Nevertheless, commercially-viable deposits of rare earth elements are geographically concentrated, with China accounting for 

over 60% of recorded global production in 2020, followed by the United States at about 15%[4].  Concerns over supply stability, 

and the lack of suitable substitutes for rare earth elements in many applications, has led rare earth elements to by classified as 

critical and strategically-significant materials by numerous governments[5].  Challenges surrounding rare earth element supply 

are further compounded by the “balance problem”[6,7].  The “balance problem” refers to the reality that the distribution of 

demand between individual rare earth elements does not match up with their relative abundances in commercially-relevant 

mineral bodies.  This disconnect between supply and demand results in production being driven by a few, high-demand elements 

such as neodymium, with oversaturated supplies of lower demand rare earth elements.   

 Rare earth elements may be grouped into two main categories: light (La, Ce, Pr, Nd, Pm, Sm) and heavy (Eu, Gd, Tb, 

Dy, Ho, Er, Tm, Yb, Lu, Sc, Y).  Light rare earth elements are most commonly produced from the fluorocarbonate mineral 

bastnaesite and phosphate mineral monazite, whereas heavy rare earth elements are more concentrated in the phosphate mineral 

xenotime and in lateritic ion absorption clays[2].  No distinct mineral phases of individual lanthanide elements exist; they are all 

present, substituted for one another within the mineral.  Actinides including thorium and uranium are also present as normally 

occurring radioactive materials (NORMs) in rare earth minerals through atomic substitution with the lanthanides[8]. Scandium 

meanwhile may also be found and produced as a byproduct of nickel production from lateritic ore deposits[9–11].  Furthermore, 

significant attention has been directed toward recovery of scandium from the red-mud tailings of the Bayer process for alumina 

production from bauxite[12–14], yet separating scandium from iron remains a difficult task[10].   

Conventional rare earth element production from fluorocarbonate and phosphate mineral sources begins with mining, 

comminution, and physical separation to produce a rare earth mineral concentrate[15,16].  The rare earth concentrate is 

chemically digested, or “cracked”, via acid or alkaline treatment, with the rare earth elements leached into an aqueous solution 

for individual separation via aqueous-organic liquid-liquid solvent extraction.  During the cracking and leaching process, the 

majority of NORMs and entrained transition and alkaline earth metal impurities remain with the leach residue or are selectively 

precipitated[2].  Due to the chemical similarity of rare earth elements, solvent extraction is a very energy and chemical intensive 

process, with individual rare earth separations each generally requiring on the order of 50 to 150 extraction and stripping stages 

for separation[2].  The separated rare earth element is then precipitated as a pure compound.  The pure compound may then be 

calcined to form an oxide, halogenated, and/or reduced to metal via molten salt electrolysis or metallothermic reduction[17].   

 The environmental impact of rare earth metal reduction is greatly dependent on the process employed[18].  In the rare 

earth element separation pathway upstream of reduction, the environment impact is largely inherited from the solvent extraction 

steps[19].  For rare earth element separation from bastnaesite, solvent extraction contributes approximately 77% to the terrestrial 

acidification, 63% to the global warming potential, and 70% to the water usage of the entire rare earth element mining, 

beneficiation, and separation pathway[8].  Solvent extraction in monazite processing exhibits similar environmental burdens.  

When processing steps in the rare earth element mining, beneficiation, and separation pathway are normalized by material 

throughput, solvent extraction is likewise the largest contributor to process capital cost by an order of magnitude[20–23].  The 

economic and environmental impact of liquid-liquid processing motivates efforts to develop new methods of rare earth element 

separation with reduced environmental and capital footprints.   
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 Numerous hydrometallurgical methods have been explored to improve the thermodynamics and sustainability of 

solvent extraction, ranging from new organic collector phases[24] to introducing magnetic fields during the hydrometallurgical 

process[25].  However, even highly-optimized solvent extraction systems for readily separated base metals, such as iron-copper 

or nickel-cobalt, still exhibit large energy and environmental impacts[26].  This suggests that incremental improvements to the 

hydrometallurgy of rare earth elements separation ultimately has limited promise in greatly reducing the overall environmental 

burden of rare earth element separation.  In general, physical processes to separate elements isolated in distinct mineral phases 

exhibit lower environmental impacts than chemical processes to separate elements mixed in multi-element compounds or solid 

solutions[27,28].  Therefore, a low-cost, low-energy, and sustainable pretreatment to partition (“crack”) mixed rare earth element 

compounds to distinct, physically-separable phases of individual rare earth elements is an attractive method to reduce the energy 

and economic burden of rare earth element separation. 

 A variety of halide, sulfate, and borate-based pretreatments to partition rare earth elements from a multi-element 

compound feed into distinct phases for physical separation have been explored.  Chemical vapor transportation has been studied 

to separate rare earth elements through differences in volatility and stoichiometry of their respective rare earth-aluminum chloride 

vapor complexes[29].  Meanwhile, reactive vacuum distillation has been explored for separation of divalent and trivalent rare-

earth chlorides and iodides, also based on differences in volatility[30].  However, halogenation chemistry for metal compounds 

also exhibits significant environmental impacts and costs associate with toxic reagents such as chlorine, hydrogen fluoride, and 

phosgene gasses[31,32].  Selective acid roasting or sulfation with sulfur dioxide has been considered to promote selective 

leaching of rare earth elements[33–37], yet acid roasting processes too exhibit significant environmental impacts when applied to 

rare earth element processing[8].  Finally, while borate crystallization or slag refining shows good selectivity for rare earth 

elements[38,39], burdensome chemical treatments remain necessary to separate, downstream, the rare earth elements from boron. 

 A promising yet unexplored pretreatment to support physical separation of individual rare earth elements is selective 

sulfidation, due to the well-known differences in physical properties between oxide and sulfide phases.  Oxides and sulfides are 

readily separated using economical and environmentally benign physical methods, such as magnetic separation and froth 

flotation.  Sulfidation has previously been applied for numerous transition metal separations from mixed compounds or solid 

solutions. Examples encompass iron-nickel from laterite[40], nickel-manganese-cobalt-lithium from battery cathodes[41], and 

zinc-iron-silicon from lead smelter slag[42,43].  Furthermore, sulfidation chemistry utilizes proven reactor technologies[44], and 

is conducted in industrial settings for nickel extraction[45].  Nevertheless, despite encouraging results for other system 

chemistries, selective sulfidation has previously never been attempted for rare earth element processing.  Herein, we present a 

thermodynamic framework for the selective sulfidation of individual rare earth oxides, oxysulfides, and sulfides to enable 

physical separation of  individual rare earth elements.  We consider the presence of transition metal impurities such as iron, and 

explore the role of carbon as a process lever to control sulfidation selectivity.  For the first time, we then experimentally 

demonstrate selective sulfidation and desulfidation in the iron-scandium oxide, iron-lanthanum sulfide, and praseodymium-

neodymium-dysprosium oxide systems, as a potential pretreatment for isolation of individual rare earth elements via physical 

separation methods.   

 

Methods 

Thermodynamic Framework 

 While the most commercially relevant rare earth element (RE) minerals are the fluorocarbonate bastnaesite and the 

phosphates monazite and xenotime, the mixed anion thermodynamics of RE-C-O-F-S and RE-P-O-S systems are thus far 

unexplored, but presumably different.  The rare earth sesquioxide is chosen as a mineral agnostic system for thermodynamic and 

experimental study of selective sulfidation for rare earth elements.  Numerous technologies exist to convert fluorocarbonates and 

phosphates to oxides without complete hydrometallurgical dissolution[2,15,16,46].  Pyrometallurgical sulfidation of a rare earth 

sesquioxide (𝐿𝑛2𝑂3) with gaseous, diatomic elemental sulfur (𝑆2) to form sulfur dioxide and a rare earth sesquisulfide (𝐿𝑛2𝑆3) 

via a rare earth oxysulfide intermediate (𝐿𝑛2𝑂2𝑆) may be described by the following reactions: 
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Equation 1 may be rebalanced for the oxides of cerium and praseodymium, which are more stable with metal valencies of +4 and 

+3,+4 respectively.  While hydrogen sulfide and carbon disulfide have classically been employed for sulfidation of rare earth 

oxides[47], elemental sulfur is employed in this study due to fact that those reagents have previously been shown to be non-

selective in sulfidation[48].  The predominant allotrope of sulfur above 800 °C is a diatomic gas[49].  Sulfidation of a transition 

metal impurity, here iron oxide, is described by a similar reaction. 

 

 𝑆2(𝑔) +
2

5
𝐹𝑒3𝑂4 =

4

5
𝑆𝑂2(𝑔) +

6

5
𝐹𝑒𝑆  (3) 

 

In Equation 3, the magnetite stoichiometry of iron oxide is considered, as it is the last stable oxide of iron before sulfidation 

occurs[50]. At equilibrium, the diatomic sulfur and sulfur dioxide partial pressures (𝑃𝑆2
 and 𝑃𝑆𝑂2

 respectively) required for 

Equations 1-3 to be thermodynamically spontaneous may be related to the standard Gibbs energy of reaction (Δ𝑟𝐺°) gas constant 

(𝑅), absolute temperature (𝑇), and activities of condensed metal compound reactants and products (𝑎).   
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Assuming the metal compound reactants and products are non-volatile, and that the gas phase only contains sulfur-

oxygen species at a given temperature and pressure, the Gibbs phase rule indicates the equilibrium sulfur dioxide partial pressure 

is a direct function of diatomic sulfur partial pressure.  Isobars depicting equilibrium sulfur dioxide partial pressure as a function 

of diatomic sulfur partial pressure at a total pressure of 1 atmosphere for temperatures of 800 °C, 1000 °C, 1200 °C, and 1400 °C 

can be calculated, here using FactSage 8.0 with the FactPS database.  From these isobars, a stoichiometric-independent ratio of 

the partial pressure of diatomic sulfur to sulfur dioxide may be defined and related to the stoichiometrically-dependent sulfur to 

sulfur dioxide ratios in Equations 4-6.  The sulfur to sulfur dioxide ratio required to sulfidize an oxide or oxysulfide, or similarly 

“desulfidize” a sulfide or oxysulfide, may be defined based on the stoichiometrically dependent ratios of the activities.  Selective 

sulfidation of rare earth or transition metal 

elements from a mixed metal compound 

feedstock promotes the formation of sulfide 

phases that are naturally immiscible with 

oxide and oxysulfide feedstock phases.  

Similarly, oxide and oxysulfide phases may 

be precipitated from mixed sulfide feeds via 

selective desulfidation of target elements.  

Elements partitioned into different phases 

may thereby be liberated and physically 

separated from one another using 

technologies such as magnetic separation or 

froth flotation, providing an opportunity to 

replace expensive, energy-intensive 

hydrometallurgical separation with cleaner, 

cheaper, physical separations.  In Figure 1, 

we compare the diatomic sulfur to sulfur 

dioxide partial pressure ratios to sulfidize 

various mineral phases of interest; iron 

oxide, scandium oxysulfide, and lanthanum 

oxysulfide.  Temperatures of 800 °C, 1000 

°C, and 1200 °C are considered, and the 

partial pressure ratio is presented as a 

function of metal compound activity ratios, 

calculated using FactSage 8.0 with the 

FactPS database supplemented with literature 

data[51].  Due to the differences in 

sulfidation reaction stoichiometry between 

iron oxide and rare earth oxysulfides, a 

stoichiometric independent activity ratio of 

product (𝐴𝑀−𝑆) to reactant (𝐴𝑀−𝑂−𝑆) is 

employed, illustrated here for Equation 5: 
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A similar relation may be defined for Equation 6.  At an activity ratio of 1, the diatomic sulfur to sulfur dioxide partial pressure 

ratio for sulfidation or desulfidation is equivalent to that determined for pure, immiscible reactants and products as found in a 

Kellogg[52] or Pourbaix[53] diagram.  This sulfur to sulfur dioxide partial pressure ratio is defined as the pure-phase sulfur to 

sulfur dioxide ratio. As shown in Figure 1, formation of a sulfide from iron oxide necessitates lower diatomic sulfur to sulfur 

dioxide partial pressure ratios than from a rare earth oxysulfides at a given ratio of reactant and product activities.  This is 

consistent with Goldschmidt geochemical classification[54] of elements, where iron is observed to be more chalcophilic than the 

highly lithophilic rare earth elements.  In Figure 2, we compare the diatomic sulfur to sulfur dioxide partial pressure ratios to 

sulfidize rare earth oxysulfides at 1400 °C as a function of metal compound activity ratios, calculated using FactSage 8.0 with the 

Figure 1: Sulfidation series for iron and rare earth oxides.  The sulfur to 

sulfide dioxide partial pressure ratio at a product and reactant activity ratio of 

unity is defined as the pure-phase sulfur to sulfur dioxide ratio, corresponding 

to the gas ratio required for sulfidation, as reported in a Kellogg[52] or 

Pourbaix[53] diagram.  (Color images available online). 
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FactPS database supplemented with literature data[51,55].  The series in which individual rare earth oxysulfides form sulfides 

with increasing diatomic sulfur to sulfur dioxide partial pressure ratios is highly dependent on the oxysulfide and sulfide activities 

in the system.  Presently, solution thermodynamics of mixed RE-O-S systems are not well-established, yet documented mixed 

metal oxide and sulfide compound formation[56–59] suggests mixing behavior with large deviations from ideality that are 

difficult to accurately capture through predictive computational methods[60].  

Thermodynamically-spontaneous sulfidation of rare earth oxysulfides at 1400 °C with a reactant and product activity 

ratio of unity requires a diatomic sulfur to sulfur dioxide partial pressure ratio on the order of 1010 – 1012.  This suggests that 

conversion of rare earth oxysulfide to sulfide will be thermodynamically limited by accumulation of sulfur dioxide within the 

reactor.  One option to minimize sulfur dioxide accumulation in a sulfidation reactor is to carbothermically reduce sulfur dioxide 

in situ back into diatomic sulfur gas, forming a carbothermically-driven sulfur reflux within a sulfidation reactor:   

 

 𝑆𝑂2(𝑔) + (𝑥 + 𝑦)𝐶 =
1

2
𝑆2(𝑔) + 𝑥𝐶𝑂(𝑔) + 𝑦𝐶𝑂2(𝑔) (8) 

 

The reducing power of carbon for sulfur dioxide, effectivity the carbon monoxide to carbon dioxide ratio (𝑥/y in Equation 8), is 

in turn described by the Boudouard equilibrium.  Equations 4-6 show that the selectivity of sulfidation is therefore determined 

from the thermodynamic activities of the reactant and product compounds, as well as possibly by the diatomic sulfur to sulfur 

dioxide partial pressure ratio. The later can be modulated via the extent of the carbothermically-driven sulfur reflux.  Since the 

mixing thermodynamics of mixed RE-O-S systems are not well-understood, and will likely vary based on fluctuations in 

composition between mineral feedstocks and ore bodies, we herein explore the role of the diatomic sulfur to sulfur dioxide partial 

on sulfidation and desulfidation selectivity independent of mineral solution thermodynamics.  In the following sections, we 

experimentally demonstrate selective sulfidation and desulfidation in the absence of carbon for mixed iron and rare earth 

compounds.  We then explore the role of carbon content on sulfide product formation and selectivity in mixed rare earth oxides. 

 

Experimental Framework 

 Sulfidation and desulfidation experiments were conducted in an aluminum oxide packed bed reactor at temperatures 

ranging from 800 °C to 1400 °C, following previously described designs and methodology[41].  The sulfidizing agent was 

vaporized elemental sulfur (SX, 99.5%, purity, Acros Organics).  Argon (Ar, 99.95%, UHP300, Airgas) was used as a carrier gas 

for vaporized sulfur, with sulfur partial pressure monitored by calibrating evaporation rate to an H2S tracer.  For desulfidation 

experiments, volatilized sulfur was combusted upstream of the reactor with oxygen (O2, 99.95%, UHP300, Airgas) to produce 

sulfur dioxide to be used in conjunction with argon as carrier gas.   

 For demonstration of selective sulfidation with mixed pure oxides, iron(III) oxide (Fe2O3, 99.85% metals basis, Alfa 

Aesar), scandium(III) oxide (Sc2O3), neodymium(III) oxide (Nd2O3, 99.9%-Nd REO basis, Strem Chemicals), praseodymium 

(III,IV) oxide (Pr6O11, 99.9%-Pr REO basis, Strem 

Chemicals) and dysprosium(III) oxide (Dy2O3, 

99.9% Dy, REO basis, Strem Chemicals) were 

utilized as oxide precursors.  When selective 

sulfidation was conducted in the presence of 

carbon, activated carbon (C, Alfa Aesar, 20 μm) 

was utilized.   For demonstration of selective 

desulfidation of mixed pure sulfides, iron sulfide 

(FeS, 99.95%, Alfa Aesar) and lanthanum sulfide 

(La2S3, 99.5% metals basis purity, Strem 

Chemical) were utilized as precursors. 

 Selective sulfidation / desulfidation 

campaigns at temperatures ranging from 800 °C to 

1400 °C were conducted at scales ranging from 2-

3 grams of feed material.  While not strictly 

representative of natural abundances, equal molar 

or mass ratios of oxides are utilized so that trends 

in product purity and impurity solubility are 

readily apparent for different sulfidation 

conditions. Heating and cooling rates of 5 °C / 

minute were utilized.  Reaction times were 50 

minutes, with a 5 minute hold at temperature 

before and after sulfidation / desulfidation.  Argon 

carrier gas flowrates were determined so that the 

gas residence time through the packed bed was on 

the order of 0.1 seconds.  The compositions of 

product gasses were analyzed for oxygen, carbon 

monoxide, carbon dioxide, sulfur dioxide, and 

hydrogen sulfide content via an infrared 

/electrochemical gas analyzer (IR208, Infrared 

Figure 2: Sulfidation series for rare earth oxysulfides.  The sulfur to sulfide 

dioxide partial pressure ratio at a product and reactant activity ratio of unity is 

defined as the pure-phase sulfur to sulfur dioxide ratio, corresponding to the 

gas ratio required for sulfidation, as reported in a Kellogg[52] or Pourbaix[53] 

diagram.  (Color images available online). 
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Industries).  The compositions of sulfidation / desulfidation products were analyzed via SEM/EDS (SEM: JEOL JSM-6610LV, 

JEOL Ltd., EDS: Sirius SD detector, SGX Sensortech Ltd.) and QXRD (Panalytical X'Pert MPD diffractometer). 

Selective sulfidation of iron from mixed iron and scandium oxides at a 1:1 mass ratio was conducted at temperatures of 

800°C and 1000 °C.  Oxide precursors were ground to a particle size of sub-44 microns and loaded into the reactor bed at a 

porosity of approximately 80%.  Sulfur gas was supplied at a partial pressure on the order of 0.1 atm.  The sulfidation reaction 

occurred at such a rate that the sulfur to sulfur dioxide molar ratio within the reactor was approximately 10:1.  From Figure 1, 

under such conditions iron was thermodynamically predicted to form a sulfide, whereas scandium was predicted to be stable as 

an oxysulfide.   

Selective sulfidation was also conducted for a multielement lanthanide system of equimolar mixed praseodymium 

oxide, neodymium oxide, and dysprosium oxide.  Sulfidation was conducted at a temperature of 1400 °C  with and without the 

addition of carbon, with oxide particle sizes on the order of 10 microns and bed porosities on the order of 80%.  Sulfur gas was 

supplied at a partial pressure of approximately 0.05 atm to 0.2 atm.  In the absence of carbon, the sulfidation reaction occurred at 

such a rate that the sulfur to sulfur dioxide molar ratio within the reactor was approximately 10:1.  For sulfidation in the presence 

of carbon, activated carbon was mixed in with the oxide charge at carbon to oxide molar ratios of 1.25:1, 2.5:1, 3.75:1, and 6:1.  

From Figure 2, by varying the carbon addition and therefor the sulfur to sulfur dioxide molar ratio, oxysulfide and sulfides of rare 

earth elements are predicted to form. 

Selective desulfidation for mixed iron and lanthanum sulfides at a 1:1 mass ratio was demonstrated at a temperature of 

1000°C.  Sulfide powders were loaded into the reactor bed at a porosity of approximately 80%.  Sulfur and sulfur dioxide gasses 

were introduced to the reactor at mole ratios varying from 10:1 to 1:10 over the course of the experiment, constituting a total 

partial pressure of between 0.05 atm and 0.2 atm in the argon carrier gas.  From Figure 1, under such conditions iron was 

thermodynamically predicted to remain stable as a sulfide, whereas lanthanum sulfide was predicted to desulfidize to form an 

oxysulfide.  The results of selective sulfidation and desulfidation trials are presented in the following section.  

 

Results and Discussion 

Selective Sulfidation of Iron-Scandium Oxides 

 An equimolar mixture of scandium and iron oxides (46 wt% and 54 wt% respectively) was selectively sulfidized as a 

potential pretreatment to facilitate physical separation of iron and scandium, following the methodology described above. 

Sulfidation products were analyzed via QXRD.  Following sulfidation, the only remaining crystalline compound of iron was iron 

sulfide, making up 28 wt% and 29 wt% after selective sulfidation at 800 °C and 1000 °C respectively.  Meanwhile, the only 

crystalline phase of scandium observed after sulfidation was scandium oxide, decreasing in composition from 38 wt% to 30 wt% 

as sulfidation temperature rose from 800 °C to 1000 °C.  The preferential partitioning of scandium and iron to separate oxide and 

sulfide phases respectively suggests that selective sulfidation is a promising pretreatment to facilitate physical separation of 

scandium and iron.  At the higher sulfidation temperature, the amorphous content correspondingly increased from 33 wt% to 42 

wt%.  As shown in Figure 1, thermodynamically 

scandium oxide sulfidation to oxysulfide is 

expected to accompany iron sulfide formation.  

The presence of crystalline scandium oxide 

following the sulfidation treatment suggests that 

the sulfidation of scandium oxide to oxysulfide is 

kinetically sluggish compared to sulfidation of 

iron oxide.      

Figure 3 illustrates the distribution of 

oxygen, sulfur, iron, and scandium following 

sulfidation at 1000 °C, as measured via EDS 

element mapping.  Scandium is revealed to 

partition into oxygen-rich phases, whereas iron is 

observed to partition into sulfur-rich phases, 

confirming the results of QXRD analysis.  Under 

the sulfidation conditions of the experiment, 

scandium oxide phases are observed to exhibit 

sulfur and iron solubilities of approximately 5wt% 

and 15 wt% respectively.  Meanwhile, iron sulfide 

phases exhibit solubilities for oxygen and 

scandium of approximately 5 wt% to 10 wt% 

each.  Solubilities between scandium oxide and 

iron sulfide phases are a function of their mixing 

thermodynamics, defined by the activities of iron 

and scandium oxide and sulfide compounds in the 

system.  As shown in Equations 4-6, at 

thermodynamic equilibrium, ratios of reactant and 

product activities are set by the sulfur to sulfur 

dioxide partial pressure ratio in the gas phase.  

Figure 3: EDS map detailing distribution of O, S, Sc, and Fe following 

selective sulfidation of mixed iron-scandium oxides.  Following selective 

sulfidation, iron was observed to partition into a sulfide phase, while scandium 

remained as an oxide.  Scale bars correspond to 50 μm.  (Color images 

available online). 
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Therefore, the solubility between scandium oxide and iron sulfide products are controlled by the composition of the sulfidation 

atmosphere.  As shown in Figure 1, at increasing temperatures the difference in the pure-phase sulfur to sulfur dioxide ratio 

between sulfidation of iron oxide and scandium oxysulfide falls, corresponding to a decrease in sulfidation selectivity and 

increase in solubility between oxide and sulfide products.  This predicted drop in selectivity likely corresponds to the decrease in 

crystalline scandium oxide content and increase in multi-metal amorphous compounds at increasing sulfidation temperature.  

Further thermodynamic analysis of sulfidation selectivity is hindered by the lack of relevant mixing thermodynamic data for the 

Sc-Fe-O-S system.  Similarly, limited knowledge of the thermal activation of scandium oxide sulfidation kinetics leads to 

difficulties in distinguishing the roles of thermodynamics and kinetics in selective sulfidation for iron-scandium separation. 

 

Selective Sulfidation of Mixed Lanthanide Oxides 

 For selective sulfidation of mixed lanthanide (Ln) oxides as a pretreatment to facilitate their physical separation, an 

equimolar mixture of praseodymium, neodymium, and dysprosium oxides was used as a feedstock.  Carbon content was varied as 

a means to control the sulfur to sulfur dioxide partial pressure ratio in the gas atmosphere.  The conversions at 1400 °C of 

equimolar mixed praseodymium, neodymium, and dysprosium oxides to oxysulfide and sulfide products, and amorphous carbon 

to carbon monoxide, are depicted in Figure 4 as functions of carbon content and supplied sulfur gas partial pressure.  While 

challenges remain in consistently controlling the sulfur partial pressure at the scale of this experiment, the fractional molar 

conversion of oxide sulfidation is shown to generally increase with increasing carbon feed content. This confirms the role of the 

carbothermically driven sulfur reflux (Equation 8) in increasing the sulfur to sulfur dioxide molar gas ratio.  Surprisingly, the 

conversion of carbon-free sulfidation of the mixed 

rare earth oxides is observed to be 50% higher than 

with an oxide to carbon molar feed ratio of 1.25.  

Further research into Ln-O-S-C thermodynamics 

are likely needed to understand the origin of this 

behavior.  The fractional molar conversion of 

carbon to carbon monoxide meanwhile showed a 

slight increase with carbon content, generally 

remaining on the order of 30% to 35%.  Whether 

this conversion was limited due to the formation of 

byproduct carbon-sulfur gasses[61], or intrinsic to 

the thermodynamics and kinetics of the 

carbothermically-driven sulfur reflux, remains to be 

determined.  Carbon dioxide was not detected to 

form at these temperatures in measurable quantities 

due to the Boudouard equilibrium.  Under the 

reaction and mass transport conditions of these 

experiments, the sulfidation rate of the mixed rare 

earth oxide was observed to vary to the first order 

with sulfur partial pressure, independent of carbon 

content, until the maximum conversion was 

reached.  However, detailed analysis of internal and 

external mass transport limitations[62–64] would 

be required to rigorously relate sulfidation kinetics 

observed in this experiment to the intrinsic 

chemical kinetics of rare earth oxide sulfidation 

reactions. 

 Sulfidized product phases as a function of 

carbon content are identified via QXRD and 

depicted in Table 1.  With increasing carbon feed 

content, the total amorphous oxysulfide content of 

the sulfidized product increases.  At a carbon to rare 

earth oxide molar feed ratio of 1.25, the crystalline 

content of Ln2O2S oxysulfide phases is 

approximately the same as for carbon-free 

sulfidation, despite carbon-free sulfidation 

exhibiting a 50% higher sulfidation conversion.  At 

a carbon to rare earth oxide molar feed ratio of 2.5, 

a more sulfur-rich Ln10OS14 oxysulfide is detected.  

At carbon to rare earth oxide feed ratios of 3.75 and 

6, the crystalline products are observed to be 

sulfides, with the sulfur content of the crystalline 

compound increasing with carbon feed content.  

QXRD suggests that the first sulfide to form is that 

Figure 4: Conversion of oxide to sulfide and carbon to carbon monoxide 

as functions of carbon content and sulfur gas partial pressure during 

selective sulfidation of mixed praseodymium-neodymium-dysprosium 

oxides.  Increasing carbon content in the feed leads to higher conversion of 

oxides to sulfides by increasing the sulfur to sulfur dioxide partial pressure 

ratio, demonstrating the carbothermically-driven sulfur reflux (Equation 8).  

(Color images available online). 
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of neodymium, consistent with pure-phase sulfur to 

sulfur dioxide ratios presented in Figure 2.  The 

selective partitioning of neodymium to a sulfide 

phase from mixed, amorphous lanthanide oxysulfide 

suggests that selective sulfidation is a promising 

pretreatment to promote physical separation of 

individual rare earth elements.  Due to the similar 

size and electronic structure of lanthanides, atomic 

substitution between rare earth elements in the 

crystalline sulfide product and amorphous 

oxysulfide phases is likely to occur.  Further 

analysis via advanced micrographic techniques, 

such as WDS/EPMA, is necessary to determine the 

spatial distributions and purities of product phases.  

Presently, the lack of lanthanide thermodynamic 

compound data for Ln10OS14, Ln3S4, and LnS2, 

complicates thermodynamic predictions of 

sulfidation selectivity, as these compounds are 

presently excluded from the sulfidation series in 

Figures 1 and 2.  Furthermore, the absence of 

mixing thermodynamic data for Ln-O-S systems 

presently negates the ability to inform solubility and 

product purity through activity models.  

Nevertheless, carbothermically driven sulfur reflux 

is an attractive avenue to control of the sulfur to 

sulfur dioxide partial pressure ratio to maximize 

sulfidation selectivity, subject to the solution 

thermodynamics of rare earth feedstock compounds 

and sulfidation products. 

 

Selective Desulfidation of Iron-Lanthanum Sulfide 

 Due to differences in oxide and sulfide solution behavior, some separation challenges may be easier to overcome 

starting from a mixed sulfide instead of a mixed oxide.  Under such a scenario, the thermodynamic framework presented herein 

can simultaneously be employed to describe a selective desulfidation process.  Reversing Equations 1 and 2, the oxygen source 

for desulfidation is sulfur dioxide, with desulfidation potential still controlled by a sulfur to sulfur dioxide molar gas ratio.  

Selective desulfidation of iron from a 1:1 mass ratio mixture of iron and lanthanum sulfides (FeS and La2S3) was conducted 

herein at a temperature of 1000 °C, with sulfur to sulfur dioxide partial pressure ratios ranging from 10:1 to 1:10.  In Figure 5, 

SEM/EDS element maps depict the spatial distribution of oxygen, sulfur, lanthanum, and iron in the selectively desulfidized 

product.  Iron was found to remain stable in sulfide phases, as predicted from Figure 1 for the conditions of the experiment.  

Meanwhile, lanthanum was found to selectively desulfidize under these conditions as predicted from Figure 1, partitioning 

preferentially into oxysulfide phases with stoichiometries of approximately La2O2S and La10OS14.  The observed solubility of 

iron in the La2O2S and La10OS14 product phases was approximately 2 at% and 10 at% respectively, whereas the solubilities of 

lanthanum and oxygen in the iron sulfide phases were approximately 1 at% to 2 at% each.  As shown in Figure 1 and Equations 

4-6, decreasing the sulfur to sulfur dioxide partial pressure ratio would work to decrease the activity of iron sulfide and increase 

the activity of iron oxide.  An optimum sulfur to sulfur dioxide partial pressure ratio therefore exists to minimize the solubility of 

iron in lanthanum rich phases and lanthanum in iron rich phases.  While determination of the optimal sulfur to sulfur dioxide 

partial pressure ratio is mired by a lack of La-Fe-O-S solution data, these results suggest that selective desulfidation is a feasible 

pretreatment to accomplishes challenging materials separations via physical methods.  

 

Table 1: QXRD analysis of praseodymium-neodymium-dysprosium oxide (REO) sulfidation products. 

QXRD wt % C/REO = 

0 

C/REO = 

1.25 

C/REO = 2.5 C/REO = 

3.75 

C/REO = 

6 

Pr2O3 - 1% - - - 

Nd2O2S 17% 12% - - - 

Nd10OS14 - - 25% - - 

Dy2O2S 27% 28% 12% - - 

Pr2O2S 3% 1% - - - 

Nd3S4 - - - 9% - 

Nd2S3 - - - 16% 16% 

NdS2 - - - - 1% 

Amorphous 53% 58% 63% 75% 83% 

Figure 5: EDS map detailing distribution of O, S, La, and Fe following 

selective desulfidation of mixed iron-lanthanum sulfides.  Following 

selective desulfidation, lanthanum was observed to partition into oxysulfide 

phases, while iron remained as a sulfide.  Scale bars correspond to 15 μm.  

(Color images available online). 
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Summary  

 In this study, mixed oxides were used as feedstocks for selective sulfidation / desulfidation in order to provide 

minerals-agnostic test cases.   In practice, rare earth minerals most commonly occur as fluorocarbonates or phosphates, with rare 

earth elements contained at grades that may differ by orders of magnitude between one element and the next.  While a variety of 

methods exist to convert fluorocarbonates and phosphates to oxides, understanding the sulfidation behavior of oxyhalides and 

phosphates will be necessary to design a rare earth physical separation process from mineral feedstocks.  Equal molar or mass 

ratios of oxides were employed in this study so that metallic elements were at sufficient concentrations to readily observe trends 

in product purity and impurity solubility with different sulfidation conditions.  Solution thermodynamics, if available, may be 

used to predict sulfidation behavior as shown herein even for feedstocks of very different grades.  However, knowledge of 

solution thermodynamics will have to be developed for the minerals chemistries relevant to a given separation process.  For 

design of physical separation processes for elements following selective sulfidation or desulfidation, an understanding of product 

phase nucleation, growth, and liberation phenomenon will be necessary.  Fortunately, liberation and physical separation of 

sulfides from oxides remains a vibrant area of research due to the growing need to adapt existing mineral beneficiation processes 

to declining ore grades[65,66].   

 Overall, our preliminary results suggest that selective sulfidation and selective desulfidation are promising new avenues 

to promote physical separation of individual rare earth elements (RE) and their impurities.  We present a thermodynamic 

framework for modelling selectivity in sulfidation and desulfidation processes that proves viable to predict overall trends in 

sulfidation behavior and selectivity.  However, predicting product phase purities and impurity solubilities is hindered by an 

absence of mixing thermodynamics and activity models for RE-O-S solutions and their impurities.  We identify the ratio of sulfur 

to sulfur dioxide partial pressures as a key process lever for selective sulfidation, which we show may be modulated through the 

use of carbon additions in the system.  Yet, knowledge of sulfidation kinetics for rare earth compounds will need to be developed 

in order to balance the rate of sulfur dioxide production and its rate of carbothermic reduction in achieving a target sulfur to 

sulfur dioxide partial pressure ratio in the reactor.  We successfully demonstrate proof-of-concept selective sulfidation and 

desulfidation for iron-scandium, iron-lanthanum, and lanthanide-lanthanide separations.  These results illuminate a path forward 

for competitive rare earth separation, where physical separations become a new possibility, alleviating the need for complete 

hydrometallurgical dissolution and multi-stage liquid-liquid solvent extraction. 
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