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Abstract

Increasing demand for critical metallic elements for sustainability applications motivates new approaches
in primary and secondary production to handle falling ore grades and increasingly-convoluted recycling streams.
Separation of elements in distinct phases is generally less energy intensive than separation of elements substituted in
a single phase, a phenomenon referred to in primary extraction as the “mineralogical barrier”. Engineered materials
leverage element substitution within single phase solutions to achieve target material performance. This results in
large energy requirements during end of life recycling to selectively recover, via chemical separation, the target
elements contained within a single phase. Herein, we present selective sulfidation as a novel, pyrometallurgical
pretreatment to selectively partition target elements from a single phase into distinct, separate phases. We find such
approach may support more competitive physical separation of difficult to isolate elements that previously required
separation via complete hydrometallurgical dissolution and aqueous-organic liquid-liquid solvent extraction. We
demonstrate selective sulfidation as applied to end-of-life magnet, battery, and copper slag recycling as a means to
shift the burden of selective separation from chemical to physical processes.

Keywords: Sulfidation, Recycling, Lithium-ion batteries, Rare-earth magnets, Slag, Copper smelting, Physical
separation, Pyrometallurgy, Mineralogical barrier

Introduction

The electrification of sectors ranging from transportation® to heavy industry? stimulates growing demand
for the materials needed to establish infrastructure based on renewable technologies, spanning from base elements
such as copper and nickel® to specialty elements such as the rare earths®. Meeting growing demand for these critical
metallic elements motivates strategies for expanding both primary and secondary production®®. Addressing growing
demand in primary production requires designing processes to handle lower mineral and concentrate grades’, while
continuing to tackle the high emissions and energy usage characteristic of both conventional pyrometallurgy and
hydrometallurgy®. Meanwhile, recycling of materials from secondary feedstocks requires the reprocessing of
engineered materials designed with mixed-metal compounds and solid solutions®%. In practice, primary and
secondary production are often intertwined due to the role primary smelters play in recycling both base and rare
elements!?13, and the similar thermodynamic and energetic challenges faced in optimizing physical and chemical
separations for recovery of elements from complicated, mixed-element feedstocks!?4.

In primary production, metallic element sources can be grouped into two categories: those that exist as the
dominant cationic species in a single mineral or phase, and those that exist as minor components in phases or
minerals via atomic substitution. This distinction between physical and chemical mixtures of natural minerals is
termed the “mineralogical barrier”. Across the mineralogical barrier, energy requirements and costs are higher for
chemical separation of elements versus physical separation®®. Secondary sources of materials likewise exhibit their
own “mineralogical barrier” between systems where target elements exist as physically-separable entities — such as
cathode separation from casing materials in batteries — and systems where target elements are engineered to be in
solid solution or mixed metal compounds. The latter requires chemical separations — such as cobalt separation from
manganese in nickel-manganese-cobalt (NMC) oxide battery cathode chemistries'”. While study of the
mineralogical barrier does not replace detailed life cycle assessment with well-defined system boundaries tailored to
individual processes or materials, it serves as a useful generalization of energy use trends in materials extraction.

Theoretical and practical mineralogical barriers are compared in Figure 1 as a function of product grade in
the material feedstock, with the grades of critical elements from recycled magnet, battery, and slag sources noted*8-
20, The theoretical mineralogical barrier for a target element grade in a material feedstock may be determined by the
difference in the minimum work required to chemically extract that component from a single-phase mixture, derived
from the ideal Gibbs energy of mixing at a temperature of 25 °C, and the minimum work required for physical
liberation. This can be assessed for one spherical grouping of particles from the bulk material, derived using crack
resistance energy?! and the King liberation model?>?3. Meanwhile, a practical mineralogical barrier may be
determined by comparing the actual energy input for comminution and physical separations in mineral concentrate



production to that of leaching and solvent
extraction in chemical separations. For
physical separation processes, energy for
grinding using high intensity stirred mills and
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physical separation via froth flotation as a
function of liberated particle size is
sometimes available?*. Here it is taken from
zinc sulfide concentrate production data®®,
chosen as a model system due to the wide
range of liberation sizes practiced in the
industry. Energy requirements for high
pressure acid leaching (HPAL), solvent
extraction (SX), and electrowinning (EW) for
copper and nickel® are used as model systems
for simple hydrometallurgical chemical
separations. They provide a fair proxy due to ol

L X 10
the limited number of solvent extraction ‘ Ni Li from
stages required for separation?13, Energy
requirements for rare earth element acid
roasting, leaching, solvent extraction (SX),
and compound precipitation are used as a
model system for chemical separations
requiring numerous hydrometallurgical
separation stages®.

The practical mineralogical barrier
between physical and simple chemical
separations is observed to decrease in relative
magnitude with decreasing material grade.

At a grade of approximately 0.1 wt%, the
difference in energy requirements for material
separation via physical and simple
hydrometallurgical methods becomes
negligible. This correlation is consistent with the conventional wisdom that when minerals become too fine-grained
or low grade, leaching and hydrometallurgical processing is necessary for product recovery due to decreasing
comminution efficiency at decreasing liberation sizes. Meanwhile, with increasing material grade, the energy
reduction of physical separations over chemical separations is readily apparent. For example, at feedstock grades of
0.5 wt%, 3 wt%, 10 wt%, and 30 wt%, corresponding to copper recycling from slag, lithium recycling from lithium
ion batteries, nickel or cobalt recycling from lithium ion batteries, and lanthanide recycling from iron-lanthanide-
boron magnets respectively, the practical barrier is approximately 45,000 kwh, 19,000 kwh, 11,000 kwh, and 6,000
kWh respectively per tonne of product, or 225 kWh, 570 kWh, 1100 kWh, and 1800 kwh respectively per tonne of
feed. For pretreatment processes that enable physical separation, this can be viewed as an energy budget, effectively
a budget for conversion cost since energy use remains one of the largest contributors to operating cost in minerals
processing?®. For reference, the energy burden of copper slag cleaning in a flash furnace is approximately 100 kWh
per tonne of feed®®, and nickel smelting in an electric arc furnace is approximately 500 kWh per tonne of feed*2.
Therefore, for high-grade feedstocks where target elements are trapped in solid solutions, such as many secondary
sources of critical elements, a simple pyrometallurgical pretreatment is attractive. It must facilitate cracking of solid
solutions into physically separable phases, so that the burden of selectivity for the product elements is shifted from
chemical to physical separation processes.

Pyrometallurgical roasting processes based on sulfide chemistry are promising pretreatments for physical
separation. They offer to selectively partition target metallic elements from mixed oxide phases into sulfide
phases?’-33, allowing for liberation and physical separation based on the numerous differences in the physical
properties between oxides and sulfides!®. Sulfidation pretreatments for primary copper and nickel processing have
been successfully performed at industrial scales'?34, and are predicted to require low energy inputs due to the
exothermic nature of oxide sulfidation reactions?*. Herein, we present a thermodynamic framework for predicting
selectivity in sulfidation. We then demonstrate selective sulfidation as a pretreatment to promote metallic element

10%

Practical Mineralogical Barrier

\ Zns

2| -
10 _Theorencalelmum, hemical Separation
e B b

Specific Energy, kWh / tonne Product

1 wit% 10 wt%

Product Grade in Feed

Figure 1: Calculated theoretical and practical mineralogical
barriers suggests that physical separations are generally less
energy intensive than chemical separations at sufficiently high
target element grades in feedstocks. If the burden of selectivity
can be shifted from chemical to physical separation processes via a
suitable, energy efficient pretreatment, significant energy savings in
materials separation are possible at grades relevant for recovery of
critical elements from recycled magnet, battery, and slag sources.
(HPAL: high pressure acid leaching. SX: solvent extraction. EW:
electrowinning. Ln: lanthanide).



recovery from rare earth magnets, lithium ion batteries, and copper slag, as an avenue to shift the energy burden of
selectivity in metal recovery from chemical to physical separation methods.

Thermodynamic Framework for Selective Sulfidation

Formation of a sulfide from an oxide, oxysulfide, or sulfate may be described by the following
pyrometallurgical anion-exchange reaction, where M is a metallic element and w, ¢, v, 7, and o define the reaction
stoichiometry:

N M,04S, +S; = e M,S, + —2 50, 1)

2wo+¢T-20T 2wo+¢T-2UT 2wo+¢T-20T

Elemental sulfur is chosen as the gaseous sulfidizing agent due to its low cost® and the fact that the other
commonly-used gaseous sulfidizing agents, hydrogen sulfide and carbon disulfide, are known in the catalyst
industry to be non-selective in their sulfidation of oxides®. At thermodynamic equilibrium, the activities of the
oxide, oxysulfide, or sulfate reactant (aMwod)sv) and the sulfide product (ay,s,) are related to a stoichiometry-
dependent ratio () of the sulfur and sulfur dioxide partial pressures (Ps, and Ps,, respectively) via the standard
Gibbs energy of reaction (A,.G°), gas constant (R), and absolute temperature (T):
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In turn, ¥ describes from both pure compound behavior (U,.,,,) and solution behavior (,,,;), where activities raised
to their stoichiometric power are abbreviated by AMy,045, and Ay, -
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selectivity in sulfidation is well-captured by Figure 2: Sulfidation series for relevant chemistries considered
the behavior of the pure compounds. When herein, with the relative contributions from pure compound ({,.,,)
differences in s,,, are comparable to or and solution effects (r,,;) to the effective sulfur to sulfur dioxide
outweighed by differences in Y4, ratio required for sulfidation to occur (¢), as described in Eqgs. 1-4.
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knowledge of solution behavior is required to describe sulfidation selectivity. Unsurprisingly, the relative ease of
sulfidation of oxides roughly follows the Goldschmidt geochemical classification of elements*®, with the oxides of
chalcophile and siderophile elements generally sulfidizing at lower .., than the oxides of lithophiles. A notable
exception are the alkali and heavy alkaline earth oxides of calcium, strontium, and barium, which exhibit more
moderate .., than other lithophiles due to their natural propensity for sulfate formation*, occurring at s,
intermediate to oxide or sulfide stabilization.

For many challenging materials separations, elements requiring energy-intensive chemical separation
exhibit stark differences in Y., such as iron-neodymium in magnet recycling, nickel-cobalt in battery recycling,
and copper-silicon in slag recycling (Figure 2). Therefore, sulfide chemistry is a promising approach to shift the
burden of selectivity in separation from expensive chemical methods to less energy-intensive physical methods. In
the following sections, we demonstrate selective sulfidation as applied to rare earth magnet recycling®, lithium ion
battery recycling®®, and metal recovery from copper slags?® to overcome the practical mineralogical barrier (Figure
1) to chemical and dilute physical separations for recycling of high-grade elements from engineered materials.

Selective Sulfidation for Rare Earth Magnet Recycling

Rare earth element magnets based on iron-lanthanide-boron chemistry are essential for advanced
sustainability and electronic applications, ranging from renewable power generation to electric vehicles®. The
supply of critical and strategically-significant lanthanide elements remains problematic due to environmentally
unsustainable production®, a lack of geographic diversity in processing infrastructure that is further confounded by
illegal mining operations*, and the rare earth element balance problem® — a mismatched supply and demand of
different lanthanide coproducts with respect to their natural abundances. Recycling of high-demand lanthanides,
such as neodymium, can lower the environmental impact of processing, decentralize rare earth element production,
and selectively supplement the supply of disproportionately demanded lanthanide elements*’. As shown in Figure 1,
end of life rare earth magnets contains approximately 30 wt% lanthanides, with a neodymium grade higher than that
of natural concentrate. Due to the similarity in electronic structure between lanthanides and the resulting difficulty
in separation'4, the mineralogical barrier between chemical and physical separation processes is higher than that of
base metals, with the energy burden of conventional chemical separation predicted to be on the order of 100x larger
than an equivalent physical separation process at a lanthanide grade of 30 wt% . Numerous hydrometallurgical®s,
pyrometallurgical*®, and liquid metal*® processes have been explored for the chemical separation of elements from
rare earth magnet materials, yet current recycling processes of both end of life magnets and production waste is
complicated by the presence of oxide impurities®*®. Selective anion exchange pretreatments utilizing boron
chemistry have been shown to facilitate physical separation of rare earth elements from one another for primary
mineral processing®, but such an approach has never been attempted with sulfide chemistry. As illustrated by s, .,
in Figure 2, at a sulfur to sulfur dioxide ratio on the order of 10:1, iron, rare earth elements, and boron are predicted
to be stable in distinct sulfide, oxysulfide, and oxide phases respectively. Indeed, oxide-sulfide anion exchange
chemistry is a thermodynamically promising pretreatment for facilitating selective recovery of lanthanides from rare
earth magnet waste via physical separation.

To demonstrate selective sulfidation as a pretreatment to separate iron from lanthanides in rare earth
magnet waste, nickel-plated iron-lanthanide-boron magnets (Ni-plated Fe-Nd-Pr-Dy-B, Grade N45, 6.25mm X
6.25mm x 6.25mm, McMaster-Carr) were heated under air at 500 °C to demagnetize, crushed to a particle size of
90-212 um, then calcined under air at 2000 °C for 5 hours in a boron nitride crucible. The brittle iron-lanthanide-
boron magnet was separated from the ductile nickel coating during comminution. The calcined rare earth oxide was
reground to a particle size of 90-212 um, then sulfidized at a scale of 2 g at 1200°C for one hour using vaporized
elemental sulfur (Sx, 99.5% purity, Acros Organics) as a sulfur source, at a sulfur partial pressure of approximately
0.1 atm. The sulfur to sulfur dioxide ratio was set at approximately 10:1 following methods and reactor design
described previously®,

Figure 3 illustrates optical (dark field) microscopy and SEM/EDS (SEM: JEOL JSM-6610LV, JEOL Ltd.,
EDS: Sirius SD detector, SGX Sensortech Ltd.) element maps detailing oxygen, sulfur, iron, neodymium, and
praseodymium distribution in the sulfidized product. As shown in Figure 3, iron partitioned to a sulfide phase,
whereas neodymium and praseodymium remained as oxides (Figure 3), with product phases on the order of 20-100
um in size and large enough for effective liberation?223 and physical separation using standard industrial mineral
processing methods?>%*. Boron, not shown in Figure 3, was also observed to partitioned to the oxide phase. The
suppression of thermodynamically-predicted rare earth oxysulfide formation may be due to sluggish sulfidation
kinetics for rare earth oxides, or due to solution effects (s,,;) stemming from compound-forming interactions
between lanthanide and boron oxides®®%2. Further research on lanthanide oxide sulfidation kinetics and iron-



lanthanide-boron-oxygen-sulfide solution Optical
thermodynamics is necessary to design :
sulfidation pretreatments for physical
separation of individual lanthanides. Our
preliminary results demonstrate that selective
sulfidation is a technically-viable
pretreatment to facilitate the physical
separation of iron from lanthanide elements
in rare earth magnet waste. The burden of
selectivity for iron and lanthanides in rare
earth magnet recycling may therefore by
shifted across the mineralogical barrier from
chemical separations to physical separations
using a sulfidation pretreatment. In the
following section, we apply a similar
selective sulfidation process to overcome the
mineralogical barrier in lithium ion battery
recycling.

Selective Sulfidation for Lithium-lon
Battery Recycling

As electrification of the
transportation sector continues, effective
recycling of lithium ion battery materials
from electric vehicles is critical to
minimizing energy use in their production®.
Furthermore, the rapidly increasing demand
for battery elements runs the risk of
overwhelming geopolitically-uncertain
supply chains for critical components®. In
their current form, lithium ion batteries
largely rely on cathodes engineered from
solid solutions or mixed metal compounds of
lithium, nickel, manganese, and cobalt
(NMC) oxide %1, While recycling methods
based on physical separation for direct reuse
have been explored, the constantly evolving
state of the art for battery chemistries
motivates hydrometallurgical and
pyrometallurgical approaches that allow for
recovery of pure components®*’, in particular lithium, nickel, and cobalt compounds. In end of life lithium ion
batteries, the average lithium grade is on the order of 3 wt%, whereas nickel and cobalt grades are on the order of 5-
15 wt% depending on the cathode chemistry®®. At these grades, a practical mineralogical barrier likely exists
between physical and chemical methods of element recovery, with chemical separation predicted to require 10x-20x
more energy than an equivalent physical separation process (Figure 1). Significant energy savings in recycling may
therefore be possible thanks to the use of a low-energy pretreatment, such as sulfidation, to shift the burden of
selectivity for lithium, nickel, and cobalt from chemical to physical separation processes.

Sulfidation chemistry has previously been considered to facilitate selective metallic element recovery from
end of life lithium ion batteries via leaching, molten sulfide electrolysis, and physical separation®%*%5, From s, ,,
in Figure 2, at the 10:1 sulfur to sulfur dioxide ratio lithium is predicted to be stable as a sulfate, with nickel,
manganese, and cobalt stable as sulfides. The relative contributions of y,.,,, and Y,; to { are unknown however
due to mixed metal compound formation between lithium and NMC oxides®! and the unexplored thermodynamics
of the lithium-nickel-manganese-cobalt-oxygen-sulfur system. Herein, we explored selective sulfidation for 2 g of
simulated NMC oxide cathode material (LiNi1sMnsCo1302 solid solution, 98% purity, Sigma Aldrich) at 1000 °C
for one hour using vaporized elemental sulfur (Sx, 99.5% purity, Acros Organics) as a sulfur source. The sulfur

1 Wt% 2 wt% 5 wt% 10 wt% 20 wt% 50 wt% 100 wt%
Mass Fraction
Figure 3: Selective sulfidation of calcined, de-coated iron-
neodymium-boron magnet nucleates distinct iron sulfide and rare
earth oxide phases on the order of 20-100 um in size, as illustrated
via EDS mapping for the region shown in the optical image, large
enough for liberation of Fe and Nd-Pr via comminution and
physical separation with optimization of phase growth and
coarsening behavior. Scale bars correspond to 200 um. (Color
images available online).



partial was approximately 0.1 atm with a
10:1 sulfur to sulfur dioxide molar ratio,
following methods and reactor design
described previously®,

Figure 4 show the SEM/EDS
(SEM: JEOL JSM-6610LV, JEOL Ltd.,
EDS: Sirius SD detector, SGX Sensortech
Ltd.) backscattered electron composition
(BEC) image of and element maps detailing
oxygen, sulfur, cobalt, manganese, and
nickel distribution in the sulfidized lithium
ion battery material. As depicted in Figure
4, sulfidation was indeed performed
selectively, with the formation of distinct
nickel-rich and cobalt-rich sulfide phases,
with some solubility for oxygen, on the
order of 100-200 pum in size, large enough
for effective liberation?>2 and physical
separation using standard industrial mineral
processing methods®®, Meanwhile,
instead of manganese sulfide as predicted
from Figure 2, an under-sulfidized
manganese-rich oxysulfide phase is formed,;
whether this phase is in fact an oxysulfide®S,
oxysulfate®, sulfatosulfide®, or mixed
oxide/sulfate/sulfide®® is indiscernible from
SEM/EDS element mapping in Figure 4.
XRD analysis of the sulfidized product
suggests the presence of some manganese
sulfide, however oxysulfides of manganese
may show poor crystallinity®’, so the precise
nature of the manganese oxysulfide product
phase remains unclear. While lithium is not
visible via SEM/EDS, the presence in
Figure 4 of oxygen-sulfur-rich regions
lacking significant amounts of nickel,
manganese, or cobalt, denoted by () in the
oxygen panel, suggests the existence of
lithium-rich sulfate phases. The presence of
lithium sulfate is confirmed by XRD
analysis. Overall, the formation of distinct
phases of nickel, manganese, cobalt and
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Figure 4: Selective sulfidation of synthetic nickel-manganese-
cobalt oxide (NMC111) lithium ion battery cathode nucleates
distinct nickel-rich, cobalt-rich, and manganese-rich phases on
the order of 100-200 pm in size, as illustrated via EDS mapping
for the region shown in the SEM/BEC image, large enough for
liberation of Ni, Co, and Mn via comminution and physical
separation. XRD analysis reveals the presence of lithium as a
sulfate, possibly corresponding to oxygen-sulfur-rich, metal-deficient
regions in the element maps, denoted by (5%) in the oxygen panel.
Scale bars correspond to 200 pm. (Color images available online).

lithium that are physically separable suggests that selective sulfidation is a technically-viable pretreatment. It offers
to shift the burden of selectivity in lithium ion battery recycling from energy intensive pyrometallurgical or
hydrometallurgical chemical separations to more benign chemical pretreatments for physical methods®". In the
following section, we explore selective sulfidation applied to copper recovery from copper smelting slags as a means
to overcome the mineralogical barrier at low product grades by increasing the grade of recoverable sulfide phases.

Selective Sulfidation for Copper Recovery from Slags

While electrification of the transportation sector continues to increase demand for battery metals?,
electrification of society is predicted to more broadly stress copper supplies®®, motivating efforts to increase
recovery of copper from both primary and secondary sources. Presently, approximately 80% of the world’s copper
ore is produced from smelting of copper-iron-sulfide minerals®®. For separation of iron from copper via matte

smelting, the molten copper-iron-sulfide matte is contacted with a silica-rich slag phase. Following matte smelting,
the slag contains approximately 75-90% fayalite, <10% alumina, <10% calcia, <4% magnesia, and 0.5-2.1% copper
in the form of entrained sulfide matte particles and copper dissolved in fayalite?®. Considering that smelters pay for



about 96% of the copper value when S /0, Slag S /0, Sulfidized
; ey

purchasing concentrate®?, there is a strong
economic incentive to minimize and
recover copper lost to the slag phase
during matte smelting. Copper in the form
of entrained matte particles is presently
liberated from slags via comminution and
physically separated®®, yet at copper
grades less than 1%, the practical
mineralogical barrier between chemical Fe / Si-Al, Slag
and physical separation begins to
diminish. As shown in Figure 1 for
copper recovery from slag at a grade of
0.5 wt%, energy needs for physical and
chemical separation are predicted to be on
the same order of magnitude. This calls
into question the relative energetic
effectiveness of selectivity in current
physical separation methods. Meanwhile, Cu/ Si-Al, Slag
the solubility of copper oxide in fayalite is
approximately 1%, representing a
significant fraction of copper in the slag
that is inaccessible to recovery via
physical separation without pretreatment.

Numerous pretreatments based
on sulfidation have been explored to
recover copper dissolved in fayalite phases
of slag, generally utilizing roasting the ' i |
slag in the presence of pyrite®®" or iron 0.01 002 005 01 02 05 1 2 5 10 20 50 100
sulfate® to form leachable or floatable Mole Ratio
copper phases. As shown by U,.,,, in
Figure 2, the pure oxides of copper and
iron are thermodynamically predicted to
sulfidize at far lower sulfur to sulfur
dioxide gas ratios than pure magnesia,
alumina, and silica slag-formers. Under
conditions where pure iron oxide
sulfidizes, calcium is predicted to be stable
as a sulfate. However, even if copper can
be selectively precipitated as a sulfide via
a selective sulfidation pretreatment, closing of the practical mineralogical barrier (Figure 1) at grades relevant to
recover copper from fayalite slag phases suggests that the energy difference may be small between chemical
separation and physical separation with pretreatment. To overcome the practical mineralogical barrier, a higher-
grade phase may be used to serve as a collector for copper upon sulfidation pretreatment. This will allow copper to
be liberated with this higher grade “collector” phase and thereby lower energy input. From the fayalite phase, iron
may be co-sulfidized with copper, predicted to increase the total sulfide product grade in the slag for liberation and
physical separation from approximately 0.5 wt% up to 40 wt% and reduce the energy burden from chemical
separation at a grade of 0.5 wt% by three orders of magnitude (Figure 1).

We conducted the selective sulfidation at 800 °C of copper and iron from copper smelter slag ground to a
particle size of 90-212 um, at a scale of 2 g, using vaporized elemental sulfur (Sx, 99.5% purity, Acros Organics) at a
partial pressure of approximately 0.1 atm. The sulfur to sulfur dioxide gas ratio was approximately 10:1, following
methods and reactor design described previously®:. Here, the alumina reactor bed previously employed3® was
substituted for graphite to minimize interactions between slag phases and the reactor. Figure 5 show the SEM/EDS
(SEM: JEOL JSM-6610LV, JEOL Ltd., EDS: Sirius SD detector, SGX Sensortech Ltd.) element maps detailing
ratios of sulfur to oxygen, iron to silicon and aluminum, and copper to silicon and aluminum in the untreated and
sulfidized copper smelter slag.

Figure 5: Selective sulfidation of copper smelter slag results in the
nucleation of iron-rich sulfide phases, with copper preferentially
partitioning into these new sulfide phases versus silicon and
aluminum. Iron sulfide formed via selective sulfidation serves as
a “collector” phase for copper, potentially supporting increased
recovery of copper from slags via comminution and physical
separation. Scale bars correspond to 100 um. (Color images
available online).



As shown in Figure 5, iron and copper are observed to preferentially segregate over silicon and aluminum
to the sulfide phase, resulting in iron-copper-sulfide and aluminum-silicon oxide product phases. In the untreated
slag, sulfide phases are observed to constitute a grade of approximately 1 wt%, increasing to approximately 16 wt%
upon sulfidation. Product sulfide phases were observed to be on the order of 50 um, large enough for effective
liberation?>?% and physical separation using standard industrial mineral processing methods?5, The depletion of
copper content from fayalite slag phases was difficult to quantify via SEM/EDS due to an abundance near the
detection limit of the equipment. Further analysis will be needed to determine the conversion of solubilized copper
in fayalite to sulfide and the partitioning of valuable trace elements such as cobalt and platinum group elements
between oxide and sulfide phases. The use of an iron sulfide collector phase, formed in situ from sulfidation of iron
from fayalite, allows the energetic burden of selectivity to be shifted from low product grades (~1 wt%) to higher
grades (~16 wt%) via the selective sulfidation pretreatment. This indicates that the practical mineralogical barrier is
widened, now in favor of lower-energy physical separation methods. The sulfide grade may be further increased
toward 40% by increasing the sulfur to sulfur dioxide ratio in the reactor to improve the conversion of fayalite to
iron sulfide. Meanwhile, excess heat produced from smelting of the iron-rich recovered copper sulfide may in turn
be used to melt higher concentrations of gangue impurities in copper concentrate during smelting. This would
facilitate the use of lower grade concentrates at a time of falling ore grades, while simultaneously increasing copper
recovery®s,

Conclusions

Electrification-induced growth in demand for sustainably-sourced metallic elements drives efforts to reduce
the energy use of materials separations in both primary and secondary production. A mineralogical barrier exists
between the lower energy burden for physical separation of elements concentrated in distinct phases and the higher
energy burden for chemical separation of elements mixed at the atomic scale. Through comparing the energy usage
of industrial-scale materials separation processes, this difference in energy is generally found to range from
approximately 200 kWh to 2,000 kWh per tonne of feed at product grades ranging between 1 wt% and 30 wt%.
While this analysis does not replace detailed thermodynamic and life cycle assessments of individual materials
systems, it illustrates that in general significant energy savings in material separation can be realized through the
development of energy-efficient pretreatments that facilitate physical separation in place of chemical separation.
Selective sulfidation is a potential pretreatment to partition metallic elements from multi-metal compounds and solid
solutions into separate oxide and sulfide phases, allowing the burden of selectivity to be shifted from chemical to
physical methods of separation. We demonstrate selective sulfidation of calcined rare earth magnets to partition iron
and rare lanthanide elements into distinct, physically separable phases for recycling by physical separation.
Similarly, we partition nickel, manganese, cobalt, and lithium from lithium ion battery cathodes into distinct,
physically separable phases for lithium ion battery recycling by physical separation. Finally, we use selective
sulfidation to form a dedicated sulfide collector phase for copper recovery from copper smelter slag, increasing the
grade of copper-containing sulfide phases from approximately 1 wt% to approximately 16 wt%. For these recycling
challenges, the selective sulfidation pretreatment facilitates the use of physical separations that are predicted to
require 10-100x less energy than comparable chemical separations.
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