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Supplementary Materials 

The following are included in the supplementary information below: 

• Thermodynamic and solution framework for sulfidation 

• Mass transfer considerations for measurement of sulfidation kinetics 

• Determinization of critical gas flowrates for sulfidation 

• Selective sulfidation capital cost analysis 

• Selective sulfidation environmental impact analysis 

• Discussion of supporting code and files for the technoeconomic analysis and life cycle assessment of selective sulfidation 

The following are included in the separate supplementary data table: 

• S1: Oxide reduction, sulfide reduction, and oxide sulfidation reactions in main Figure 1a 

• S2: Parameters used to distinguish between kinetic and mass transport limitations to La2O3 sulfidation 

• S3: Rare earth intragrain diffusivity comparison 

• S4: Lanthanum oxide sulfidation conversion 

• S5: Scandium oxide sulfidation intermediates 

• S6: Zirconium oxide sulfidation products 

• S7: Tungsten oxide sulfidation products 

• S8: Strontium carbonate sulfidation products 

• S9: Calcium carbonate sulfidation products 

• S10: Physical separation of lithium ion battery elements facilitated by selective sulfidation 

• S11: Lithium ion battery cathode selective sulfidation products 

• S12: Lanthanum oxyfluoride synthesis and sulfidation products 

• S13: Lanthanum phosphate sulfidation products 

• S14: Capital cost curves and scaling factors 

• S15: Monte Carlo parameters for sensitivity analysis of hydrometallurgy CAPEX 

• S16: Chemistry-coupled Monte Carlo parameters for sensitivity analysis of sulfidation CAPEX, OPEX, and LCA 

• S17: Chemistry-independent Monte Carlo parameters for sensitivity analysis of sulfidation CAPEX, OPEX, and LCA 

• S18: Comparison of CAPEX, OPEX, and LCA burdens for sulfidation with and without pretreatments and CDSR 

• S19: Operating conditions for zirconium-silicon separation from zircon via selective sulfidation 

• S20: Operating conditions for iron-titanium separation from ilmenite via selective sulfidation 
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• S21: Operating conditions for rare earth elements separation from bastnaesite via selective sulfidation 

• S22: Life cycle inventory for zirconium-silicon separation from zircon via selective sulfidation 

• S23: Life cycle inventory for iron-titanium separation from ilmenite via selective sulfidation 

• S24: Life cycle inventory for rare earth elements separation from bastnaesite via selective sulfidation 

• S25: Allocation Data 

• S26: Environmental impacts of sulfidation LCA case studies 

• S27: Contributions to rare earth separation environmental impact with selective sulfidation 

• S28: Thermodynamic data for technoeconomic and sustainability analysis of generalized process 

• S29: Thermodynamic data for zirconium-silicon separation 

• S30: Thermodynamic data for iron-titanium separation 

• S31: Gas volume data 

• S32: Equilibrium carbon-oxygen-sulfur gas phase interactions with CS2 formation suppressed 

• S33: Location factors for CAPEX 

 

Thermodynamic and Solution Framework for Sulfidation 

 The thermodynamic framework for defining criteria for a sulfidation reaction to become thermodynamically spontaneous is outlined 

below.  For any sulfidation reaction, there are two contributions to determining criteria for thermodynamic spontaneity: the pure compound 

sulfidation thermodynamics, and deviations from the pure compound sulfidation thermodynamics captured by solution thermodynamics.  With 

this in mind, differences in sulfidation thermodynamics between a pure compound and that compound as it exists in natural minerals or recycling 

feedstocks are described entirely by deviations in the solution behavior.  For sulfidation reactions where solution effect contributions to 

thermodynamic spontaneity are small, the sulfidation behavior may be viewed as reaction-dominated.  Meanwhile, when the contributions to 

thermodynamic spontaneity from the sulfidation reaction are small compared to solution effects, the sulfidation reaction may be viewed as 

solution-dominated. 

Sulfidation of a condensed metal-oxygen-sulfur reactant (𝑀!𝑂"𝑆#) with elemental sulfur gas (𝑆$) to form a condensed product 

(𝑀%𝑂&𝑆') and gaseous sulfur dioxide (𝑆𝑂$) is described by Eq. 1, where β, γ, δ, 𝜖, 𝜁, and 𝜂 are stoichiometric factors. 

  (%
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At thermodynamic equilibrium, the relation between the standard Gibbs energy of reaction (Δ0𝐺°), activity of the sulfidation reactant and product 

(𝑎1!2"3# and 𝑎1$2%3& respectively), and gas partial pressures (𝑃3', 𝑃32') is described by Eq. 2, where 𝑅 is the gas constant and 𝑇 is the absolute 

temperature. 
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Gas partial pressures may be isolated from condensed phase activities as follows: 
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𝜓 is an equivalent 𝑃3'/ 𝑃32' ratio that accounts for the thermodynamic driving forces of product and reactant gases for reactions of different 

stoichiometries and valencies within 𝑀!𝑂"𝑆# and 𝑀%𝑂&𝑆', which in turn dictates the equilibrium extent of reaction following Le Chatelier’s 

principle.  𝜓 is the sum of reaction (𝜓89:) and solution (𝜓;<=) effects: 

  𝜓 = 𝜓89: + 𝜓;<= (5) 
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 𝜓89: is tabulated from the standard Gibbs energy of reaction at a given temperature and pressure, thereby independent of whether the 

sulfidized species exists as a pure compound or within the compound matrix of a mineral or other feed.  𝜓89: is tabulated in Figure E2a for the 

sulfidation of some pure oxides, sulfates, and oxysulfides experimentally explored herein.  Meanwhile, 𝜓;<= (Figure E2b) captures the 

contribution to sulfidation thermodynamics arising from differences in behavior of a compound in different feeds, as reflected by sulfidation 

reactant and product activities.   

When 𝜓89: ≫ 𝜓;<=, the sulfidation thermodynamics are reaction dominated, solution effects are minimal, and the sulfidation 

thermodynamics are well-described by those of the pure compound.  Meanwhile, when 𝜓89: ≪ 𝜓;<=, the sulfidation thermodynamics are solution 

dominated and reaction effects are minimal, the sulfidation thermodynamics are not well described by those of the pure compound, and 

knowledge of the solution behavior is essential to determine sulfidation spontaneity and sulfidation selectivity.   

 𝜓 serves as an effective 𝑃3' / 𝑃32' ratio; yet for sulfidation reactions at different stoichiometries from one another, 𝜓 is an inconsistent 

comparison, and sulfidation must be defined in the context of the actual 𝑃3' / 𝑃32' ratio within the gas phase of the sulfidation reactor.  The 

critical 𝑃3' / 𝑃32' ratio for a sulfidation reaction to proceed to a given conversion is defined as A 4/'
4/0'

B
>8?@

, and is determined from the gas phase 

thermodynamics of the system.  At a given temperature and pressure, for a single gas phase consisting exclusively of sulfur and oxygen-

containing species, where 𝑀!𝑂"𝑆# and 𝑀%𝑂&𝑆' are assumed to be non-volatile, one free intensive variable exists as stated via the Gibbs phase 

rule (Eq. 8), where 𝐹 is a function of the number of chemical components (𝐶) and number of phases present (𝑃).    

  𝐹 = 𝐶 − 𝑃 + 2 (8) 

Therefore, 𝑃32' exists as a function of 𝑃3', as are ratios of 𝑃3' and 𝑃32' such as 𝜓, 𝜓89:, 𝜓;<=, and A 4/'
4/0'

B
>8?@

.  Minimization of the system Gibb’s 

energy may then be used to determine the equilibrium 𝑃32' as a function of 𝑃3', shown at 1 atmosphere of pressure at temperatures between 

800°C and 1600°C in Figures E2c-E2d.  The equilibrium 𝑃32' / 𝑃3' ratio that satisfies 𝜓 in Eq. 4 corresponds to A 4/'
4/0'

B
>8?@

.   

 When 𝑀!𝑂"𝑆# and 𝑀%𝑂&𝑆' are assumed to be non-volatile and insoluble each with unit activity, a Kellogg diagram formalism may be 

used to graphically represent A 4/'
4/0'

B
>8?@

 as the intersection of 𝜓, often referred to as phase domain boundaries, with the function of allowable gas 
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partial pressures, often referred to as the isobar line.  Comparison of A 4/'
4/0'

B
>8?@

 between different elements facilitates the construction of 

sulfidation series that describe the relative separation window for selective sulfidation of different components of a feed.   

 When carbothermically-driven sulfur reflux (CDSR) of SO2 is employed, the gas phase will also include carbon-containing 

compounds.  Similarly, if 𝑀!𝑂"𝑆# and/or 𝑀%𝑂&𝑆' are volatile, the gas phase will contain additional elements.  𝑃32' 𝜓, 𝜓89:, and 𝜓;<= may still in 

principle be described as functions of 𝑃3', so long as the Gibb’s phase rule (Eq. 8) is followed.   

 

Determinization of critical gas flowrates for sulfidation 

The role of solid carbon on the carbothermically-driven sulfur reflux (CDSR) of SO2 back into S2 was modelled to determine the 

PS2/PSO2 ratio in the active volume of the reactor.  Steady state reactor conditions, a well-mixed gas phase, and a fixed reactor bed were assumed.   

Carbon-disulfide (CS2) formation from the reaction of sulfur with elemental carbon was taken to be kinetically-suppressed62,  with other C-S-O 

reactions taken to be fast compared to the sulfidation reaction, existing at quasi-equilibrium.   For different carbon sources or reactors with 

different transport phenomena, CS2 formation may be present, yet may still be accounted for by following the framework below.  Mass transfer 

limitations, including the effects of sintering, can be captured by scaling the sulfidation reaction rate constant by a kinetic effectiveness factor, 

derived following the methodology of the Theile modulus in heterogeneous catalysis63.  By conducting a mass balance over the rate of gas 

introduction into the reactor, the rate of the sulfidation reaction, the rate of CDSR, and the rate of gas phase reactions with SO2, the maximum 

average gas residence time to support sulfidation, known as the space time (𝜏;A5>BC59 ), and its inverse known as the minimum space velocity 

(𝑣;A5>BC?: ), may be calculated as a function of sulfidation kinetics, reaction temperature, carbon feed content, and [PS2/PSO2]crit.   

The role of solid carbon on the carbothermically-driven sulfur reflux of SO2 back into S2 (Eq. 9) was modelled to determine the 

PS2/PSO2 ratio in the active volume of the reactor ([PS2/PSO2]reactor).   

 𝑆𝑂$ + 2𝐶 = 2𝐶𝑂 + 6
$
𝑆$ (9) 

Steady state reactor conditions, a well-mixed gas phase, and a fixed reactor bed were assumed.   Carbon-disulfide (CS2) formation was taken to 

be kinetically-suppressed62,  with other C-S-O reactions taken to be fast compared to the sulfidation reaction, existing at quasi-equilibrium.  For 

different carbon sources or reactors with different transport phenomena, CS2 formation may be present, yet may still be accounted for by 

following the framework below.   For sulfidation of a trivalent metal oxide (M2O3) (Eq. 10) the amount of SO2 entering the active volume of the 

reactor (𝑁32') is a function of the rate of introduction of SO2 from the gas inlet itself (𝑈32'), the rate of SO2 generation from sulfidation of the 

trivalent metal oxide behind the reaction front (𝑟32'), and the reactor volume: 

  𝑀$𝑂D +
E
(
𝑆$ = 𝑀$𝑆D +

D
$
𝑆𝑂$ (10) 

  𝑁32' = 𝑟32'𝑉 + 𝑈32' =
$
D
𝑘 74/'

FG
8
:
𝑉 + 𝑈32'[=]

C<=
;

 (11) 

Mass transfer limitations, including the effects of sintering, can be captured by scaling the rate constant (𝑘) by a kinetic effectiveness factor, 

derived from 𝜎Q as done from the Theile modulus of heterogeneous catalysis63.  Meanwhile, the amount of S2 entering the active volume of the 

reactor (𝑁3') is a function of the rate of introduction of S2 from the gas inlet itself (𝑈3'), the rate of S2 consumption during sulfidation (𝑟3'), and 

the reactor volume: 

  𝑁3' = 𝑈3' − 𝑟3'𝑉 = 𝑈3' − 𝑘 7
4/'
FG
8
:
𝑉[=]C<=

;
 (12) 
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In the absence of any carbothermic refluxing of SO2 to S2 or any gas phase reactions between S2 and SO2, assuming an ideal gas mixture the 

PS2/PSO2 ratio entering the active volume of the reactor ([PS2/PSO2]inlet) is calculated as follows: 

  A 4/'
4/0'

B
?:=B@

= H/'
H/0'

=
I/',JK

9/'
-. L

:
M

'
;JK

9/'
-. L

:
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 (13) 

The PS2/PSO2 ratio in the active volume of the reactor ([PS2/PSO2]reactor) is a function of [PS2/PSO2]inlet, the carbon content described as a molar carbon 

to oxide feed ratio (NC/NM2O3), and the corresponding, temperature-dependent interactions between carbon and S-O gasses, dictated by 

thermodynamics (Table S32) if the gas phase is at a quasi-equilibrium compared to the rate of sulfidation and gas inlet: 

  A 4/'
4/0'

B
8B5>@<8

= 𝑓 SA 4/'
4/0'

B
?:=B@

, H<
H7'0;

	V (14) 

For sulfidation to occur, [PS2/PSO2]reactor must exceed [PS2/PSO2]crit.  Employing Eqs. 13 and 14 and assuming an ideal gas phase, the minimum total 

gas volumetric flowrate (𝑉C?:) was found for sulfidation to occur as a function of temperature, [PS2/PSO2]crit, NC/NM2O3, inlet gas partial (𝑃N) and 

total (𝑃) pressures, and sulfidation rate constant 𝑘: 

  𝑉̇C?: = 𝑓 S𝑇, A 4/'
4/0'

B
?:=B@

, H<
H7'0;

, 𝑃N, 𝑃, 𝑘V [=]
C;

;
 (15) 

The maximum average gas residence time, known as the space time (𝜏;A5>BC59 ), and its inverse known as the minimum space velocity (𝑣;A5>BC?: ) are 

determined from 𝑉̇C?: and the reactor volume, 𝑉, as follows:  

  𝜏;A5>BC59 = 6
O=>?@ABC: = M

ṀBC:
[=]𝑠 (16) 

 

Mass Transfer Considerations for Measurement of Sulfidation Kinetics 

Equations 17-19 are taken to describe the net sulfidation of lanthanum oxide and gaseous diatomic sulfur with inclusion of a carbon 

source.  While other gas reactions were also present, the species involved were found to be dilute and their role in the sulfidation kinetics was 

therefore ignored. 

  𝐿𝑎$𝑂D +
$Q
6$
𝑆$ =

$
D
𝐿𝑎D𝑆( +

D
$
𝑆𝑂$ (17) 

  $
D
𝐿𝑎D𝑆( +

6
R
𝑆$ = 𝐿𝑎$𝑆D (18) 

  𝑆𝑂$ + 2𝐶 = 2𝐶𝑂 + 6
$
𝑆$ (19) 

La3S4 is a “lower” sulfide product that occurs prior to the formation of La2S3, in addition to the formation of an intermediate oxysulfide, La2O2S.  

With this proposed mechanism, the reaction of La3S4 to La2S3 is indiscernible in IR product gas analysis (see Methods) due to the fact that no 

additional oxygen-containing gasses would be liberated during the sulfidation of La3S4 to La2S3, while the reactions of La2O3 to La2O2S and 

La2O2S to La3S4 are indistinguishable in the gas signal due to their simultaneous occurrence within the packed bed reactor.  Carbothermic 

refluxing of SO2 to S2 (Eq. 19) is taken to be fast compared to sulfidation.  The sulfidation reaction is taken to be zero order with regard to 

concentration of the solid, and the gasses are assumed to form an ideal gas mixture, resulting in a rate law of the following form on a per unit 

volume basis, where 𝑟S5;38 is the rate of formation of La3S4, 𝑟32' is the rate of formation of SO2, 𝑟T2 is the rate of formation of CO, 𝑟2 is the 

corresponding rate of oxygen liberation during sulfidation, 𝑘 is the observed reaction rate constant, 𝑛 is the reaction order in S2, 𝑃3' is the S2 

partial pressure, 𝑅 is the gas constant, and 𝑇 is the absolute temperature: 
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Considering the density of the rare earth oxide, the reaction rate (𝑟V) can also be described on an oxide mass basis with the following form, where 

𝜌W is the bulk density of the solid pellet, 𝜌S5'2; is the density of the oxide, and 𝜖 is the porosity of the pellet: 

  𝑟S5;38
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E
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  𝜌W = 𝜌S5'2;(1 − 𝜖) (26) 

Considering surface area of the rare earth oxide, the reaction can be described on an oxide surface area basis with the following form, where 𝑆 is 

the specific surface area: 

  𝑟S5;38
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E
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E
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In general, the initial rate of reaction and partial pressures are typically utilized to determine reaction kinetics.  The observed reaction order and 

rate constant can be found by fitting IR gas signal data for sulfur and oxygen containing species to the following relation, where 𝑚S5'2; is the 

initial mass of oxide: 

  ln 𝑟2V = 𝑛 ln 74/'
FG
8 + ln ]U6

$Q

JCD?'0;
XD:'0;(6,%)

^ (30) 

The observed activation energy (𝐸Z) and Arrhenius pre-exponential factor (𝐴8) are found by fitting 𝑘 versus 𝑇,6 to the natural log of the 

Arrhenius equation: 

  ln 𝑘 = ,[F
FG

+ ln𝐴8 (31) 

However, for a fluid-solid reaction, the observed initial rate of reaction does not inherently reflect the intrinsic chemical rate due to the 

presence of internal (within the porous solid) and external (to the surface of the porous solid) mass transfer limitations25,63,64.   In order the 

measure intrinsic chemical kinetics, experiments must be performed in regimes where both internal and external mass transfer limitations are 

shown to be negligible.   

Ishida and Wen67 proposed that the impact of external mass transfer effects on a fluid-solid reaction is described by the pellet 

Sherwood number (𝑆ℎ), where 𝑘> is the convective mass transfer coefficient, 𝑑A is the effective diameter of the pellet, and 𝐷ZW is the molecular 

diffusivity: 

  𝑆ℎ = J@\>
]FE

 (32) 
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Sohn and Szekely revisited this Sherwood criteria for fluid-solid reactions, showing that for a modified Sherwood number (𝑆ℎ′) greater than 30, 

external mass transfer has no effect on the observed rate of reaction, where 𝐷[ is the effective diffusivity68: 

  𝑆ℎ′ = 	𝑆ℎ ]FE
]G

 (33) 

The effective diffusivity includes both Knudsen and molecular contributions, and is described using the Bosanquet interpolation formula65, where 

𝐷[J is the effective Knudsen diffusivity and 𝐷[C is the effective molecular diffusivity: 

  𝐷[ =
6

H
IGJ

* H
IGB

 (34) 

The effective Knudsen and molecular diffusivities within a pellet are calculated as follows65, where  𝑟Y is the radius of a grain within the pellet, 𝜏 

is the tortuosity of within the pellet, and 𝑚Z is the molar mass of the diffusing species: 

  𝐷[J =
	8K%

_(6,%)(6*LM)`(
MBF
L-.)

 (35) 

  𝐷[C = %]FE
_

 (36) 

The molecular diffusion coefficient of a species in a carrier gas can be estimated using the Chapman-Enskog theory,71 where 𝑐6 is a constant, 𝑚W 

is the molar mass of the carrier gas, 𝑃 is the pressure, 𝜎ZW is the collision diameter, 𝛺 is a dimensionless energy parameter: 

  𝐷ZW =
>HG(

H
BF

* H
BE

)

4aFE'b
 (37) 

In practice, the Sherwood number, defined as the ratio of convective to diffusive mass transport, is problematic to calculate directly 

due to difficulty in determining the convective mass transfer coefficient.  However, the Sherwood number can be related to the Reynolds number 

(𝑅𝑒) and Schmidt number (𝑆𝑐) using relations such as the Frössling correlation63: 

  𝑆ℎ = 2 + 0.6𝑅𝑒
H
'𝑆𝑐

H
; (38) 

The Reynolds number72, defined as the ratio of inertial and viscous forces in the fluid, is calculated from the fluid velocity (𝑈), the effective 

spherical particle diameter63 (𝐿), and the fluid kinematic viscosity (𝜈): 

  𝑅𝑒 = IS
c

 (39) 

In general, relations for Sherwood number and Reynolds number are dependent on the reactor geometry.  The kinematic viscosity of a gas is 

described by the following69, where 𝑐$ is a constant, 𝑥Z and 𝑥W are the mole fractions of species A and B respectively, and 𝜌Y is the density of the 

gas: 

  𝜈 = 𝑐$
d(9FCF*9ECE)G

XKaFE'
 (40) 

The Schmidt number, defined as the ratio of momentum to mass diffusivity, is calculated as follows63: 

  𝑆𝑐 = c
]FE

 (41) 

To characterize the effect of internal mass transfer limitations on fluid-solid reactions, Sohn and Szekely proposed a generalized fluid-

solid reaction modulus relating chemical reaction rates to pore diffusion rates65, serving in a similar role to the Theile modulus of heterogeneous 

catalysis.  The generalized fluid-solid reaction modulus (𝜎Q) is defined as follows, where 𝑉A and 𝑉Y are the volumes of the pellet and a grain within 

the pellet respectively, 𝐴A and 𝐴Y are the surface areas of the pellet and a grain within the pellet respectively, 𝐶Z is the concentration of the 
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reacting species in the fluid, 𝐹A and 𝐹Y are geometric factors for the pellet and a grain within the pellet respectively, and 𝐷[ is the effective 

diffusivity: 

  𝜎Q = M>
Z>
p(6,%)JNNK

9/'
-. L

:(H
e>ZK

$]GeKMK
 (42) 

For conditions where 𝜎Q$ < 0.01 and 𝑆ℎV > 30, the surface reaction is kinetically-limited and the observed surface reaction rate over the entire 

conversion range is equal to the initial rate and reflects the intrinsic chemical kinetics25,65 when intragrain diffusion limitations are ignored.  

 To determine if intragrain diffusion limitations are minimal, a modified mass transfer Biot number 𝜎QY is proposed by Sohn and 

Szekely66, where 𝐷Y is the reacting gas-phase species diffusivity in the solid: 

  𝜎QY
$ =

JNNK
9/'
-. L

:(H
MK

$]KZK
 (43) 

The mass transfer Biot number is classically defined as the ratio of the mass transfer resistance inside of a pellet to that on the surface of the 

pellet, here redefined for a single grain.  For conditions where 𝜎QY
$ < 1, intragrain diffusion effects are negligible compared to the reaction rate at 

the reaction front66.  In practice, 𝐷Y for sulfur is often unknown for many sulfides at high temperatures.  Setting 𝜎QY
$ equal to one, a minimum 𝐷Y 

to avoid intragrain diffusion limitation can be found for a given particle reaction rate and particle geometry: 

  t𝐷YuC?: =
JNNK

9/'
-. L

:(H
MK

ZK
 (44) 

Following the principles of thermal activation of diffusion73, 𝐷Y can be estimated from similar solid state systems, here rare earth oxides70.  

Literature parameters utilized in all mass transfer calculations are outlined in Tables S2-S3.  Together, when 𝜎Q$ < 0.01, 𝑆ℎV > 30, and 𝜎QY
$ < 1 

(alternatively 𝐷Y > t𝐷YuC?:), external and internal mass transfer limitations are negligible throughout the oxide being sulfidized and the observed 

kinetics are the intrinsic chemical reaction kinetics25.  These conditions are met in our experiments (see Figure E4 and Tables S2-S3).  Therefore, 

our observed sulfidation kinetics are equal to the intrinsic chemical reaction rate. 

 

Technoeconomic Assessment 

Capital and Operating Costs 

 To understand the economic implications of material processing via selective sulfidation, the capital and operating costs (CAPEX and 

OPEX respectively) of four generic material separations are estimated.  These are selective sulfidation with and without feed pretreatments, each 

with and without carbothermically-driven sulfur reflux (CDSR).  Process flow diagrams are included in Figures E8 and S1-S3.  For selective 

sulfidation and physical separation without pretreatment, the following process blocks are employed: nitrogen separation from air for sulfidation 

carrier gas production, sulfidation in a multihearth fluidized bed reactor, comminution, physical separation via froth flotation, and waste gas 

stream handling via a cyclone separator, followed by either electrostatic solids precipitator and dual alkali scrubbing (when the carbothermically-

driven sulfur reflux, CDSR, is utilized in sulfidation) or sulfuric acid production (No CDSR).  Materials containing impurities such as normally 

occurring radioactive elements or anions other than oxygen and sulfur may require additional pretreatments prior to selective sulfidation.  The 

CAPEX and OPEX of selective sulfidation with some possible material feed preparation / pretreatment steps are also considered, such as feed 

drying, calcination for defluorination of fluorocarbonate minerals or lithium ion battery electrolytes and oxidation of mixed metal compounds 

such as rare earth magnets, sulfidation for dephosphorization of phosphate minerals and dethoriation of rare earth concentrates, and 
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sulfidation/calcination for sintering of material feeds too finely ground for effective liberation and physical separation of sulfide precipitants post 

selective sulfidation.  Operating conditions for selective sulfidation are included in Tables S16-S17. 

 The CAPEX of equivalent generic hydrometallurgical processes are estimated as a point of comparison to selective sulfidation.  Their 

flowsheets consist of acid roasting for impurity removal and formation of soluble metal compounds, gas treatment via acid plant, leaching of the 

target elements, solvent extraction for metal element separation, and precipitation of product metal compounds, with operating conditions 

reported in Table S15.  Four scenarios are considered: pulsed-column and mixer-settler liquid-liquid contactors, each at separation factors of 1.5 

and 10,000 corresponding to f and d-block element separations respectively.  Generally, the liquid-liquid separation effectiveness for two metals 

(M1 and M2) achieved by an aqueous-organic separation system is described by the separation factor (β), where D is the distribution ratio, x is the 

concentration, and γ is the activity coefficient, where A and O denotes the aqueous and organic phases respectively8: 

  𝛽1H/1' =
]7H
]7'

=

O7H
(0)67H

(0)

O7H
(F)67H

(F)

O7'
(0)67'

(0)

O7'
(F)67'

(F)

 (45) 

At dilute concentrations, γ is approximated as unity.  Generally, industrially-realized separation factors range from near one for many binary rare 

earth separations into the thousands and tens of thousands for some binary transition metal separations8,75,77. 

 The OPEX for a generic hydrometallurgical process is not estimated, as it is known to vary strongly with location, feed solubility, 

liquid-liquid extractor chemistry, and liquid-liquid contactor design8.  The variation of the contributions to OPEX are not well-quantified in 

academic literature.  Therefore, comparison of OPEX between processes based on sulfidation and liquid-liquid hydrometallurgy is presently not 

attempted. 

 For the generic hydrometallurgical and selective sulfidation based pathways, the feedstock is assumed to be an equimolar mixture of 

two metal oxides, with chemistry represented by copper(I) oxide (Cu2O), nickel(II) oxide (NiO), or neodymium(III) oxide (Nd2O3), as discussed 

later in Sensitivity Analysis.  Feed capacities ranging from 10,000 to 1,000,000 tonnes per year are considered.  Product purities of 99% are 

assumed following separation of the binary oxide feed.  The economics of upstream beneficiation and comminution processes and downstream 

metal reduction processes are taken to be largely unchanged for either the solvent extraction or selective sulfidation pathways. 

 For cost analysis, we utilize Class 4 (+/- 30% accuracy) estimates as described by the American Association of Cost Engineers 

(AACE) International48,76,79.  Class 4 CAPEX estimates employ scaling relations based on individual unit operations, making them useful for 

high-level comparison of technologies.  A typical scaling relation for CAPEX (C) is as follows, where a is a pre-exponential factor and P is the 

relevant metric by which the operation is scaled (typically size or throughput), and n is an exponent corresponding to the economy of scale76: 

  𝐶 = 𝑎𝑃: (46) 

Class 4 CAPEX estimates do not replace the insight gained from detailed design work however; they only illustrate general trends.  Nevertheless, 

solvent extraction is a well-established technology that affords a good understanding of its capital framework and individual unit operations.  

Meanwhile, selective sulfidation as envisioned herein employs a high temperature fluidized bed multihearth reactor, such as currently employed 

for calcination, and orthodox physical separations, all relying on well-documented unit operations with quantifiable economics48.  Therefore, a 

Class 4 CAPEX analysis for selective sulfidation and solvent extraction is based in a convention that supports reasonable comparison of 

hypothetical process economics. 
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 Scaling relations for capital cost are determined using the factorial method48,76, described below.  The total fixed capital cost, or total 

module cost (𝐶G) of a processing block may be determined through the following relation: 

  𝐶G = (𝐿𝐹 ∗ 𝑇𝑀 ∗ 𝐵𝑀 ∗ 𝑃𝑀 ∗ 𝐿𝑀 ∗ 𝐹𝑂𝐵) 7 g
g-
8 𝑃: (47) 

𝐿𝐹, 𝑇𝑀, 𝐵𝑀, 𝑃𝑀, 𝐿𝑀, and 𝐹𝑂𝐵 are scaling preexponential factors. 𝐼 is the cost index for the year utilized for the estimate, here the 2020 

Chemical Engineering Plant Cost Index (CEPCI), whereas 𝐼F is the reference cost index.  𝐹𝑂𝐵 corresponds to the free on board scaling factor to 

determine the purchase price (𝐶e2W) of a given piece of equipment as a function of the relevant scaling metric and herein includes material 

factors: 

  𝐶e2W = (𝐹𝑂𝐵) 7 g
g-
8 𝑃: (48) 

𝐿𝑀 corresponds to the scaling factor to account for instruments and buildings within the battery limit.  𝑃𝑀 corresponds to the scaling factor to 

include taxes, freight, and insurance associated with installation of the process block.  The physical module cost (𝐶41) of the process block is 

described as follows: 

  𝐶41 = (𝑃𝑀 ∗ 𝐿𝑀 ∗ 𝐹𝑂𝐵) 7 g
g-
8 𝑃: (49) 

The ISBL cost (𝐶g3WS) of the process is taken as the sum of 𝐶41 for the processing blocks: 

  𝐶g3WS = ∑S(𝑃𝑀 ∗ 𝐿𝑀 ∗ 𝐹𝑂𝐵) 7 g
g-
8 𝑃:V (50) 

𝑇𝑀 and 𝐵𝑀 correspond to scaling factors for offsites/indirect/field expenses and design/engineering/contingency respectively.  𝐿𝐹 is a location 

factor to scale CAPEX between different geographic regions.  The total fixed capital cost, or total module cost, (𝐶eT) of the full process may be 

described as the sum of the total module costs of each process block: 

  𝐶eT = ∑ S(𝐿𝐹 ∗ 𝑇𝑀 ∗ 𝐵𝑀 ∗ 𝑃𝑀 ∗ 𝐿𝑀 ∗ 𝐹𝑂𝐵) 7 g
g-
8 𝑃:V (51) 

𝑇𝑀, 𝐵𝑀, 𝑃𝑀, 𝐿𝑀, 𝐹𝑂𝐵, 𝑃, 𝐼, 𝐼F and 𝑛 for relevant processing operations48 for both the hydrometallurgical and sulfidation processing pathways 

are included in Table S14.  𝐿𝐹 for different geographies76 are included in Table S33.   

 Operating costs (OPEX) of the generic selective sulfidation processes described above and illustrated in Figure E8 and S1-S3 above 

are estimated from reagent, utility, and waste treatment prices, correlations for labor costs with relevant chemical process unit operations, 

correlations for management and overheads with labor cost, and correlations for maintenance costs with CAPEX, as described in Table S17.  

Revenue credits from byproduct sulfuric acid production are excluded in OPEX analysis of the generic process, but may be included in economic 

evaluation of a real project. OPEX as estimated herein does not include processing steps upstream of selective sulfidation and its supporting 

pretreatments, such as mining and preliminary comminution / mineral dressing in primary production from ores, or material collection and 

crushing / disassembly in secondary materials production from recycled materials.  These upstream steps are not considered since they are 

necessary regardless of the downstream materials separation technique employed (leaching, solvent extraction, pyrometallurgical smelting, 

selective sulfidation, etc.), and may or may not be conducted at the same facility as downstream materials processing.  Likewise, differences in 

costs between established and greenfield facilities are not considered herein. 

For the generic binary separation of equimolar mixed metal oxides, the selective sulfidation pathway is predicted to exhibit a 65-90% 

reduction in CAPEX compared to hydrometallurgical separation at separation factors of 1.5-10,0000, representative of solvent extraction for f-

block elements and d-block elements separation respectively8 (Figure 3a).  The OPEX of selective sulfidation is predicted to be on the order of 
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$50, $100, and $300 per tonne of feed at feed capacities of 1,000, 100, and 10 kilotonnes per year respectively.  Attribution of CAPEX and 

OPEX to individual processing steps are presented in Figures S5-S6.  Individual pretreatment steps for feed drying, sintering, and 

roasting/calcination each marginally increase the CAPEX and OPEX of selective sulfidation by 10% to 20% (Figure E9, Table S18).  While 

preliminary CAPEX and OPEX estimates are promising, to understand the profitability of a given materials separation process utilizing selective 

sulfidation, detailed design considering geographic-specific factors (ore grade and impurities, labor costs and utilization, trends in automation, 

greenfield versus established facility, etc.) and further refinement of sulfidation operating conditions and chemistries will be necessary. 

Sensitivity Analysis 

 Sensitivity analysis for OPEX and CAPEX is conducted via Monte Carlo simulation76 at selective sulfidation feed capacities of 

10,000, 100,000 and 1,000,000 tonnes of feed per year.  At each feed capacity, 360,000 iterations of the CAPEX and OPEX models were 

conducted.  Operating parameters and conditions, reagent costs, labor requirements and costs, yearly maintenance cost as a fraction of CAPEX, 

Class 4 CAPEX error (+/-30%), and geographic scaling factors were each randomly varied using continuous triangular distributions centered 

around known or calculated values, as outlined in Tables S15 and S17.  When uninformed by literature, upper and lower bounds for triangular 

distributions76 were taken as -50%  to +100% of the base value.  Thermodynamic inputs for mass and energy balances and chemistry-specific 

operating conditions were randomly varied using coupled discrete, uniform distributions across the sulfidation chemistries of copper(I) oxide 

(Cu2O), nickel(II) oxide (NiO), or neodymium(III) oxide (Nd2O3), as outlined in Table S16.   

 From the Monte Carlo simulation, error in CAPEX and OPEX parameters are taken as +/- one standard deviation from the mean of the 

distribution.  For CAPEX, the error was larger as a percentage of the mean for the generic hydrometallurgical routes than the generic sulfidation 

routes due to a stronger dependence on chemical factors, namely feed concentration.  For selective sulfidation, feed concentration is ill-defined, 

since the solid feed is introduced directly to the sulfidation reactor.  Meanwhile in the hydrometallurgical pathway, the solid feed is dissolved 

prior to pretreatment, and the concentration of the feed was varied during Monte Carlo simulation.  The resultant larger uncertainty highlights the 

difficulty of describing the economic framework of a generic hydrometallurgical process.  Nevertheless, the predicted reduction to CAPEX by 

adopting selective sulfidation and physical separation in place of hydrometallurgical chemical separation is resilient to these chemistry 

uncertainties.   

 

Environmental Assessment 

Goal and Scope  

Selective sulfidation for f-block and d-block element separation embodies a shift from hydrometallurgy and chemical separations to 

pyrometallurgy and physical separations.  To understand the environmental impacts of material processing via selective sulfidation, the 

environmental impacts of four generic material separations are analyzed using life cycle assessment (LCA).  These are selective sulfidation with 

and without feed pretreatments, each with and without carbothermically-driven sulfur reflux (CDSR).  For selective sulfidation and physical 

separation without pretreatment, the following process blocks are employed: nitrogen separation from air for sulfidation carrier gas production, 

sulfidation in a multihearth fluidized bed reactor, comminution, physical separation via froth flotation, and waste gas stream handling via a 

cyclone separator, followed by either electrostatic solids precipitator and dual alkali scrubbing (when the carbothermically-driven sulfur reflux, 

CDSR, is utilized in sulfidation) or sulfuric acid production (No CDSR).  Materials containing impurities such as normally occurring radioactive 

elements or anions other than oxygen and sulfur may require additional pretreatments prior to selective sulfidation.  The environmental impacts 
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of selective sulfidation with some possible material feed preparation / pretreatment steps are also considered, such as feed drying, calcination for 

defluorination of fluorocarbonate minerals or lithium ion battery electrolytes and oxidation of mixed metal compounds such as rare earth 

magnets, sulfidation for dephosphorization of phosphate minerals and dethoriation of rare earth concentrates, and sulfidation/calcination for 

sintering of material feeds too finely ground for effective liberation and physical separation of sulfide precipitants post selective sulfidation.  

Process flow diagrams are included in Figures E8 and S1-S3.  Operating conditions are included in Tables S16-S17. 

For these scenarios, three representative sulfidation feedstock chemistries are considered: copper(I) oxide (Cu2O), nickel(II) oxide 

(NiO), and neodymium(III) oxide (Nd2O3).  System boundaries consisting of an input of feed and an output of processed feed for each of the four 

generic processes are included in Figures E8 and S1-S3.  The impacts of flows originating within the system boundary are evaluated from the 

cradle through usage in the process, while the impacts of flows originating outside the system boundary are evaluated from the system gate 

through usage in the process.   Environmental impact categories of global warming potential (GWP), terrestrial acidification (TA), and water 

resource depletion (WRD) are adopted.  A functional unit of 1 kg of selective sulfidation feed is chosen, enabling the avoidance of allocation of 

environmental impacts between coproducts in accordance with ISO 1404089.  Impacts may be reallocated per unit of product if the product grade 

and recovery fraction are known, with allocation conducted via ISO 14040 hierarchy89: (1) Partition of processes steps into sub-processes to 

isolate the impacts of individual coproduct. (2) Allocation of impacts between coproducts based on physical relationships, such as mass fraction. 

(3) Allocation of impacts between coproducts based on non-physical relationships, such as economic value.   

To compare environmental impacts of material processing via selective sulfidation versus nonselective pyrometallurgy with selective 

hydrometallurgy, three materials-specific case studies are chosen:  Zirconium-silicon separation from zircon, iron-titanium separation from 

ilmenite, and rare earth element separation from bastnaesite.  These case studies are selected for two reasons: 1 – the existing processes – alkali 

fusion, the sulfate process, and acid roasting/leaching/solvent extraction respectively – each involve a combination of non-selective 

pyrometallurgical and selective hydrometallurgical treatments, serving to elucidate the possible environmental impact reduction by increasing the 

selectivity of pyrometallurgical processing steps using sulfidation chemistry.  2 – each of these processes has well-established feedstocks, LCA 

data, system boundaries, and allocation strategies for the standard processing route, supporting fair comparison of impacts between selective 

sulfidation with physical separation and hydrometallurgical chemical separation.   

The environmental impact of zirconium oxide and silicon oxide separation from zircon is compared between the standard alkali fusion 

process and selective sulfidation using LCA.  Environmental impact data for alkali fusion is available in a published study49.  System boundaries 

for selective sulfidation are defined to be an input of zircon, and an output of silicon and mixed zirconium-hafnium oxide as shown in Figure S7.  

A functional unit of 1 kg of zirconium oxide is adopted for the impact categories of GWP, TA, and WRD.  Division of environmental impacts 

between coproducts is conducted via the ISO 1404089 hierarchy.  Allocation of impacts between zirconium and hafnium product oxides are 

conducted a mass basis, as described in Table S25.  The same allocation fractions are adopted herein as those for the published study49 on the 

alkali fusion process, supporting equitable comparison of impacts between the pathways.   

The environmental impact of iron-titanium oxide separation from ilmenite is compared between the standard sulfate process and 

selective sulfidation using life cycle assessment.  LCA impact data for the sulfate process is available in a published study49.  System boundaries 

for selective sulfidation are defined to be an input of ilmenite, and an output of titanium dioxide and iron sulfide, as shown in Figure S8.  A 

functional unit of 1 kg of titanium dioxide is adopted for the impact categories of GWP, TA, and WRD.  As for the published LCA of the sulfate 
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process49, environmental impacts are fully attributed to titanium dioxide production, supporting equitable comparison of impacts between the two 

pathways and eliminating the need for environmental impact allocation.   

The environmental impact of rare earth element separation from bastnaesite, the most commercially-relevant source of light rare earth 

elements, is compared between the standard acid roasting, leaching, and solvent extraction pathway and selective sulfidation using LCA.  

Environmental impact data for the standard hydrometallurgical route is available in a published study9.  System boundaries for selective 

sulfidation are defined to be an input of pre-concentrated (non-defluorinated, non-dethoriated) bastnaesite rare earth fluorocarbonate, and an 

output of separated rare earth element compounds as shown in Figures S9-S10, hypothetically processed at the world’s largest rare earth element 

producer at the Bayan Obo facility in China.  A functional unit of 1 kg of separated rare earth elements is adopted for the impact categories of 

GWP, TA, and WRD.  To avoid the need for allocation of environmental impacts between rare earth coproducts as recommended by ISO 

1404089, environmental impacts are reported on the basis of total mass of separated rare earth oxide.  This eliminates the need for allocation of 

environmental impact between rare earth oxide by- and coproducts, and supports fair comparison of environmental impacts to the published 

study9 detailing the hydrometallurgical route, which also reports impacts for a functional unit of 1 kg of total separated rare earth oxides.  

Allocation data is reported in Table S25. 

Inventory Analysis 

For determinization of environmental impacts for the four generic sulfidation processes, process flow diagrams with system 

boundaries are depicted in Figures E8 and S1-S3.  For these processes, a functional unit of 1 kg of selective sulfidation feed is adopted.  When 

product feed grade and recovery are known, impacts may be reallocated to the product itself.  Baseline, lower bound, and upper bound operating 

conditions for the generic processes are reported in Tables S16-S17.  For the case studies of zirconium-silicon, iron-titanium, and rare earth 

element separations via selective sulfidation, process flow diagrams are included in Figures S7-S10, with operating conditions reported in Tables 

S19-S21.  For estimation of the predicted environmental impacts of separation via selective sulfidation, the following assumptions are made:  

• The substitution of a selective sulfidation process for an existing process does not result in any major upstream (mining and 

beneficiation), downstream process (oxide reduction to metal) or product feedstock chemistry changes. 

• For zirconium-silicon, iron-titanium, and rare earth element separations, new byproducts produced via selective sulfidation that 

are not present in the established process (sulfuric acid or metal compounds previously lost to waste) are presently not 

considered as allocable coproducts for environmental impacts.  While they may be marketable byproducts, this is to support fair 

comparison of environmental impacts for selective sulfidation with the existing process. 

• Comminution for product liberation following sulfidation is taken to have similar technosphere inputs as for high intensity 

stirred milling in conventional sulfide ore beneficiation. 

• Physical separation of products via froth flotation following sulfidation is taken to have similar technosphere inputs as for 

conventional sulfide ore beneficiation. 

• For the generic, zirconium-silicon, and titanium-iron selective sulfidation processes the environmental impacts associated with 

electricity, heat, and reagent production are taken from global average inventory data, as available through the ecoinvent 3.6 

database.  Natural gas combustion is assumed for heat production, with emissions as reported by the United States 

Environmental Protection Agency.   Electricity production (high voltage) is assumed to occur via natural gas combustion at a 

combined cycle power plant, with global average data from ecoinvent 3.6 employed. 
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• For rare earth element separation, the environmental impacts associated with electricity, heat, reagent production, and 

transportation are assumed to be that reported for the Inner Mongolia region of China, as available through the ecoinvent 3.6 

database.  For inputs where data for the Inner Mongolia region is unavailable, China national average data from the ecoinvent 

3.6 database is employed.  For inputs where data is unavailable for Inner Mongolia or China as a whole, global average data as 

available through the ecoinvent 3.6 database is utilized.  Natural gas combustion is assumed for heat production, with emissions 

as reported by the United States Environmental Protection Agency.   Electricity production via heavy fuel oil combustion in 

Inner Mongolia is assumed as reported in the ecoinvent 3.6 database. 

• Environmental impacts associated with feedstock transportation are excluded for the generic, zirconium-silicon, and titanium-

iron selective sulfidation processes.  Transportation is also excluded in the published LCA49 for zirconium-silicon separation via 

alkali fusion and titanium-iron separation via the sulfate process, supporting fair comparison.   

• Reagent transportation requirements are assumed to be equivalent for rare earth element separation via selective sulfidation and 

the conventional pathway, as reported in the published hydrometallurgical study9. 

• Nitrogen carrier gas, sulfur, and carbon utilization are informed by the experimental results presented herein.  Carrier gas is 

recycled at a rate of 90%, corresponding to a purge fraction of 10%.  When CDSR is employed, carbon monoxide in the purge 

stream is combusted to carbon dioxide, with no heat recovered. 

• The stepwise order of metal separation is taken to follow the sulfidation series presented in Figure 1a.  In practice metal removal 

could be performed for the most prevalent metals first by employing parallel sulfidation reaction pathways, reducing energy 

consumption from material heating.   

• SO2 produced in sulfidation and calcination reactions is recovered for sulfuric acid production at a rate of 99%, on par with 

modern sulfuric acid production efficiencies as reported in ecoinvent 3.6.   

• In conventional sulfuric acid production, some electricity is generated from steam produced during sulfur combustion to SO2
88.  

Since SO2 is produced as a biproduct of the sulfidation reaction and not from direct sulfur combustion, this electricity generation 

is excluded in the present analysis. 

• In conventional sulfuric acid production, some electricity is generated from hot acid heat recovery systems88.  This electricity 

generation is included in the present analysis to partially offset electricity needs in selective sulfidation and physical separation. 

• The environmental impacts associate with offsite solid and liquid waste processing are presently not considered for selective 

sulfidation.  Likewise, the are also not considered in the published studies9,49 of zirconium-silicon, iron-titanium, and rare earth 

elements separation from bastnaesite via the conventional process. 

• Contributions to environmental impact from facilities construction and infrastructure are excluded, as in the published study9 for 

rare earth elements separation via the conventional process. 

• For selective sulfidation, each element separated is taken to require its own selective sulfidation and physical separation circuits.  

• Initial removal of fluorine from bastnaesite is accomplished via sodium carbonate roasting and subsequent washing with water. 

• Soda ash consumption is assumed to be stoichiometric for defluorination of bastnaesite. 

• The sulfidative sintering process in rare earth element processing is predicted to be autothermal, as observed for conventional 

industrial roasting processes.   
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• The thermodynamics of mixed rare earth oxide and rare earth mineral gangue are taken to be well represented by those for 

neodymium oxide and iron oxide respectively. 

• Error bars in the environmental impacts for the generic sulfidation processes are taken to be +/- two standard deviations as 

determined via Monte Carlo simulation.  Baseline, lower bound, and upper bound operating conditions are reported in Tables 

S16-S17.  Error is discussed in greater detail below in Sensitivity Analysis. 

• Error bars for the environmental impact of zirconium-silicon, titanium-iron, and rare earth element separation via selective 

sulfidation are taken to be an equivalent percentage above and below the mean as determined through Monte Carlo simulation of 

the relevant generic case.  Error is discussed in greater detail below in Sensitivity Analysis. 

While such assumptions may seem academic, they establish a framework that supports quantifiable determination of a life cycle 

inventory for selective sulfidation as it could possibly be applied at an industrial scale.   Energy inputs for pyrometallurgical reactions are 

calculated using FactSage 8.0, with a summary of relevant thermodynamic data included in Table S27-S31.  The environmental impacts of 

electricity, process heat, and reagent generation, production, and usage are compiled from ecoinvent 3.6 data for relevant locations as described in 

the above assumptions.  The net material and energy balance for production of zirconium oxide production from zircon, titanium dioxide from 

ilmenite, and separated rare earth oxides from bastnaesite concentrate as processed via selective sulfidation are presented as the life cycle 

inventories (LCI) in Tables S22-S24.  Impact assessment and sensitivity analysis for these LCI’s are described in the following sections.  

Impact Assessment 

In the previous section, we motivate and present a lifecycle inventory (LCI) for production of zirconium oxide from zircon, titanium 

dioxide from ilmenite, and pure rare earth oxides from bastnaesite concentrate via hypothetical pyrometallurgical selective sulfidation processes.  

 We use these LCI’s to explore the possible environmental impacts of selective sulfidation and compare those impacts in the categories 

of global warming potential (GWP), terrestrial acidification (TA), and water resource depletion (WRD) to conventional processes that employ a 

series of nonselective pyrometallurgical and selective hydrometallurgical steps.  These impact categories are selected due to their straightforward 

determination from presumed process-scale and thermodynamic data available for and pertinent to a hypothetical selective sulfidation process.  

However, many other environmental impact categories exist, including but not limited to ozone depletion, eutrophication, particle emissions, 

ecotoxicity, and mineral resource depletion, which need to be considered to fully understand the environmental sustainability of a hypothetical 

selective sulfidation process.   

In general, comparison and scaling of multiple industrial ecology studies can be difficult due to different underlying assumptions and 

allocations that necessitate the need for data harmonization7.  To avoid the need for extensive data harmonization, we selected materials 

separation and production case studies for two reasons: 1 – the existing processes – alkali fusion, the sulfate process, and acid 

roasting/leaching/solvent extraction respectively – each involve a combination of non-selective pyrometallurgical and selective 

hydrometallurgical treatments, serving to elucidate the possible environmental impact reduction by increasing the selectivity of pyrometallurgical 

processing steps using sulfidation chemistry.  2 – each of these processes has well-established feedstocks, LCA data, system boundaries, and 

allocation strategies for the standard processing route, supporting fair comparison of impacts between selective sulfidation with physical 

separation and hydrometallurgical chemical separation.   

 Energy, reagent, water and emission data for selective sulfidation are compiled using mass balances, energy balances, and published 

unit operation data, supplemented as required with data from ecoinvent 3.690.  GWP and TA are quantified over the system boundaries (Figure 
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E8, S1-S3, and S7-S10) using the Tool for Reduction and Assessment of Chemicals and Other Environmental Impacts (TRACI 2.1)94.  Water 

resource depletion is tabulated following the methodology employed in the published LCA for rare earth element separation via the conventional 

processing pathway9.  

 Distributions of GWP, TA, and WRD produced via Monte Carlo simulation of the generic process (Figures E8 and S1-S3) are 

depicted in Figure E10.  For a generic sulfidation process without carbothermically-driven sulfur reflux (CDSR), the global warming potential 

(GWP), terrestrial acidification (TA), and water resource depletion (WRD) are estimated to be on the order of 0.20 (+/- 0.06) kg CO2-eq, 9x10-3 

(+/- 5x10-3) kg of SO2-eq, and 9 (+/- 4) kg H2O respectively per kg of feed, presented in Figure E10.  The inclusion of pretreatments such as feed 

drying, calcination/roasting, and sintering on average increase GWP by about 50%, WRD by 30% and TA by double over the base case, as 

tabulated in Table S18.  The use of CDSR in selective sulfidation meanwhile increases GWP by a factor of 4-5x and WRD by a factor of 3-4x.  

Trends are discussed in the following section, Interpretation.  Clearly, the sustainability of every materials separation challenge is influenced 

differently by feedstock chemistry, grade, and purity, motivating materials-specific case studies.  The GWP, TA, and WRD of zirconium oxide 

production via zirconium-silicon separation from zircon are predicted to be on the order of 0.12 kg CO2-eq, 0.02 kg SO2-eq, and 15 kg H2O 

respectively (Table S26), all per kg of ZrO2.  The GWP, TA, and WRD of titanium dioxide production via titanium-iron separation from ilmenite 

are predicted to be on the order of 0.53 kg CO2-eq, 0.01 kg SO2-eq, and 18 kg H2O respectively (Table S26), all per kg of TiO2.  Finally, the 

GWP, TA, and WRD of rare earth element separation from bastnaesite are predicted to be on the order of 8.1 kg CO2-eq, 0.09 kg SO2-eq, and 79 

kg H2O respectively (Table S26), all per kg of separated rare earth oxide.  These impacts may be broken down into contributions from 

defluorination, dethoriation, rare earth element separation, and reagent transportation, included in Table S27.  Comparison of the predicted 

environmental impacts of selective sulfidation to that of existing processes are discussed in the following section. 

 

Interpretation 

Predicted environmental impacts for the generic sulfidation case study serve as a first pass estimate for the environmental impact of a 

selective sulfidation process.   However, the values reported in Figure E10 and Table S18 do not substitute for chemistry and process-specific 

analysis.  Of note, the bimodal nature of the GWP distribution is due to differences in oxygen content of the three model chemistries considered 

in the Monte Carlo simulation, highlighting the role of system chemistry in determining environmental impact.  The generic process also makes 

no distinction between adding selective sulfidation as a pretreatment at an established facility versus conducting selective sulfidation at a 

greenfield project.  This distinction is particularly important with regards to the use of selective sulfidation during mineral processing and 

beneficiation.  Comminution can dominate the energy usage and GWP of beneficiation steps10, so care must be taken to avoid over or 

undercounting the environmental impact of comminution when contextualizing the environmental impacts of the generic selective sulfidation 

process.   

For selective sulfidation processes without CDSR, the largest sources of GWP are electricity usage in comminution and air separation 

for nitrogen carrier gas production.  When CDSR is employed, direct CO2 emissions increase GWP, as shown in Figure E10.   The 

decarbonization of electricity production is one avenue to lower the GWP of selective sulfidation.   Likewise, the use of CDSR for process 

control should be avoided when possible. Acidification is largely the result of imperfect conversion of SO2 to sulfuric acid, with the use of CDSR 

lowering terrestrial acidification. The other major contributor to acidification is elemental sulfur production, with smaller contributions from 
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power generation and fuel combustion.  WRD is mostly driven by cooling water loss to steam during cryogenic air separation, with some water 

resource depletion also occurring during electricity generation, physical separation via froth flotation, reagent production, and acid production. 

Selective sulfidation with physical separation is predicted to reduce the GWP of hydrometallurgical zirconium-silicon and titanium-

iron separations49 by over 80% each (Figure 3b).  Meanwhile, selective sulfidation with CDSR and physical separation is predicted to show 

reductions to GWP of 60-90%, TA of over 70%, and WU of 65-85% for rare earth separation versus conventional9 hydrometallurgical processing 

of bastnaesite via acid roasting, leaching, and solvent extraction (Figure 3b).  These reductions to environmental impacts are not a surprise.  

Presently, zirconium oxide production from zircon via alkaline fusion, titanium dioxide production from ilmenite via the sulfate process, and rare 

earth separation from bastnaesite via acid roasting, leaching, and solvent extraction all require a series of nonselective pyrometallurgical 

pretreatments followed selective hydrometallurgical processes.  When the selectivity of these pyrometallurgical steps can be increased through 

the use of sulfidation chemistry, the complexity and number of hydrometallurgical treatments required downstream may be reduced, thereby 

lowering the environmental impact of the process.  Selective sulfidation is likewise promising alternative for nonselective pyrometallurgical 

processes that rely on subsequent hydrometallurgy for selective product recovery, such as pyrometallurgical lithium ion battery recycling.  

Overall, our experimental findings indicate that elements previously requiring a series of harsh pyrometallurgical and hydrometallurgical 

separations can now be isolated through a single, pyrometallurgical sulfidation step that supports simple and conventional physical separation 

technologies.  Our life cycle assessment results indicate that when pyrometallurgical methods are sufficiently selective to minimize the need for 

subsequent hydrometallurgical treatments, as demonstrated herein using selective sulfidation, the environmental impact of materials processing 

may be lowered.  Monte Carlo simulation illustrates that this conclusion is resilient to uncertainties surrounding operating conditions, as we 

discuss in the following section, Sensitivity Analysis. 

Sensitivity Analysis 

 Sensitivity analysis for the environmental impacts of the generic sulfidation processes are conducted via Monte Carlo simulation.  For 

each of the four generic processes 360,000 iterations were conducted over process parameters as shown in Tables S16-S17.  Thermodynamic 

inputs for mass and energy balances were randomly varied using coupled discrete, uniform distributions across the sulfidation chemistries of 

copper (Cu2O), neodymium (Nd2O3), and nickel oxides (NiO) each with and without employment of CDSR.  Operating conditions were varied 

using continuous triangular distributions.  When uninformed by literature, upper and lower bounds for triangular distributions were taken as -50% 

to +100% of the base value76.  Distributions for GWP, TA, and WRD for each generic sulfidation process are included in Figure E10.   

 Sensitivity analysis via Monte Carlo simulation reveals that the largest source of uncertainly in the GWP of selective sulfidation is 

whether or not CDSR is employed in the process.  Meanwhile, for WRD, the largest source of uncertainty is whether or not feed pretreatments 

are required.  Specifically, the need for sulfidative sintering increases the amount of nitrogen carrier gas employed, thereby increasing WRD 

associated with air separation.  For TA, uncertainty is shared between process operating conditions, the use of pretreatments, and the use of 

CDSR.   

 For a given generic selective sulfidation process, the largest sources of uncertainty for environmental impacts per mass of feed are the 

feedstock chemistry and sulfidation conversion.  Differences in compound molar mass and stoichiometry lead to large variations in the amount of 

anion oxygen that can be exchanged with sulfur.  Differences in chemistry change not only the oxygen content of the feed, but also the amount of 

external heating required for the reactor to remain at temperature.  Variations in conversion likewise are responsible for differences in the amount 

of anion oxygen that can be exchanged with sulfur, and thereby the exothermicity of the sulfidation reaction. Heating requirements are also 
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affected by the efficiency of waste heat recovery in the thermal recuperator, although uncertainty in this parameter is often outweighed by those 

in chemistry and conversion, which themselves lead to bimodal distributions in GWP.  Variation in WRD is tied almost exclusively to variation 

in cooling water usage, which largely outweighs water lost in froth flotation and utilized in acid and reagent production.  TA is almost directly 

related to conversion and chemistry, and exhibits wide error distributions with respect to its mean.   

 Experimental results herein inform whether feed pretreatments or CDSR are required for a process, leaving operating chemistry and 

conditions as the main source of uncertainty for a materials-specific case study.  For error analysis in the material specific case studies for 

zirconium-silicon, titanium-iron, and rare earth separations, error bars are determined from Monte Carlo simulation of the relevant generic 

process (with or without pretreatment, with or without CDSR).  Error bars for GWP, WRD, and TA corresponding to +/- two standard deviations 

as a percentage of the generic case study mean are employed for environmental impacts for zirconium-silicon, titanium-iron, and rare earth 

separations.  Since feed chemistry is the largest contributor to the error in the environmental impact of selective sulfidation, and chemistry is a 

known factor for each of these case studies, this methodology likely overestimates the error of each materials specific process.  Nevertheless, the 

improvements to environmental impact afforded by selective sulfidation remain resilient to these uncertainties.   

 

Supporting Code and Files for the Technoeconomic Analysis and Life Cycle Assessments  

Below are descriptions of the files and code used for the technoeconomic analysis (TEA) and life cycle assessments (LCA) of 

selective sulfidation of metal compounds.  Files and code are available for download at https://doi.org/10.7910/DVN/193PW2 96 or from the 

authors upon request.  The MATLAB code that compiles and runs the Monte Carlo simulation is set up to run on 6 computer cores in parallel to 

reduce computation time.  The code is written for MATLAB R2021a, and requires the “Parallel Computing” and “Statistics and Machine 

Learning” Toolboxes.  Key files and code are identified as follows, where XXX denotes multiple files of similar function: 

• MC_compiler.m : Executing this MATLAB script will run the Monte Carlo Simulations for the TEA and LCA in their entirety.  

On a Windows 10 machine utilizing an Intel i7-9700 CPU, 500GB solid state hard drive, 16GB of RAM, and NVIDIA GeForce 

GTX 1660 Ti graphics card, this takes around 24-48 hours to complete.   

• OPEX_MC_XXX.m : Executing one of these MATLAB scripts will run the Monte Carlo Simulation for mass and energy 

balances and economic data for the given scenario.  Input conditions and results are tabulated in OPEX_MC_XXX.xlsx.  Mass 

and energy balances and economic data are calculated in the Cu2O_XXX.xlsx, NiO_XXX.xlsx, and Nd2O3_XXX.xlsx 

spreadsheets.  Variable distributions are determined, input into the calculation spreadsheet, and results extracted using 

MC_XXX.m scripts.  On a Windows 10 machine utilizing an Intel i7-9700 CPU, 500GB solid state hard drive, 16GB of RAM, 

and NVIDIA GeForce GTX 1660 Ti graphics card, each of these scripts took around 6-12 hours to complete.   

• OPEX_MC_XXX.xlsx : Spreadsheet containing input parameters for variable distributions and output mass and energy balance 

and economic results of the Monte Carlo Simulation.  OPEX_MC_XXX.xlsx files as provided have the results prepopulated, so 

it is not necessary to run MC_compiler.m or OPEX_MC_XXX.m scripts in order to extract results with MC_Analysis.m. 

• Cu2O_XXX.xlsx : Spreadsheet used to calculate mass and energy balances and economic data for the copper oxide system 

chemistry.  6 equivalent files exist for each scenario (with and without pretreatment, with and without carbon) so that Monte 

Carlo simulation can be run on 6 computer cores in parallel.  Results from each core and process chemistry are reaggregated in 

OPEX_MC_XXX.xlsx using OPEX_MC_XXX.m. 
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• NiO_XXX.xlsx : Spreadsheet used to calculate mass and energy balances and economic data for the nickel oxide system 

chemistry.  6 equivalent files exist for each scenario (with and without pretreatment, with and without carbon) so that Monte 

Carlo simulation can be run on 6 computer cores in parallel.  Results from each core and process chemistry are reaggregated in 

OPEX_MC_XXX.xlsx using OPEX_MC_XXX.m. 

• Nd2O3_XXX.xlsx : Spreadsheet used to calculate mass and energy balances and economic data for the neodymium oxide 

system chemistry.  6 equivalent files exist for each scenario (with and without pretreatment, with and without carbon) so that 

Monte Carlo simulation can be run on 6 computer cores in parallel.  Results from each core and process chemistry are 

reaggregated in OPEX_MC_XXX.xlsx using OPEX_MC_XXX.m. 

• MC_XXX.m : Scripts that generate variable distributions for input into and reads the results from Cu2O_XXX.xlsx, 

NiO_XXX.xlsx, and Nd2O3_XXX.xlsx.  6 equivalent scripts exist for each scenario (with and without pretreatment, with and 

without carbon) and chemistry so that Monte Carlo simulation can be run on 6 computer cores in parallel. 

• MC_Analysis.m: MATLAB script to calculate environmental impacts from the Monte Carlo results tabulated in 

OPEX_MC_XXX.xlsx.  OPEX and CAPEX data are also tabulated.  When all OPEX_MC_XXX.xlsx files are populated, 

MC_Analysis.m can be run without rerunning OPEX_MC_XXX.m scripts.  RareEarth.xlsx is required for the rare earth 

bastnaesite LCA case study.  

• RareEarth.xlsx : similar to Nd2O3_XXX.xlsx above, utilized for mass and energy balance calculations for bastnaesite selective 

sulfidation and physical separation. 

• HydroMC.m : Script for Monte Carlo simulation of hydrometallurgical CAPEX.  Variable bounds are extracted from 

HydroOPEX.xlsx. 

• HydroOPEX.xlsx : Variable bounds for operating conditions and economic data used in Monte Carlo Simulation of 

hydrometallurgical processes.   
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Supplementary Figures 

 

Figure S1: Flowsheet of a generic selective sulfidation process utilizing carbothermically-driven sulfur reflux (CDSR) for separation of 

an equimolar, mixed, binary oxide feed, consisting of air separation for nitrogen carrier gas production, selective sulfidation in a 

multihearth fluidized bed reactor, product comminution and physical separation via froth flotation, and downstream gas handling and 

treatment via a cyclone separator for solid particle removal and electrostatics solid trap and scrubber for SO2 treatment.   
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Figure S2: Flowsheet of a generic selective sulfidation process without carbothermically-driven sulfur reflux (CDSR) for separation of an 

equimolar, mixed, binary oxide feed, consisting of air separation for nitrogen carrier gas production, drying and sulfidation/calcination 

pretreatments, selective sulfidation in a multihearth fluidized bed reactor, product comminution and physical separation via froth 

flotation, and downstream gas handling and treatment via a cyclone separator for solid particle removal and acid plant for SO2 recovery.   
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Figure S3: Flowsheet of a generic selective sulfidation process utilizing carbothermically-driven sulfur reflux (CDSR) for separation of 

an equimolar, mixed, binary oxide feed, consisting of air separation for nitrogen carrier gas production, drying and 

sulfidation/calcination pretreatments, selective sulfidation in a multihearth fluidized bed reactor, product comminution and physical 

separation via froth flotation, and downstream gas handling and treatment via a cyclone separator for solid particle removal and 

electrostatics solid trap and scrubber for SO2 treatment.   
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Figure S4: Capital cost (CAPEX) distributions for the generic hydrometallurgical separation process utilizing pulsed column or mixer-

settler liquid-liquid contactors, at hydrometallurgical separation factors of 1.5 and 10,000 corresponding to f-block and d-block element 

separation respectively.  Distributions are determined via Monte Carlo simulation, with probability distribution for CAPEX and operating 

condition parameters described in Tables S15.  Consistent with conventional wisdom8, at high separation factors, pulsed columns and mixer 

settlers are predicted to be capitally competitive, while at low separation factors, pulsed columns are predicted to be capitally favorable.   
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Figure S5: Probability distributions for percent contributions to CAPEX and OPEX for selective sulfidation without carbothermically-

driven sulfur reflux (CDSR), corresponding to the flowsheet presented in Figure E8. 
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Figure S6: Probability distributions for percent contributions to CAPEX and OPEX for selective sulfidation with carbothermically-

driven sulfur reflux (CDSR), corresponding to the flowsheet presented in Figure S1. 
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Figure S7: Flowsheet for zirconium oxide production via zirconium-silicon separation from zircon, consisting of air separation for 

nitrogen carrier gas production, selective sulfidation in a multihearth fluidized bed reactor, product comminution and physical 

separation via froth flotation, product calcination, and downstream gas handling and treatment via a cyclone separator for solid particle 

removal and acid plant for SO2 recovery.   
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Figure S8: Flowsheet for titanium oxide production via titanium-iron separation from ilmenite, consisting of air separation for nitrogen 

carrier gas production, selective sulfidation in a multihearth fluidized bed reactor, product comminution and physical separation via 

froth flotation, and downstream gas handling and treatment via a cyclone separator for solid particle removal, and acid plant for SO2 

recovery.   
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Figure S9: Flowsheet for bastnaesite defluorination and dethoriation to produce a mixed rare earth oxide, consisting of feed roasting 

with soda ash, feed rinsing, feed drying, air separation for nitrogen carrier gas production, selective sulfidation in a multihearth fluidized 

bed reactor, product comminution and physical separation via froth flotation, and downstream gas handling and treatment via a cyclone 

separator for solid particle removal and acid plant for SO2 recovery.   
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Figure S10: Flowsheet for rare earth oxide separation, consisting of feed drying, sulfidative sintering / calcination, air separation for 

nitrogen carrier gas production, selective sulfidation in a multihearth fluidized bed reactor utilizing carbothermically-driven sulfur 

reflux (CDSR), product comminution and physical separation via froth flotation, and downstream gas handling and treatment via a 

cyclone separator and electrostatics solid trap for solid particle removal, with a scrubber and acid plant for SO2 treatment and recovery.  

This flowsheet may be repeated for each individual rare earth separation. 
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