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There is urgent, unprecedented demand for critical, by- and coproduct metallic elements
for the infrastructure (magnets, batteries, catalysts, electronics) needed to power society
with renewable electricity'. However, extraction of these d- and f- block metals from
mineral and recycled streams is thermodynamically difficult, typically requiring complete
dissolution of the materials, followed by liquid-liquid separation using metal ion
complexing or chelating behavior**. The similar electronic structure of these metals results
in poor separation factors, necessitating immense energy, water and chemicals
consumption®®. Herein, a processing approach based on selective anion exchange is
proposed. Several simple process levers (gas partial pressure, gas flowrate, carbon
addition) were demonstrated to selectively sulfidize a target metal from a mixed metal
oxide feed. The physical and chemical differences between the sulfide and oxide compounds
(e.g. density, magnetic susceptibility, surface chemistry) can then be exploited for vastly
improved separation over liquid-liquid methods®. The process conditions of sulfidation are
provided for 56 elements and demonstrated for 15 of them. The assessment of the
environmental and economic impacts suggests a path toward 60-90% reductions in
greenhouse gas emissions while offering significant capital cost savings compared to liquid-
liquid hydrometallurgy.
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Conventional separation of by- and coproduct materials consists of physical processing, followed
by roasting, leaching, and liquid-liquid separation. Liquid-liquid pyrometallurgical separation
methods, such as matte smelting for copper-iron separation, can exhibit lower energy inputs and
environmental impacts than leaching and aqueous-organic liquid-liquid separation'®. However,
classical pyrometallurgy frequently lacks the selectivity necessary to separate critical by- and
coproduct elements, such as cobalt from nickel or one rare-earth element from the others, thereby
necessitating the subsequent use of more selective hydrometallurgical methods, with detrimental
consequences to sustainability and cost. Achieving solid materials enrichment or separation prior
to conventional liquid-liquid chemical separations is a promising way to reduce the
environmental and economic impacts of this later stage. This can be accomplished by combining
gas-solid anion exchange reactions and conventional solid-solid or solid-fluid physical
separations prior to hydrometallurgical separation*’. An anion exchange reaction selectively
reacts a metal (M) from a compound mixture containing M-X to target the formation of a new
compound M-Y. The compound M-Y is targeted to enable subsequent physical separation that
was impractical with the original feedstock. Sulfidation, where Y is now sulfur (S), is a
promising avenue to separate mixed oxides, where X is oxygen (O). Indeed, sulfidation is
already employed industrially in catalyst production for S-C-O-H gas reactions***3. Additionally,
sulfide and oxide particles are effectively separated using physical methods; for example
particles as small as 2.5 microns in size have been effectively separated at mining operations***,
while optimization of sulfidation operating conditions can lead to product phases on the order of
tens of microns in size™®. However, pyrometallurgical selective sulfidation is often dismissed
industrially as unsuitable for scalable, continuous materials processing due to reliance on

condensed or briquetted sulfur sources, found to hinder mass transfer and the overall rate of
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conversion of the process'’*®. Kinetic and transport limitations to sulfidation conversion are not
uncommon and may be overcome by using more powerful — yet toxic — sulfidizing agents such
as H,S™ or CS,™*%° well-known in catalysis and mineral processing to facilitate complete
sulfidation of mixed metal oxide compounds®?. The feasibility of such approaches for mineral
and recycling products is in doubt, in part due to the cost and challenges of such reactants as well
as their lack of selectivity. Herein, we demonstrate a thermodynamic and kinetic framework to
support selective sulfidation as an environmentally and economically sustainable process for
critical by- and coproduct materials needed in modern technologies. We demonstrate the
potential impact of selective sulfidation for lithium ion battery recycling, rare earth magnet
recycling, and rare earth mineral processing, chosen as representative examples of metal
processing applications required for a sustainable future, but presently hindered by technical
challenges and high environmental impacts.

Sulfidation Thermodynamics and Kinetics

As illustrated in Figure 1a, the ease of separation of compounds is thermodynamically defined by
the difference between their relative stabilities, described for oxides and sulfides by the oxygen
and sulfur partial pressures necessary ([Poz]crit, [Ps2]erit) for the reduction of a given metal
compound. The partial pressures Po, and Ps, during pyrometallurgical reduction are
conventionally set by gas ratios such as CO/CO,, Ha/H,0, or H,/H,S, yet these ratios are difficult
to control as those gases often react to form metal carbides or hydrides. Pyrometallurgical
roasting controls sulfur, oxygen, and SO, partial pressures (Ps2, Po2, and Psoy) to stabilize
oxides, sulfides, oxysulfides, or sulfates, as shown in the predominance (Kellogg) diagrams in
Figure E1. By Le Chatelier’s principle, a critical Ps,/Psoz ratio, [Ps2/Psoz]crit, can be determined

for a given sulfidation reaction to become thermodynamically spontaneous, presented in Figure
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1a for 56 pure metal oxides and detailed in Table S1. The differences in [Ps2/Psoz]crit between
pure species and real materials can be accounted for by solution thermodynamics (Figure E2), as
presented in Supplemental Materials. Unlike Po, for oxide reduction alone, and Ps; for sulfide
reduction alone, the Psy/Pso; ratio for sulfidation of an oxide can be precisely controlled, in
principle supporting selective sulfidation of metal oxides. With the sulfide phases selectively
formed within the solid material feed, physical separation based on physical property differences
between oxide and sulfide phases becomes possible.

[Ps2/Psoz]crit, While defining the thermodynamic landscape of sulfidation, also delineates the
permissible S, inlet and SO, accumulation for sulfidation to occur within a reactor, allowing for
transport and kinetic effects to be considered. Three possibilities to control Ps; and Pso, can be
distinguished: 1) the intrinsic rate of the sulfidation reaction, ii) the gas space time and velocity in
and out of the reactor, and iii) the chemical reaction of S, and SO, with other species within the
reactor. Carbon addition provides an additional leverage to increase the Ps,/Pso, ratio during
sulfidation, by chemically reducing SO, into elemental sulfur, establishing a carbothermically-
driven sulfur reflux (CDSR) of SO,. Combining these considerations (Supplemental Materials),
critical gas flowrates for sulfidation may be determined as a function of carbon addition, reaction
kinetics, and [Ps2/Psoz]crit, @s illustrated in Figure 1b. An increase in the carbon to oxide feed
ratio leads to a loss of selectivity due to co-sulfidation in the range of [Ps2/Pso2]crit Characteristic
of many transition metals. This explains prior challenges with selectivity encountered in previous
attempts to sulfidize mixed transition metal oxides such as Fe- Ni?®, Fe- Zn**, and Fe-Cr?.
Herein, we demonstrate carbon-free selective sulfidation of mixed transition metal oxides for

lithium ion battery recycling.
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Sulfidation is investigated in a well-characterized packed-bed reactor (Figure E3) using Sohn’s
criteria® for distinguishing mass transport limitations from intrinsic reaction kinetic effects
(Supplemental Materials, Tables S2-S3). We measure activation energy and reaction order
(Figure E4) for the sulfidation of La,O3 with S, above 1200°C, achieving >99% conversion of
oxide to sulfide (Table S4). We then demonstrate sulfidation of pure scandium, zirconium, and
tungsten oxides, as well as pure strontium and calcium carbonates, to their respective sulfides via
reaction with S, using CDSR (Tables S5-S9). This shows the possibility of eliminating the use
for CS; or H,S as sulfidizing agents for materials needed in new microelectronic?®, magneto-
optic®, SO, capture?’, or novel electrolytic metallurgical processes dependent on high-purity
alkaline, transition, and rare earth sulfide®® feedstocks. For mixed oxides, we illustrate control of
sulfidation selectivity through sulfidation reaction kinetics and carbon addition via CDSR. We
demonstrate the possible leverage offered by thermal activation® differences to control the
sulfidation of oxides with dissimilar melting temperatures. This is supported herein by kinetic
control of sulfidation selectivity between iron and rare earth oxides (Fe,O3, Ln,O3, melting
points 1597°C and ~2200-2500 °C) for the recycling of rare earth magnets. The control of
sulfidation using CDSR is illustrated in Figure 1b, via manipulation of the carbon to oxide feed
ratio, as demonstrated through the selective formation of oxysulfide and sulfide phases in the
processing of synthetic rare earth minerals.

Lithium-lon Battery Recycling
We demonstrate carbon-free selective sulfidation of nickel-manganese-cobalt oxide (NMC)
cathode material for recycling of lithium ion batteries (LIBs) as a case study in selective
sulfidation and separation of mixed metals with [Ps2/Psoz]crit Near unity, generally applicable for

transition metal separations. With increasing adoption of electric vehicles, cobalt and lithium for
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LIBs have faced periods of supply uncertainty characteristic of byproduct metals®*

, motivating
efforts to geographically diversify supply and lower emissions associated with their primary
production®. Industrial pyrometallurgical processes for battery recycling lack selectivity for
individual battery metals, requiring economically and environmentally-burdensome downstream
leaching and subsequent hydrometallurgy to selectively recovery battery elements®®. Meanwhile,
direct hydrometallurgical and physical processes for LIB recycling face hurdles associate with
convoluted chemistry streams and high costs®®**. However, cathode elements from end of life
lithium ion batteries can be selectively sulfidized®.

As reported in Figure 2a, upon sulfidation the LI1B cathode melts and phase separates into three
immiscible liquids: nickel-rich sulfide, cobalt-rich sulfide, and manganese oxysulfide. The clear
macroscopic phase separation of nickel and cobalt from manganese (Figure E5) highlights the
prospect of selective sulfidation for separation. Meanwhile elements that are difficult to separate
from recycled streams, such as aluminum, are calcined as an oxide. When included in the
sulfidation charge, with additional SO, fed into the reactor, aluminum remains as an oxide upon
selective sulfidation (Supplemental). Crude flotation (Figure E3) of the crushed, sulfidized solid
shows selective separation of nickel and cobalt from aluminum, lithium, and manganese at
82.8% purity, 52.8% recovery (Table S10). The distribution of lithium post sulfidation is unclear
from microscopy (SEM-EDS), but is shown by QXRD (Table S11) to exist largely as water-
soluble sulfate, and was leached prior to flotation at 83% recovery from all phases (Table S10).
As a promising alternative to flotation, magnetic separation of cobalt and nickel from aluminum,
manganese, and lithium was demonstrated at 82.1% product purity, 84.8% recovery (Table S10).
Our findings indicate that transition metal elements previously requiring a series of harsh

pyrometallurgical and hydrometallurgical separations can now be isolated through a single,
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pyrometallurgical sulfidation step to produce an intermediate feed amenable to simple,
conventional physical separation technologies.

Rare Earth Magnet Recycling

Leverage of sulfidation kinetics and solution thermodynamics is necessary for effective material
separation from complex feeds via selective sulfidation. Rare earth element (Ln) extraction and
separation from (Nd,Pr,Dy)-Fe-B magnets is chosen as a case study for kinetic control of
sulfidation selectivity in real systems. Here we expect differences between the thermal activation
of the sulfidation reaction for Fe and Ln oxides, and leverage the well-documented oxidation
thermodynamics of Fe-Nd-B magnets®. The separation window for sulfidation expressed in
[Ps2/Psoz]crit for Fe,O3 and Ln,O3 (Figure 1a) is broadly reflective of many critical material
separations, such as Sc extraction from red mud*®, recycling of Ln-transition metal catalysts®’,
and Ln recovery from electrowinning slags®®.

Recycling of (Nd,Pr,Dy)-Fe-B magnets is a promising pathway to confront critical material
supply uncertainty by redistributing the geography of Ln production, while a selective recovery
facilitated by sulfidation could address the unbalanced supply and demand of different Ln, often
termed the rare earth balance problem®. Many pyrometallurgical®®, hydrometallurgical*,

hydrogen®?, and liquid metal*®

processes have been explored for Ln recovery from (Nd,Pr,Dy)-
Fe-B, whereas Ln-Ln separation typically follows the conventional hydrometallurgical
separation pathway used in primary Ln production®’.

Following (Nd,Pr,Dy)-Fe-B demagnetization, crushing, Ni coating removal, and calcination
(Methods), (Nd,Pr,Dy)-Fe-B magnet oxide was selectively sulfidized, forming FeS with

(Nd,Pr,B),03 inclusions approximately 20-100 um in size (Figure 2b). This size is promising to

support comminution and physical separation of oxide and sulfide phases through optimization
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of nucleation, growth, and coarsening phenomena. Ln,O,S formation was thermodynamically
predicted to accompany Fe,O3 sulfidation, yet was Kinetically suppressed due to insufficient
thermal activation. A combined Ln metals basis purity in the oxide regions of 99.7 mass% was
achieved. Surprisingly, Dy was enriched in the FeS phase compared to the oxide region (Figure
E6), even without the CDSR required for sulfidation of pure Ln,Os. The corresponding
distribution ratio of Dy and Nd between the oxide inclusions and FeS phase, referred to as the
separation factor in hydrometallurgy (Supplemental), was observed to be 711, a 100x
improvement to Ln-Ln separation over emerging** or state of the art® hydrometallurgical
processing. The unexpected, highly-effective partitioning of Dy apart from Nd/Pr is attributed to
unknown solution thermodynamics of Ln-B-O-S systems, noting the role of B in accentuating Ln
thermodynamic differences. This has been observed before for other, sulfur-free, Ln-Ln
separations via borate crystalization'*. Herein selective sulfidation for (Nd,Pr,Dy)-Fe-B magnet
recycling, in addition to being a promising avenue for stabilizing and diversifying Ln supply,
demonstrates the power of our novel, integrated, insights into solution thermodynamics and
reaction kinetics for design of effective selective sulfidation separation systems.

Rare Earth Element Mineral Processing

For selective sulfidation of materials with high [Ps2/Psoz]crit, Ps2/Pso2 can be controlled through
CDSR, as discussed here for separation of elements from mixed oxide phases. Among the most
commercially-relevant sources of Ln remain fluorocarbonate (bastnaesite, LnCO3F) and
phosphate (monazite/xenotime, LnPO,) minerals®. They currently call for unsustainable’* acid
or alkali roasting to decompose mixed-element and polyatomic anions, to manage normally-
occurring radioactive materials (NORMS) such as thorium, and to form soluble compounds prior

to solvent extraction for Ln separation®. More sustainable defluorination, dephosphorization, and
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dethoriation technologies have been proposed previously, but were less apt for subsequent
liquid-liquid hydrometallurgy. They however provide conditions for the formation of Ln,O3 or
Ln,0O,S feed, suitable for selective sulfidation.

Upon heating, LnCOsF decomposes to LnOF and CO;, with sulfidation of LnOF presently
untenable for defluorination due to the formation of Ln oxyfluorosulfide (Table S12). However,
defluorination of LnCOsF is readily conducted via roasting with Na,COgs, forming Ln;O03, CO;,

846 \We herein observed

and water-soluble NaF that is easily removable via washing
dephosphorization of LnPO, via sulfidation with CaCOj3 to form Ln,0O,S, SO,, and calcium
phosphate (Table S13) which is readily separated from Ln compounds via physical separation®.
Merritt demonstrated that during monazite sulfidation in the presence of Na,COgs, thorium
partitions to a separate oxide phase from Ln,0,S*', consistent with our sulfidation series (Figure
1a), supporting dethoriation of Ln,Ozand LnPQO, via sulfidation and physical separation. We also
observed that sulfidation followed by calcination (sulfidative sintering) of finely-liberated (25-45
um particle size) synthetic, defluorinated, dethoriated, bastnaesite results in sintered Ln,O3
particle sizes of up to 200 um or more.

Following defluorination, dethoriation, and sulfidative-sintering, CDSR is leveraged for Ln
separation via selective sulfidation of synthetic bastnaesite mixed with carbon at a mass feed
ratio of Ln,O3/ C =0.1 (Ln = La, Ce, Pr, Nd). Nd-rich Ln,0,S, La-rich Ln;90S14, and Ln,S;
product phases were observed through EPMA/WDS, demonstrating that selective enrichment of
individual Ln from rare earth minerals is feasible via selective sulfidation (Figure 2c). Ln,0,S
and Ln;o0S14 phases were on the order of 20-100 pum in size (Figure E7), likely large enough for

liberation and physical separation through process refinement, with Ln,S; phases typically 10-20

um in size and less-prevalent. A tradeoff exists between sulfidation selectivity, maximized at
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shorter solid residence times, and growth/coarsening of large phases that support liberation and
physical separation, maximized at longer solid residence times. Optimization of sulfidation
kinetics for Ln separation is presently hindered by unknown Ln,0,S/Ln;o0S14/LN,S;3 reaction,
nucleation, and growth phenomena, in addition to uncharted Ln,O,S/Ln;90S14 solution
thermodynamics. Opportunities for increasing selectivity exist, for example with the addition of
components that accentuate differences in Ln solution behavior, such as observed for boron in
Ln separations from (Nd,Pr,Dy)-Fe-B magnets. With further understanding of oxysulfide
thermodynamics and structure, the results show that CDSR is a powerful tool for tuning
sulfidation selectivity in systems with high [Ps2/Pso2]crit, such as for Ln separation.
Technoeconomic Considerations

Selective sulfidation as investigated herein can be conducted at scale in conventional
pyrometallurgical reactors for feed drying, roasting, and sulfidation. The product of sulfidation
can be processed with conventional beneficiation technologies for comminution and physical
separation of product phases. The capital structure of these processes is well-established*®,
allowing for economic comparison of the capital costs (CAPEX) of selective sulfidation to
presently-deployed hydrometallurgical technologies using scaling factor estimates (Supplemental
Materials, Table S14). Comparison of operating cost (OPEX) meanwhile is hindered by
unquantified variations depending on the location. Those include the actual materials feedstocks,
the OPEX for hydrometallurgy at each location, and proprietary liquid-liquid extractor chemistry
and liquid-liquid contactor employed?®.

The CAPEX of a generic, binary metal separation from equimolar mixed oxides is estimated for
hydrometallurgical processing. Its flow-sheet consists of acid roasting for impurity removal and

formation of soluble metal compounds, gas treatment, leaching of the target elements, solvent
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extraction for metal element separation, and precipitation of product metal compounds, with
conditions reported in Table S15. Meanwhile, the CAPEX and OPEX for separation via selective
sulfidation from the same mix is estimated by considering air separation for nitrogen carrier gas
production, carbon-free sulfidation in a multihearth fluidized bed reactor, comminution, physical
separation via froth flotation, and downstream gas handling and treatment (Figure E8), with
conditions reported in Table S16-S17. The costs of some possible sulfidation feed preparation
and impurity management techniques, such as feed drying, dehalogenation or dephosphorization
via roasting/calcination, and sulfidation/calcination for sintering of material feeds are also
considered, as well as costs surrounding the carbothermically-driven sulfur reflux (CDSR)
(Figure S1-S3). Sensitivity analysis is conducted via Monte Carlo simulation as described in
Methods and Supplemental Materials over conditions reported in Tables S15-S17, and is
presented in Figures E9 and S4-S6.

For the generic binary separation of equimolar mixed metal oxides, the selective sulfidation
pathway is predicted to offer 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 respectively® (Figure 3a). The OPEX of selective
sulfidation is predicted to be on the order of $50, $100, and $300 per tonne of feed at feed
capacities of 1,000, 100, and 10 kilotonnes per year respectively (Table S18). Attribution of
CAPEX and OPEX to individual processing steps are presented in Figures S5-S6. Pretreatment
steps for feed drying, sintering, and roasting/calcination each marginally increase the CAPEX
and OPEX of selective sulfidation by 10% to 20%. 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
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and impurities, labor costs and utilization, level of automation, greenfield versus established
facility, CAPEX versus OPEX tradeoffs, etc.) and further refinement of sulfidation operating
conditions and chemistries will be necessary. Regional and organizationally-specific factors
pertaining to cost of capital, depreciation, and amortization are also critical for understanding the
economic competitiveness of selective sulfidation.

Sustainability Considerations

Deploying selective sulfidation for f-block and d-block element separation means shifting from
hydrometallurgy and chemical separations to pyrometallurgy and physical separations. To
contextualize this shift, selective sulfidation / physical separation is compared via life cycle
assessment (LCA) over equivalent system boundaries and functional units to industrial
hydrometallurgy processes for alkali fusion / leaching of zirconium-silicon, dissolution /
selective precipitation of iron-titanium, and acid roasting / solvent extraction of rare earth
elements®*°. These processes are broadly representative of a range of hydrometallurgical
technologies employed industrially, and all utilize a series of selective hydrometallurgical steps
coupled with non-selective pyrometallurgical roasting. For a generic sulfidation process without
CDSR (as described in Technoeconomic Consideration, Figure E8), 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 CO»-eq, 9x10° (+/- 5x10°) kg of SO,-eq, and 9 (+/- 4) kg H,O
respectively per kg of feed, presented in Figure E10. The inclusion of pretreatments such as feed
drying, calcination/roasting, and sintering (Figure S2) on average increase GWP by about 50%,
WRD by 30% and TA by double over the base case (Table S18). The use of CDSR in selective
sulfidation (Figures S1, S3) meanwhile increases GWP by a factor of 4-5x and WRD by a factor

of 3-4x. This suggests that CDSR is best reserved for use in materials separation challenges
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plagued by particularly high environmental impacts, such as rare earth element production.
Sensitivity analysis is conducted through Monte Carlo simulation over conditions reported in
Tables S16-S17, detailed in Methods and Supplemental Materials. The sustainability of every
materials separation challenge is influenced differently by feedstock chemistry, grade, and
purity, and deserves its own detailed analysis beyond the generic sulfidation pathway proposed
in Technoeconomic Considerations.

For the environmental case studies of zirconium-silicon, iron-titanium, and rare earth element
separation, process flowsheets and system boundaries for selective sulfidation are included in
Figures S7-S10. The operating conditions are found in Tables S19-S21 and their detailed life
cycle inventories in Tables S22-S24. Processing steps, assumptions, and allocation strategies
(Table S25) are discussed in Methods and Supplemental Materials. Selective sulfidation with
physical separation is predicted to reduce the GWP by over 80% when compared to both the
hydrometallurgical zirconium-silicon and titanium-iron separations*® (Figure 3b, Table S26).
Meanwhile, selective sulfidation with CDSR and physical separation for rare earth separation is
predicted to reduce GWP by 60-90%, TA by 70%, and WRD by 65-85% versus conventional®
hydrometallurgical processing of bastnaesite via acid roasting, leaching, and solvent extraction
(Figure 3b, Tables S26-S27). Uncertainty exists due to a lack of primary process operational
data, proprietary in the case of published hydrometallurgy studies, and undemonstrated at
commercial scale in the case of selective sulfidation. The anticipated environmental
improvements compared to water and energy-intensive hydrometallurgy are not surprising
however, as sulfidation requires limited energy inputs due to the exothermic nature of sulfidation
reactions (Tables S28-S30) and effective sulfur dioxide emissions abatement methods.

Meanwhile, comminution and physical separations are expected to be less energy-intensive than
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leaching for separation of products with the grain sizes obtained via selective sulfidation®. Our
results indicate that when pyrometallurgical methods are sufficiently selective to minimize the
need for subsequent hydrometallurgical treatments, as demonstrated experimentally herein using
selective sulfidation, the environmental impact of materials processing may be lowered.
Conclusions

Processing of critical d and f-block elements for high-tech and green technologies presently
requires expensive and unsustainable hydrometallurgical separations, yet sulfur chemistry can
support alternative separation methods with environmental benefits and cost competitiveness.
We show for the first time that through an integrated view of thermodynamics and kinetics,
selective sulfidation is applicable for difficult rare earth and transition metal separations, such as
required for rare earth magnet and lithium ion battery recycling. While sulfidation and
subsequent physical separation processes require optimization, the framework established herein
charts a new path forward for reducing the water demand, energy usage, emissions, and materials
costs of an electrified, sustainable future.
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Main Figures

Figure 1: Sulfur to sulfur dioxide ratio for selective sulfidation of metals, and the

corresponding gaseous space time, space velocity, and carbothermically-driven sulfur

reflux (CDSR) levers. a — Oxide-sulfide anion exchange chemistry exacerbates the

thermodynamic differences between metal compounds, illustrated at 1000°C in the relative

19



437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

spacing and order of elements across the span of Ps,/Pso, dioxide ratios required for oxide
sulfidation (y-axis [Ps2/Pso2]crit) and the sulfur or oxygen partial pressures for oxide or sulfide
reduction to metal (color for [Ps;]crit and x-axis for [Po2]erit), as described by the reactions
tabulated in Table S1. b — [Ps2/Pso2]erit IS et in a sulfidation reactor for a maximum gas space
time (t™™pace, left) or minimum space velocity (vV™space, right) through control of the carbon to
metal oxide molar feed ratio (C/M,03) via CDSR, tabulated here for a well-mixed gas phase at
1000°C and M,03 at 60% of its melting temperature (homologous temperature, Ty) using La,O3
sulfidation kinetics observed for the same Ty. Excess carbon addition results in selectivity
challenges for the [Psa/Psoz]erit Characteristic of many transition metals (~10 to ~10™%) due to co-
sulfidation at a given ™™ pace and vV™"space.

Figure 2: Application of selective sulfidation for lithium ion battery recycling (a), rare
earth magnet recycling (b), and rare earth mineral processing (c). a — LiNiy3sMny3C01/30,
(abbr. NMC111 or NMC333) sulfidized for one hour at 1000°C which separates into Ni-rich
sulfide (1, Nig75C00.25S), Co-rich sulfide (2, Nig33C0067S), and Mn oxysulfide (3, MNOg»Sp s)
phases as identified with SEM/EDX of approximately 100-200 pum in size (SEM/BEC image). b
— Rare earth, iron, boron ((Nd,Pr,Dy)-Fe-B) magnet demagnetized at 500°C, ground to 90-212
um, calcined at 1000°C, and sulfidized for one hour at 1200°C separates into neodymium-rich
regions (1, Ndig70Pr4.26DY<0.01F€0.16B10.35066.47S0.06) precipitated out from the iron-rich (2,
Ndo.13Pr0.02DY0.04F€45.55B<0.0101.29S52.06) Sulfide phases as identified with WDS/EPMA of
approximately 20-100 pum in size (SEM/BEC image). This corresponds to separation factors for
Nd/Fe of 40500, Pr/Fe of 51400, Nd/Dy of 712, and Pr/Dy of 903 between the oxide (1) and
sulfide (2) phases. ¢ — Synthetic 25-45 pum, defluorinated, dethoriated, light rare earth element

(Ln) bastnaesite ((Ce,La,Pr,Nd),0s) sulfidatively sintered to 100-300 pm, then sulfidized with

20



460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

carbon (C / Ln,O3 mass ratio = 0.12) four one hour at 1400°C, which separates into Ln;g0Sy4 (1)
and neodymium-enriched, La-depleted Ln,0O,S (2, Nd 1.6x enriched from bulk, La 0.7x depleted
from bulk) phases of approximately 20-100 um in size as identified with WDS/EPMA, with less-
prevalent Ln,S; phases 10-20 um in size (polarized optical image, 90°).

Figure 3: Capital costs and environmental impact estimates for selective sulfidation
coupled with physical separation, compared with conventional hydrometallurgical
processing. a — Selective sulfidation with physical separation is predicted to exhibit lower total
fixed capital costs for binary metal oxide (Ma, Mg) separations than conventional mixer-settler
or pulsed column liquid-liquid hydrometallurgy with acid roasting and leaching pretreatments,
for both transition metals (hydrometallurgical separation factor § = 10,000) and rare earth metals
(B = 1.5). Error bars correspond to +/- one standard deviation, as determined through Monte
Carlo analysis. b. — Selective sulfidation (symbol: 0) with physical separation is predicted to
show significantly lower global warming potential than conventional hydrometallurgical
technologies (symbol: <) such as alkali fusion with leaching (Zr-Si separation), leaching with
selective precipitation (Ti-Fe separation), and acid roasting with leaching and solvent extraction
(rare earth element separation). Data for hydrometallurgical technologies are adopted from
published studies®*. Error bars determined through Monte Carlo analysis correspond to +/- 2
standard deviations. System boundaries, operating conditions, life cycle inventories, and
allocation methods are included in Figures S7-S10 and Tables S22-S24.

Methods

Sulfidation Precursors

For sulfidation experiments, elemental sulfur (99.5%, sublimed, Acros Organics) was utilized as

the sulfidizing agent, with argon (99.95%, UHP300, Airgas) as a carrier gas. For sulfidation
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reactions where elevated levels of SO, were required, sulfur was combusted with oxygen (O,
UHP300, Airgas) and used as a carrier gas in conjunction with argon. For sulfidation reaction
Kinetics studies, lanthanum(l11) oxide (La>O3, 99.99% trace metal basis, Acros Organics) was
utilized as the oxide precursor. The particle size distribution was determined via laser diffraction
(Beckman Coulter Inc., LS 13320) of oxide samples suspended in water. The Brunauer—
Emmett—Teller (BET) specific surface area was measured via N, gas absorption (Micromeritics
ASAP 2020 surface area and porosity analyzer).

For demonstration of sulfidation of other pure oxides and carbonates, scandium(l11) oxide
(Sc203), zirconium(1V) oxide (ZrO2, 99.5% metals basis, 1 um APS, Alfa Aesar), tungsten(\V1)
oxide (WOs3, <100nm, Aldrich), calcium carbonate (CaCOs, 99.0% purity, Alfa Aesar), and
strontium carbonate (SrCOs, 99% Sr, 1% Ba, -325 mesh, Alfa Aesar) were utilized as precursors.
Target particle sizes for sulfidation precursors, when not specified by the supplier, were achieved
by grinding oxide and carbon precursors using a mortar and pestle, and separated by particle size
via sieving with stacking mesh trays.

For nickel-manganese-cobalt oxide (NMC) battery cathode recycling, simulated NMC cathode
(LiNiy3Mny3C01/302, 98% purity, <0.5 pm, Aldrich) and alumina (Al,O3, 99.95% metals basis,
0.25-0.45 um APS powder, Alpha Aesar) were utilized as oxide precursors.

For rare earth magnet recycling, nickel-plated iron-neodymium-praseodymium-dysprosium-
boron magnet cubes (Ni-plated Fe-Nd-Pr-Dy-B, Grade 45, 6.25mm, McMaster-Carr) were
demagnetized by heating under air at 500°C for two hours, then crushed to 90-212 pm in size.
During crushing, the nickel coating deformed instead of shattered and was readily separated from
Fe-Nd-Pr-Dy-B during sieving. Following crushing and sieving, Fe-Nd-Pr-Dy-B was calcined

under air at 1000°C for 5 hours in a boron nitride crucible (20 mm OD, 14 mm ID, 32 mm depth,
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3 mm bottom thickness) fabricated in-house from machinable boron nitride rod stock (BN, Saint-
Gobain). Following calcination, the Fe-Nd-Pr-Dy-B-oxide was reground to 90-212 pm in size,
forming the sulfidation precursor.

For rare earth mineral processing, monazite was simulated using lanthanum phosphate hydrate
(LaPO4*xH0, Alfa Aesar) dehydrated by heating to 1200°C over the course of 3 hours.
Bastnaesite was simulated using lanthanum oxyfluoride synthesized from lanthanum(l1l) oxide
(Laz03, 99.99% trace metal basis, Acros Organics) mixed stoichiometrically with lanthanum
fluoride (LaF; anhydrous, 99.9% rare earth oxide basis, Alfa Aesar), then held at 1427°C for 28
hours in a graphite crucible under argon. For dephosphorization and defluorination, calcium
carbonate (CaCOs3, ACS 99.0%, Alfa Aesar) was employed. Dethoriated, defluorinated
bastnaesite was simulated by mixing cerium(IV) oxide (CeO,, 99.9% metals basis, Aldrich
Chemistry), lanthanum(I11) oxide (La;O3, 99.99% trace metal basis, Acros Organics),
neodymium oxide (neodymium(lll) oxide (Nd,O3, 99.9%-Nd REO basis, Strem Chemicals), and
praseodymium (I11,1V) oxide (PrsO11, 99.9%-Pr REO basis, Strem Chemicals) in ratio to match
the metal content of natural bastnaesite from Mountain Pass, California, USA*®. The mixed rare
earth oxide was pressed into a rod (1.2 cm diameter, 8 cm long), sintered under air at 1580°C for
10 hours, then melted under argon in a floating zone optical furnace. Solidified mixed rare earth
oxide was then ground to 25-45 um in size, forming the synthetic dethoriated, defluorinated
bastnaesite sulfidation precursor. To sulfidatively sinter the 25-45 pum synthetic dethoriated,
defluorinated bastnaesite, the powder was sulfidized at 1450°C in a carbon crucible (see below)
using sulfur gas at a partial pressure of 0.05-0.2 atm in argon carrier gas. The resulting sulfidized

chunk was ground to 90-212 um in size, then calcined under air at 1000°C for 5 hours in an
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alumina weigh boat. For selective sulfidation, graphite (C, 99.995%, Alfa Aesar) ground to 90-
212 pm in size was utilized as the carbon source.

Sulfidation Reactor

Sulfidation experiments were performed in either a graphite or alumina packed-bed reactor, held
within an alumina tube (600 mm length, 25mm OD, 21 mm ID) in a vertical tube furnace (Figure
E3). For pure species sulfidation experiments, a graphite reactor was utilized, which was
machined in-house from EDM graphite (Isostatically Pressed, EC-12 / AC-12, Tokai Carbon) in
two parts — a graphite outer crucible (20 mm OD, 18 mm ID, 35 mm depth, 3mm bottom
thickness) with holes (0.8 mm diameter, spaced 2 mm apart radially and laterally from center out
to edge) in the bottom to allow for gas flow into the reactor. Placed at the bottom of the crucible
was a shorter graphite crucible oriented upside down (17.5 mm OD, 13 mm ID, 3 mm depth, 3
mm bottom thickness) with holes offset from the outer crucible (0.8 mm diameter, spaced 2mm
apart radially and laterally from center out to edge) to minimize oxide powder loss and to
provide additional carbon to the system. For selective sulfidation experiments, an alumina
reactor was utilized, which was machined in house from machinable alumina (96% Al,O3,
Rescor 960, Cotronics Corp) as a single crucible (20 mm OD, 14 mm ID, 32 mm depth, 3 mm
bottom thickness, with holes (1 mm diameter, spaced 2 mm apart radially and laterally from
center out to edge) in the bottom for gas flow into the reactor. Sulfidation precursor powder was
added to the packed bed reactor with bed porosities of 80-90% to minimize internal mass transfer
effects within the packed bed of the reactor. Minor sintering and contraction of the sulfidation
precursor powder into a pellet was observed during sulfidation, resulting in a wall gap on the
order of Imm between the crucible wall and the pellet during sulfidation, providing an

unobstructed gas flow path through the holes in the bottom of the crucible and around the pellet.
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The packed bed reactor was positioned in the hotzone of the furnace and supported on an
alumina tube (300 mm length, 20 mm OD, 16 mm ID). Inside the alumina support tube was a
stainless-steel 316 crucible (13 mm OD, 12 mm ID, depth 75 mm, bottom thickness 5 mm)
containing elemental sulfur. The sulfur in the stainless-steel crucible was melted prior to
sulfidation experiments outside of the furnace using a heat gun. Throughout the course of
sulfidation, the crucible containing sulfur was moved up towards the hotzone of the furnace
stepwise at a rate of either 2.5 mm / 2.5 minutes minute in the case of sulfidation kinetics
experiments or 5 mm /5 minutes for other sulfidation experiments via the raising of a mullite
support rod (6 mm diameter). The movement of the sulfur-containing crucible toward the furnace
hotzone allowed for the sulfur in the crucible to slowly melt then subsequently evaporate,
supplying a sulfur gas flow through the furnace at a partial pressure of 0.05-0.2 atm. Care was
taken in selection of the inner diameter of the reactor alumina support tube and the outer
diameter of the stainless-steel sulfur crucible to avoid the crucible becoming pinned within the
alumina support tube as the crucible was raised due to differences in thermal expansion. An
argon carrier gas was flowed through the reactor at a flowrate of 1000 sccm to aid in sulfur gas
transport and to minimize mass transfer limitations external to the packed bed within the reactor.
For experiments where oxygen was used as a carrier gas in conjunction to argon, the mullite
support rod also served as the oxygen inlet, facilitating combustion of sulfur with oxygen to meet
required levels of sulfur dioxide within the reactor. Unless otherwise stated, sulfidation was
conducted for 1 hour at the reaction conditions. Reaction conditions are discussed in the main
text and included in Tables S4-S13.

Gas Handling and Analysis
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For analysis of sulfidation product gasses, an IR / electrochemical gas analyzer (IR208, Infrared
Industries) was utilized to measure the composition of hydrogen sulfide (H.S), sulfur dioxide
(SO,), carbon monoxide (CO), carbon dioxide (CO,), and oxygen (O>) in the product gas stream.
Before entering the gas analyzer, the gas stream traveled through a gravity separator and particle
filters to clean the gas line of finely condensed unreacted sulfur particles that would clog the gas
analyzer. After filtration of condensed sulfur particles, the gas stream was diluted with additional
argon carrier gas to ensure that CO or SO, concentrations would not exceed the 1% upper limit
of the gas analyzer. Following analysis, the product gas was then passed through a sodium
hydroxide scrubber to remove and neutralize any H,S or SO, in the product gas line.

Even when no sulfidation reaction was taking place, H,S was observed in small flowrates (0.1-
0.5 sccm) proportional to the sulfur evaporation rate and dilution. The H,S signal was
reproducible at a given rate of sulfur introduction independent of whether oxide or sulfide was
present in the reactor. The sulfur flowrate through the course of the sulfidation reaction was
therefore determined by integrating the H,S flowrate and comparing that flowrate to the total
mass of evaporated sulfur as measured by mass loss in the stainless-steel crucible holding the
sulfur. Comparison to the total gas flow in the reactor allowed for calculation of the sulfur partial
pressure in the reactor and the partial pressure ratios of sulfur to sulfur dioxide. Integration and
mass balance over the CO, CO,, and SO,, signals allowed for determination of the conversion of
oxygen liberated from the oxide starting material as a result of sulfidation.

Sulfidized Product Flotation, Leaching, and Magnetic Separation

For flotation studies of selectively sulfidized samples, a Hallimond-style flotation cell was
constructed from quartz tubing (25 mm OD, 23 mm ID) and stainless-steel fittings fabricated in-

house (Figure E3). Compressed air at a flowrate of 100 sccm was bubbled into the column
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through a stainless steel 316 frit (20 mm diameter, 1.5 mm thickness, 2 um pore size, McMaster-
Carr) epoxied around the inside the gas inlet fitting and in the center 8 mm of the frit, providing a
region for tailings to settle. The resultant bubbles were on the order of 0.5 to 1 mm in diameter.
The inlet gas fitting with frit was connected directly to a quartz column (25 mm OD, 23 mm ID,
1.2 m height). At the top of the column was another stainless-steel fitting machined in-house that
formed a 45° connection to another quartz tube serving as a gas outlet and a T-fitting that
connected the column and gas outlet to the concentrate collector, a closed-ended quartz tube.

For flotation, potassium amyl xanthate (KAX) (CsH11KOS,, >97% purity, Tokyo Chemical
Industry) at a concentration of 5x10™ M in deionized water was employed as the collector. No
additional frothers or modifiers were utilized, however the KAX showed some frothing
character. Flotation samples were on the order of 1 — 2 grams, and conditioned in 100 mL of the
KAX solution. Upon initiating flotation, the column was filled a quarter of the way with the
KAX solution, the conditioned sample and supporting KAX solution were added, then the
column was rapidly, yet gently, filled with the remaining KAX so that the liquid level fully filled
the collector chamber and connected the collector chamber to the column, resulting in a total
KAX solution volume in the flotation cell of 750 mL. The flow of bubbles was then started and
flotation of the sample conducted. Conditioning and flotation conditions are summarized with
flotation results in Table S10. The flotation apparatus was tested in separation of copper sulfide
(CuzS, 99.5% pure metal basis, Alfa Aesar) from iron oxide (Fe,0s, 99.5% pure metal basis,
Alfa Aesar). Post flotation, the resulting concentrate and tailings were collected, dried, and
analyzed for composition via ICP-OES.

Prior to NMC cathode flotation, leaching was performed to remove soluble Li,SO, sulfidation

products that were observed to suppress the flotation of Ni-Co sulfides by KAX. The sulfidized
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NMC cathode was ground to a particle size of 149-212 um, then stirred in de-ionized water at 10
g/L, neutral pH, and 20°C for 15 minutes to leach soluble lithium. The insoluble cathode
materials were subsequently dried under vacuum at 200°C for 1 hour prior to flotation.

Magnetic separation of NMC cathodes sulfidized at 1000°C under a Psy/Pso ratio of 3, ground
to a particle size of 212-149 um, was conducted by passing a flat, rare earth magnet disk (75 mm
diameter, 3 mm thickness) directly over the ground cathode material. When sulfidized at Ps,/Pso2
ratios higher than 3, the cathode material did not respond to the magnet.

Sulfide Product Analysis

Sulfide products were analyzed for oxide to sulfide conversion via mass change and gas signal
integration (Supplemental). Additionally, for lanthanum sulfide products, LECO combustion
with oxygen was employed to determine sulfur content by quantification of SO, in the
combustion product gasses using non-dispersive infrared (NDIR) sensors. For the oxygen
content of lanthanum sulfide products, LECO gas fusion analysis was performed by heating the
sample in a graphite crucible until the oxygen of the sample fully reacted with the carbon of the
crucible, with oxygen content determined by quantification of the product CO and CO, gasses
using NDIR sensors.

Sulfide product phase analysis was conducted on samples, crushed and ground with a mortar and
pestle, via QXRD (Panalytical X'Pert MPD diffractometer), scanned over a range of 6°to 80°
with a step size of 0.0131°, count time of 250 seconds per step, using Cu radiation at
45KV/40mA. Phases were identified using powdered diffraction files published by the
International Centre for Diffraction Data or the Inorganic Crystal Structure Database.
Amorphous content was quantified by mixing a known amount of reference material (Al,O3 or

Zn0) with the sample, re-running the scan under the same conditions as without the reference,
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and comparing the two XRD patterns adjusted for differences in scattering power. The difference
between the integrated density of the peaks from the reference material and the observed
crystalline phases as a fraction of the total corresponded to the amorphous content of the
sulfidized product.

Localized microstructure and sulfidation product composition were analyzed via scanning
electron microscopy (SEM, JEOL JSM-6610LV, JEOL Ltd.) utilizing energy dispersion
spectroscopy analysis (EDS, Sirius SD detector, SGX Sensortech Ltd.). Electron probe
microanalysis and wavelength dispersive X-ray analysis (EPMA, WDS, JEOL-JXA-8200
Superprobe, JEOL Ltd.) were also employed, operated at an accelerating voltage of 15 kV, a
beam current of 20 nA, and a beam size of 1 um.

Chemical analysis of flotation and magnetic separation products were analyzed via inductively
coupled plasma optical emission spectroscopy (ICP-OES), leached in hydrofluoric acid.
Thermodynamic Analysis

Thermodynamic analysis was conducted with FactSage 8.0 using the FactPS and FToxid
databases supplemented with literature data®°. Calculated gas volumes as a function of
temperature are included in Table S31. Critical sulfur and oxygen partial pressures for metal
reduction were calculated using the Reaction module. Sulfidation gas ratios and diagrams were
calculated using the Predom module, with critical gas ratios for sulfidation found by taking the
intersection of phase domains with the relevant pressure isobars®*. Equilibrium interactions
between S-O gasses and carbon were calculated using the Equilib module, with CS, formation
taken to be suppressed®, and are included in Table S32. Detailed thermodynamic methodologies
are included in the supplemental materials.

Kinetics of Lanthanum Oxide Sulfidation
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The following reactions were 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;05 + 225, = 2La3S, +3 S0, (1)
2 1
gLa3S4 + gSz = La253 (2)
S0, +2C = 2C0 +3S, ©)

LasS, is a “lower” sulfide product that occurs prior to the formation of La,Ss, in addition to the
formation of an intermediate oxysulfide, La,O,S. With this proposed mechanism, the reaction of
LasS, to La,S; is indiscernible in IR product gas analysis (see above) due to the fact that no
additional oxygen-containing gasses would be liberated during the sulfidation of LasS, to La,Ss,
while the reactions of La,O3 to La,0,S and La,0,S to LasS, are indistinguishable in the gas
signal due to their simultaneous occurrence within the packed bed reactor. Carbothermic
refluxing of SO, to S, (Eq. 3) 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 1,5, is the rate of formation of LasSa, 75, is the rate of formation of SO, ¢ is
the rate of formation of CO, r,, is the corresponding rate of oxygen liberation during sulfidation,

k is the observed reaction rate constant, n is the reaction order in S, Ps, is the S, partial

pressure, R is the gas constant, and T is the absolute temperature:

_ 4 8 _ 18 Ps,\" r_1 (MOlLasss) —1
TLazs, = §7s0, + 5Tco = gk (E) [=] (—m3 )S (4)
9 81, (Ps,\" molp\ _1
T ==1 =—k (—) = ( )s
0 2 La354 25 RT [ ] m3 (5)
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k[=] (7’:—;)”_1 51 (6)

Considering the density of the rare earth oxide, the reaction rate (") can also be described on an

oxide mass basis with the following form, where p; is the bulk density of the solid pellet, p, 4,0,

is the density of the oxide, and € is the porosity of the pellet:

p A 8. _ Ei(’ﬁ)n =1 (Oltasss ) o1
rLa354, - 9T502 + QTCO - 25 pg \RT [_] kgLa203 S (7)
9 _Ei(ﬁ)" =1 ("ol g1
To = ZrLa354 ~ 25 pB \ RT [_] kgLa,04 5 (8)
-1
I _L —_ (m_3)n m_3 -1
k' = PB [_] mol kg s (9)
P = pLa203(1 —€) (10)

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:

" 4 8 .1 18 k (Psz)n moliagsy | 1
T, =570, T 5Tco = 5z7 <\ 77 ) Ellz——)s -
LasS, 980, ' g'CO 25 pgS \RT [ ] m?La,04 ( )
mo_ 9. _ 81 k PSZ " = molo -1
0 = 3Mayss = 3555 ar) Bl )s (42
2 La3zoy 25 pgS \RT mzLa203
-1
k m? " m
SLn203PB mol S

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 m,, o, is

the initial mass of oxide:

Inr), =nln (%f) +1n (8—1—kmLa203 ) (14)

25 an203 (1_6)
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The observed activation energy (—E,) and Arrhenius pre-exponential factor (4,) are found by

fitting the natural log of k versus T~ to the natural log of the Arrhenius equation:
Ink =""2+InA, (15)

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

256384 1 order the measure

external (to the surface of the porous solid) mass transfer limitations
intrinsic chemical Kinetics, experiments must be performed in regimes where both internal and
external mass transfer limitations are shown to be negligible. Intrinsic chemical kinetics are
distinguished from external, intergrain, and intragrain mass transfer limitations following the

126488 and relevant literature data® ", detailed in the Supplemental

methodologies of Sohn et a
Materials.

Derivation of Critical Gas Flowrates for Sulfidation

The role of solid carbon on the carbothermically-driven sulfur reflux (CDSR) of SO, back into
S, (Eq. 3) is modelled to determine the Ps,/Pso; 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 (CS,) formation from the reaction of sulfur with elemental carbon is taken to be
kinetically-suppressed®?, with other C-S-O reactions taken to be fast compared to the sulfidation
reaction, existing at quasi-equilibrium, tabulated in Table S32. For different carbon sources or
reactors with different transport phenomena, CS, formation may be present, yet may still be
accounted for by following the framework herein. 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

catalysis®. By conducting a mass balance over the rate of gas introduction into the reactor, the
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rate of the sulfidation reaction, the rate of CDSR, and the rate of gas phase reactions with SO,
the maximum average gas residence time to support sulfidation, known as the space time
(Tgpace), and its inverse known as the minimum space velocity (vs’gf}@e), may be calculated as a
function of sulfidation Kinetics, reaction temperature, carbon feed content, and [Psa/Psoz]crit-
Derivation of 7577, and v;ggge are detailed in the supplemental materials.

Technoeconomic Study

The capital cost (CAPEX) of a generic, binary metal separation from equimolar mixed oxides is
estimated for hydrometallurgical processing, consisting of acid roasting for impurity removal and
formation of soluble metal compounds, product gas treatment, leaching of the target elements,
solvent extraction for metal element separation, and precipitation of product metal compounds.
Mixer-settler and pulsed column liquid-liquid separators are sized based on process chemistry

and conditions*® 74"

, each operating at hydrometallurgical separation factors of 1.5 and 10,000,
representative of f-block and d-block element separations respectively®”’”. Meanwhile, the
CAPEX of the same separation via selective sulfidation is estimated by considering air
separation for nitrogen 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 of some possible material feed preparation 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
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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. The
CAPEX of individual unit operations is estimated using scaling relations based on equipment

size, energy usage, throughput, or other relevant operating parameters*® 8"

, Which are included
in Table S14 and discussed in the Supplemental Materials. Location factors’® (Table S33) may
be employed to consider geographic differences. For all CAPEX cost curves utilized herein,
American Association of Cost Engineers International Class 4 methodology is employed, with an
error of +30%%°.

Operating costs (OPEX) of the generic selective sulfidation processes described above are
estimated from reagent, utility, and waste treatment usage and 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"®"37981-8 Revenue credits from
byproduct sulfuric acid production are excluded in OPEX analysis. 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.
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Sensitivity analysis for OPEX and CAPEX is conducted via Monte Carlo simulation® at
selective sulfidation feed capacities of 10, 100, and 1000 kilotonnes per year. At each feed
capacity, 360,000 iterations of the CAPEX and OPEX models were conducted. Operating
parameters, 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 distributions were taken as -50 to +100% of the base value®. Thermodynamic inputs
for mass and energy balances were randomly varied using coupled discrete, uniform distributions
across the sulfidation chemistries of copper (Cu,0), neodymium, and nickel oxides (NiO) each
with and without employment of CDSR, as outlined in Table S16.

For technoeconomic assessment of selective sulfidation, mass balances, energy balances, and
economic data are calculated using spreadsheets constructed in Microsoft Excel. Bounds for
variables are tabulated in separate Excel spreadsheets (Table S16-S17), with variable
distributions used in Monte Carlo sensitivity analysis generated and iteratively substituted into
the spreadsheets for mass balances, energy balances, and economic data using MATLAB scripts.
CAPEX and OPEX results are iteratively read and aggregated using separate MATLAB scripts.
For technoeconomic assessment of hydrometallurgical processes, economic data calculations and
Monte Carlo sensitivity analysis are conducted using MATLAB scripts, with variable bounds
tabulated in an Excel spreadsheet (Table S15). The implementation and integration of MATLAB
scripts with Excel are further discussed in the supplemental materials. MATLAB scripts and
Excel spreadsheets are available as described in Code Availability.

Environmental Impact Study
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The environmental impact of selective sulfidation is estimated for the same generic materials
separation processes considered in the Technoeconomic Study via life cycle assessment (LCA)
across the impact categories of global warming potential (GWP), terrestrial acidification (TA),
and water resource depletion (WRD). The system boundary is defined to be an input of mixed-
metal oxide and an output of physically-separated oxide and sulfide. A functional unit of 1 kg of
feed oxide is utilized to avoid making assumptions about feed grade or product yield. Processing
pathways with and without feed pretreatments (Technoeconomic Study) and with and without
carbothermically-driven sulfur reflux (CDSR) are considered, and shown with system boundaries
in Figures E8 and S1-S3. To avoid the need for allocation of environmental impacts between
coproducts as recommended by 1SO 14040%°, system boundaries are established so that the
impacts associated with any by-and or coproducts are fully attributed to processing the feed
oxide. Life cycle intensity data for inputs into the generic sulfidation process are derived from

ecoinvent 3.6% global averages and representative literature data®

, with impacts quantified
using TRACI 2.1% and other United States Environmental Protection Agency and Unite States
Energy Information Agency data®™. Sensitivity analyses is conducted using Monte Carlo
simulation as outlined in the Technoeconomic Study and discussed in the Supplemental
Materials.

Due to the strong dependence of environmental impact on system chemistry observed in the
Monte Carlo simulation, the environmental impacts of utilizing selective-sulfidation-based
pathways are calculated for three case studies via LCA. Zirconium-silicon separation from
zircon, iron-titanium separation from ilmenite, and rare earth element separation from bastnaesite

are considered. These case studies are selected for two reasons: 1 — the existing processes —

alkali fusion, the sulfate process, and acid roasting/leaching/solvent extraction respectively —
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819  each involve a combination of non-selective pyrometallurgical and selective hydrometallurgical
820  processes, serving to elucidate the possible environmental impact reduction by increasing the
821  selectivity of pyrometallurgical treatments using sulfidation chemistry. 2 — each of these

822  processes has well-documented feed chemistry, LCA data, system boundaries, and allocation

823  strategies for the standard processing route®*°

, supporting fair comparison of impacts between
824  selective sulfidation with physical separation and hydrometallurgical chemical separation.

825  The environmental impact of zirconium oxide and silicon oxide separation from zircon is

826  compared between the standard alkali fusion process and selective sulfidation using LCA.

827  Environmental impact data for alkali fusion is available in a published study“®. System

828  boundaries for selective sulfidation are defined to be an input of zircon, and an output of silicon
829  and mixed zirconium-hafnium oxide as shown in Figure S7. Processing steps and assumptions
830 are detailed in Supplemental Materials. A functional unit of 1 kg of zirconium oxide is adopted
831  for the impact categories of GWP, TA, and WRD. Division of environmental impacts between
832  coproducts is conducted via the 1ISO 14040 hierarchy. Allocation of impacts between zirconium
833  and hafnium product oxides are conducted on a mass basis, as described in Table S25. The same
834 allocation fractions are adopted herein as those for the published study® on the alkali fusion

835  process, supporting equitable comparison of impacts between the pathways. The detailed life
836  cycle inventory (LCI) for selective sulfidation is included in Table S22 and discussed in the

837  Supplemental Materials. Supporting sulfidation thermodynamic data is derived from FactSage
838 8.0andis included in Table S29.

839  The environmental impact of iron-titanium oxide separation from ilmenite is compared between

840 the standard sulfate process and selective sulfidation using life cycle assessment. LCA impact

841  data for the sulfate process is available in a published study®. System boundaries for selective
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sulfidation are defined to be an input of ilmenite, and an output of titanium dioxide and iron
sulfide, as shown in Figure S8. Processing steps and assumptions are detailed in Supplemental
Materials. 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 process, environmental impacts
for processing of ilmenite to titanium dioxide 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 detailed LCI for selective sulfidation is included in
Table S23 and discussed in the Supplemental Materials. Supporting sulfidation thermodynamic
data is derived from FactSage 8.0 and is included in Table S30.

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
study®. 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, processed at the world’s
largest rare earth element producer at the Bayan Obo facility in China, with processing steps and
assumptions detailed in the Supplemental Materials. 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 coproducts as recommended by 1SO 14040%°,
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 study® on
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the hydrometallurgical route, which also reports impacts for a functional unit of 1 kg of total

separated rare earth oxides. The detailed LCI for selective sulfidation is included in Table S24

and discussed in the Supplemental Materials. Supporting sulfidation thermodynamic data is

derived from FactSage 8.0, using neodymium (I11) oxide as a model system, and is included in

Table S28.

For environmental assessment of selective sulfidation, mass and energy balances are calculated

using the same spreadsheets as for technoeconomic evaluation. Bounds for variables are

tabulated in separate Excel spreadsheets (Table S16-S17), with variable distributions used in

Monte Carlo sensitivity analysis generated and iteratively substituted into the spreadsheets for

mass balances, energy balances, and economic data using MATLAB scripts. Mass and energy

balance results are iteratively read and aggregated using separate MATLAB scripts, where they

are converted to environmental impacts. The implementation and integration of MATLAB

scripts with Excel are further discussed in the supplemental materials®®. MATLAB scripts and

Excel spreadsheets are available as described in Code Availability.
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Extended Figures

Figure E1: Gas species partial pressures as thermodynamic levers to control compound
stability.

a- Sc-0O-S Kellogg diagram (T = 1000°C, 1 atm), illustrating the role of Psy, Po,, and Pso, on
scandium compound stability. b- Fe-O-S-C predominance diagram, illustrating the role of Pco,
Pcoz, Ps2, and Pso, on iron compound stability (Ps, fixed at 0.05 atm). The sulfide becomes the
only stable compound of Fe in the presence of carbon at increasing Ps, values, as for many

critical metals including Co, In, Mn, Ni, Sn, W, and Zn. In a and b, solid lines correspond to
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phase domains, dotted line correspond to equilibrium gas compositions at 1 atm total pressure,
and dashed lines correspond to Psop.

Figure E2: Reaction and solution contributions to sulfidation selectivity. a,b — For a generic
sulfidation reaction where M is a metal, 3, v, 6, €, ¢, and n are stoichiometric factors, A.G° is the
standard Gibbs energy of reaction, a is the activity, P is the partial pressure, R is the gas
constant, and T is the absolute temperature, contributions to a stoichiometric-dependent critical

Ps, [ Pgo, ratio (y) for sulfidation to occur may be divided between reaction (i),..,) and solution

(Ws01) effects:

4¢ _ 4B 2(ye-BJ)
2Bn+ye—28e—Bq MBOYSS + SZ - 2pn+ye—28e—Bq MEO(S" + 2pn+ye—28e—Bq SOZ
4B
ArG® aMEOzSnzﬁnﬂ/e—zae—B( Ps
logqo (e K ) +1logyo 7e = logyo 2vepn— | =¥
aMBOYSSZBn+ye—255—B{ Psozzﬁnﬂle—zde—B{

ArG®

logyo (eW) = Yran

4B
aMGO(SnZBn+ye—Z(SE—B(

logy Ze =Ys01
aMBOySSZBn+ye—25e—B(

When ..., > Py, the sulfidation thermodynamics are reaction-dominated, solution effects are
minimal, and the sulfidation thermodynamics are well-described by those of the pure compound.
When Y5, > Y,n, 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. c¢,d - Equilibrium sulfur to sulfur dioxide ratio as a function of sulfur partial pressure

and temperature at 1 atm for a gas consisting exclusively of sulfur-oxygen-containing species at
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Figure E3: Packed-bed flow-through reactor employed for selective sulfidation (a) and
Hallimond cell used for flotation separation of sulfides from oxides (b).

Figure E4: Lanthanum oxide sulfidation reaction kinetics as measured in a graphite
packed bed reactor. a — Conversion vs time as a function of temperature shows reaction rate
increasing with temperature, consistent with the notion of thermal activation of the reaction. b —
Sulfur partial pressure corresponding to conversion rate in a. ¢ — Modified Sherwood number
(Sh") for lanthanum oxide sulfidation kinetics experiments. Following Sohn’s criteria®, for

Sh' > 30 external mass transfer limitations to the observed reaction rate are negligible. d. —
Fluid-solid reaction modulus (&) for lanthanum oxide sulfidation kinetic experiments. For

62 < 0.01, intergrain diffusion limitations to the observed rate of reaction are negligible®.
Intragrain diffusion limitations are addressed in the Supplemental Materials and Table S3. e —
Comparison of the kinetically-limited (Supplemental Materials) rate of oxygen liberation for
sulfidation vs sulfur gas concentration. The slope of natural log of the oxygen liberation rate vs
the natural log of the sulfur concentration is the reaction order, observed to be approximately
first order with respect to sulfur. f — Arrhenius plot of the natural log of the reaction rate constant
Vs inverse temperature. The activation energy is found to be 114 kJ/mol, with a pre-exponential
factor of 1.08x10* s™.

Figure E5: Selective sulfidation of LiNiy3Mny3C0130, (abbr. NMC111 or NMC333)
separated into Ni-rich sulfide (1), Co-rich sulfide (2), and Mn oxysulfide (3) phases. a-
Optical dark field image showing Ni, Co, and Mn-rich phases coalesced to approximately 100-

500 um in size that support physical separation following at 1000°C. b- SEM-EDS analysis
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reveals distinct Ni-rich sulfide (1, Nig75C00.25S), Co-rich sulfide (2, Nig33C0067S), and Mn
oxysulfide (3, MnOg2Sp s) phases. c- SEM-EDS maps illustrate minimal Mn inclusion in Ni-Co
phases and vice versa post-sulfidation.

Figure E6: Selective sulfidation of calcined rare earth, iron, boron ((Nd,Pr,Dy)-Fe-B)
magnet separated into an iron-rich sulfide phase (1) with neodymium-rich oxide (2)
inclusions. a — Upon sulfidation, calcined (Nd,Pr,Dy)-Fe-B particles 90-212 um in size sintered
to approximately 1-2 mm in size, with Nd-rich oxide (1) regions approximately 20-100 pm in
size that are large enough to support physical separation from the bulk Fe-rich sulfide (2) phases
(SEM/BEC image). b — SEM-EDS analysis reveals minimal inclusion of Fe,Dy into the Nd,Pr-
rich inclusions and vice versa post-sulfidation.

Figure E7: Sulfidative sintering and selective sulfidation of synthetic defluorinated,
dethoriated, light rare earth element bastnaesite (Ln,O3) separates into neodymium-rich
and lanthanume-rich phases. a — Ln,O3 particles (25-45 pum) sulfidized with carbon in an
alumina flow-through packed-bed reactor at 1400°C sintered to approximately 100-300 um in
size (darkfield optical image). b — Ln;00S14 (1) and Ln,O,S (2) approximately 20-100 um in size
are observed to form upon sulfidation, large enough to support physical separation (polarized
optical image, 90°). c — EPMA/WDS elemental analysis reveals sulfidation is selective, with Nd
enriched in the oxygen-rich Ln,O,S phase (2) and La enriched in the sulfur-rich Ln;oOS;, phase
().

Figure E8: Flowsheet of a generic selective sulfidation process. The process consists of
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 SO, recovery, and assumes an equimolar, mixed,
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binary oxide feed. The system boundary for life cycle assessment is depicted, over the impact
categories of global warming potential (GWP), terrestrial acidification (TA), and water resource
depletion (WRD), for a functional unit of 1kg of selective sulfidation feed. The impacts of flows
originating within the system boundary are evaluated from the cradle to usage in the process,
while the impacts of flows originating outside the system boundary are evaluated from the
system gate to usage in the process. The impacts of flows exiting within the system boundary
are evaluated from outlet of the process to the grave, while flows exiting outside the system
boundary are evaluated from production in the process to the system gate.

Figure E9: Capital cost (CAPEX) and operating cost (OPEX) distributions for the generic
selective sulfidation process (Figures E8, S1-S3). Distributions for selective sulfidation with
and without feed pretreatments and with and without carbothermically-driven sulfur reflux
(CDSR) are determined via Monte Carlo simulation, with probability distribution for CAPEX,
OPEX, and operating condition parameters described in Tables S14-S15. Pretreatment steps for
feed drying, sintering, and roasting/calcination each marginally increase the CAPEX and OPEX
of selective sulfidation by 10% to 20%. CDSR generally decreases CAPEX at the expense of
increases in OPEX and environmental impacts (Figure E10).

Figure E10: Global warming potential (GWP), water resource depletion (WRD), and
terrestrial acidification (TA) distributions for the generic selective sulfidation process
(Figures E8, S1-S3), with and without feed pretreatments, with and without
carbothermically-driven sulfur reflux (CDSR), for a functional unit of 1 kg of selective
sulfidation feed. Distributions are determined via Monte Carlo simulation, with probability
distribution for operating condition parameters described in Tables S14-S15. The inclusion of

feed pretreatments increases GWP by about 50%, WRD by 30% and TA by double, while CDSR
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increases GWP by a factor of 3-5x and WRD by a factor of 3-4x. 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.
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