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FIG. 1

(57) Abstract: In accordance with one embodiment, a method comprises dissolving a sulfide of a first metal in a solvent comprising
molten aluminum, aluminothermically reduce at least a portion of the sulfide through reactive vacuum distillation to form gaseous
aluminum sulfide distillate and elemental first metal that remains in the molten aluminum; and at least one of (e.g., one, two, or all three
of) (a) reacting the aluminum sulfide distillate with at least one material in the molten aluminum; (b) reacting the aluminum sulfide
distillate with at least one material outside of the molten aluminum; or (c) condensing the gaseous aluminum sulfide distillate.
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SULFIDE REACTIVE VACUUM DISTILLATION, ABSORPTION, STRIPPING, AND
EXTRACTION FOR METAL AND ALLOY PRODUCTION

CROSS-REFERENCE TO RELATED APPLICATION(S)

This patent application claims the benefit of United States Provisional Patent
Application No. 63/216,832 entitled Aluminothermic Reactive Vacuum
Distillation, Absorption, Stripping, and Extraction for Metal and Alloy
Production filed June 30, 2021, which is hereby incorporated herein by reference in
its entirety.

As described herein, certain embodiments can be used in conjunction with a
selective sulfidation process that can be used, for example, and without limitation, to
produce metal sulfides for subsequent aluminothermic processing or to perform
selective sulfidation on an aluminothermically produced material. Certain exemplary
selective sulfidation processes that can be used in conjunction with certain
embodiments are described in U.S. Patent Application No. 17/134,429 entitled
SELECTIVE SULFIDATION AND DESULFIDATION filed December 27, 2020
published as U.S. Patent Application Publication No. US 2021/0277531 on September
9, 2021, which claims the benefit of United States Provisional Patent Application No.
62/982,373 entitled SELECTIVE SULFIDATION AND DESULFIDATION filed
February 27, 2020, each of which is hereby incorporated herein by reference in its

entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
This invention was made with Government support under Grant No. DE-
EE0008316 awarded by the Department of Energy (DOE). The Government has

certain rights in the invention.

FIELD OF THE INVENTION
The invention generally relates to aluminothermic reaction processes and

systems.
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BACKGROUND OF THE INVENTION

Growing industrial and societal concerns surrounding the environmental
sustainability of conventional metallurgical processing have motivated the
development of new metal sulfide feedstocks to reduce emissions and pollution.
Meanwhile, increasing supply uncertainty for many critical alloying elements has
motivated the development of new recycling streams to supplement primary
production. Conventional metallurgical reduction and refining technologies are
generally ill-equipped to deal with novel sulfide feedstocks and the presence of
increased impurities in recycled feedstocks.

Growing concern surrounding emissions and pollution in metallurgical
sectors, coupled with rising mining costs associated with widespread depletion of high
value metal ore bodies, are presently motivating an industry-wide review of the
optimal chemistries for economical and sustainable metal production in the 21%
century [1-9]. Concurrently, recycling of metallic elements has become increasingly
cumbersome due to ever more-complicated material applications, resulting in many
convoluted waste streams unsuitable for recycling by the standard process of melting
scrap and reintroducing it with new material in the primary production pathway [10-
13]. Furthermore, high costs, as well as increasing supply uncertainty for critical
metallic elements due to geographic concentration of metal production infrastructure
in foreign countries such as China, pressures metal alloy producers to aim for higher
product yields per unit of material processed [14]. Taken together, these changing
industry circumstances present a grim outlook for many conventional metal alloy
production processes.

Aluminum and steel are the most commonly used metal alloys. However,
within aluminum and steel, the presence of other alloying elements, including lithium,
beryllium, boron, carbon, nitrogen, oxygen, magnesium, silicon, sulfur, scandium,
titanium, vanadium, chromium, manganese, cobalt, nickel, copper, zinc, yttrium,
zirconium, niobium, molybdenum, tungsten, lead, and the lanthanides, are responsible
for the distinct behaviors of different metal alloys. In these alloys, the base metal
(iron or aluminum) serves as a solvent for the other alloying elements, solutes. This
relationship with alloying element solutes is equally critical for metal alloys

containing other base metal solvents, such as nickel, titanium, and chromium.
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Production of metal alloys, from both freshly mined ores as well as from recycled
materials, necessitates the careful introduction of required solute alloying elements to
and removal of undesired elements from the base metal solvent. Element addition is
accomplished through dissolving solute compounds rich in the alloying element,
called master alloys, into the molten base metal solvent. Meanwhile, removal of
undesirable elements from the molten base metal solvent is accomplished through
refining processes, in which immiscible liquids, termed slags, are contacted with the
base metal solvent to selectively remove impurities, in a process known as slag
refining. Alternatively, gasses may be blown through the molten base metal solvent
to remove impurities into the gas phase, in a process known as stripping. In recycling,
either the base metal solvent or one or more alloy element solutes may take the role(s)
of the target product and may be processed via conventional refining techniques in
either the molten state or in an aqueous state following complete hydrometallurgical
dissolution.

Industrially, a growing movement has developed to reimagine the chemistries
associated with master alloy production, alloy refining, and recycling in ways that
reduce the costs associated with meeting sustainability metrics and challenges
surrounding growing alloying element criticality, with an aim to geographically
diversity alloy production infrastructure. The current state of the art and industrial
practice surrounding alloy production and refining of impurities from recycled
metallic materials is described below.

Many master alloys for aluminum and ferrous products have been
conventionally produced via coreduction of the alloying agent and base metal via
carbothermic smelting, electrowinning, or metallothermic reduction. Examples of co-
smelting via carbothermic reduction include ferronickel [15], ferromanganese [15],
and ferromolybdenum [16] production from mixed metal oxides. A multitude of
examples of coreduction for master alloy production via electrowinning exist, notably
molten salt electrolysis for aluminum-scandium, aluminum-zirconium, aluminum-
silicon, aluminum-boron, and iron-dysprosium production from mixed oxides and
halides [17-19]. Examples of metallothermic reduction of oxides for master alloy
production are prevalent [20,21], include ferrovanadium and ferroniobium production

via aluminothermic reduction of their mixed oxides [22,23], aluminum-scandium
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production via calciothermic reduction of their mixed oxides [24], and aluminum-
neodymium and aluminum-silicon production via aluminothermic reduction of the
oxide in the presence of excess aluminum [25,26]. Liquid metal extractants have
been employed to selectively leach and metallothermically reduce individual
components of a feedstock [57]. In other cases, master alloys are produced via
mixing the pure elements. Examples include aluminum-manganese and aluminum-
titanium master alloys and mischmetal addition to steel, however, master alloy
production from the pure metals is often problematic due to poor mixing of the
components and the loss of alloying elements to slag phases [27-29].

Master alloy production is almost exclusively conducted using oxide or halide
chemistries. Limited examples exist for master alloy production from sulfides, with
molybdenum being among the most common examples [16]. More recently, copper,
iron, and zinc sulfides have been aluminothermically reduced during mechanical
alloying [30-32]. Aluminothermic reduction has also been conducted to convert rare
earth sesquisulfides to monosulfides, while rare earth monosulfides may be
platinothermically reduced to rare earth platinum alloys [33]. However, to our
knowledge, aluminothermic reduction has rarely been attempted for most metals not
found as sulfides in commercially-relevant ore bodies. Liquid metal extractants have
seen limited deployment for master alloy production or materials separation from
sulfides. To our knowledge, liquid metal extractants have never been produced in situ
via metallothermic reduction or thermal decomposition of sulfides.

Nevertheless, the economic and environmental benefits [6,34] of metal
production from sulfides have recently attracted significant attention, motivating a
wave of technologies to convert oxides to sulfides. Examples include reaction with
elemental sulfur, carbon disulfide, or hydrogen sulfide to produce numerous rare earth
and transition metal sulfides relevant for metal alloy production [1-8,35]. These new
sulfide feedstocks require new metal reduction technologies, which have presently
focused on molten sulfide electrolysis and calciothermic reduction via the FFC-
Cambridge process [3,5-7]. Aluminothermic reduction of synthetic metal sulfides has
yet to be widely considered for metal and alloy production. Furthermore, despite the
emergence of selective sulfidation technologies to preferentially convert individual

components of mixed oxides into sulfides [1,2,4,5,35], metallothermic reduction or
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metallothermic extraction of the mixed oxide-sulfide has not been attempted to
selectively form alloys from or reduce either the oxide or sulfide. Similarly, reactive
vacuum distillation has not previously been employed for the aluminothermic
reduction of sulfides. Aluminothermic reduction of pure oxides has been attempted in
the presence of liquid aluminum sulfide however, where the immiscible sulfide, or
matte, phase served as a means to sequester impurities in the system [25,36].

In the context of metal recycling, the mixing of scrap and virgin metal is
limited by the presence of impurities in the scrap. Impurities must be managed
through metal refining processes or sufficiently diluted with high purity feedstock.
Molten state refining processes generally consist of vacuum degassing, slag refining,
and gas-fluxing [37-39]. Vacuum degassing consists of reducing the pressure of the
gas atmosphere over the melt, resulting in the evaporation of volatile components
from the melt, and is used in steel, aluminum, and other metal alloy production [37-
39]. Slag refining, accomplished by contacting the liquid metal phase with an
immiscible nonmental phase that preferentially extracts impurities, is also used across
the metallurgical industries, via oxide and halide slags respectively [37-39]. Gas
fluxing is a stripping process in which gaseous oxygen, nitrogen, argon, chlorine, or
magnesium are used as stripping agents and blown through the melt in order to
oxidize metallic or reduce non-metallic impurities in the melt [37-39]. The use of
chlorine as a stripping agent, critical for aluminum refining, has recently been banned
in Europe [38]. The use of gaseous magnesium for desulfurization of steels [40-41] is
the only instance we are aware of in which the stripping agent is generated in situ as
the product of an aluminothermic reduction process.

The following are some references cited herein (with references in brackets) or

otherwise possibly applicable to the present disclosure:
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2. Han, J., Liu, W., Wang, D, Jiao, F. & Qin, W. Selective Sulfidation of
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SUMMARY OF VARIOUS EMBODIMENTS

In accordance with one embodiment, a method comprises dissolving a sulfide
of a first metal in a solvent comprising molten aluminum; aluminothermically reduce
at least a portion of the sulfide through reactive vacuum distillation to form gaseous
aluminum sulfide distillate and elemental first metal that remains in the molten
aluminum; and at least one of (e.g., one, two, or all three of) (a) reacting the
aluminum sulfide distillate with at least one material in the molten aluminum; (b)
reacting the aluminum sulfide distillate with at least one material outside of the
molten aluminum; or (¢) condensing the gaseous aluminum sulfide distillate.

In various alternative embodiments, the sulfide may not fully dissolve in the
molten aluminum and at least a portion of the sulfide may be aluminothermically
reduced at the interface of the sulfide and the molten aluminum through reactive
vacuum distillation to form gaseous aluminum sulfide distillate and elemental first
metal that remains in the molten aluminum. The process may produce an alloy
comprising at least aluminum and the first metal. The process may further involve
adding a third metal or compound of the third metal to the molten aluminum to
produce an alloy including the third metal and at least one of aluminum or the first
metal. The compound of the third metal may be aluminothermically or thermally
reduced/decomposed prior to alloying. The process may further involve vacuum
distillation of aluminum from an alloy of aluminum and at least one of the first metal
or the third metal to enrich the alloy in at least one of the first metal or the third metal.
The process may further involve recovering at least some of the first metal from the
molten aluminum. The process may further involve oxidizing at least some of the

first metal in the molten aluminum. The molten aluminum may include a mixture of
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the first metal sulfide and at least one oxide, in which case the process may extract the
sulfide from the surrounding oxide via selective aluminothermic reduction of the
sulfide. The molten aluminum may include at least one other element that forms at
least one gaseous volatile sulfide that in turn assists the aluminum in reduction, in
which case the process may selectively condense at least one of the at least one
gaseous volatilized sulfide. The process of reacting the aluminum sulfide distillate
with at least one material in the molten aluminum may involve reactive stripping or
reactive absorption. The process may further involve aluminum sulfide distillate or at
least one of the at least one gaseous volatized sulfides reacting with at least one
element from an oxide to form a sulfide which may be aluminothermically reduced
via reactive vacuum distillation. In any of these embodiments, the first metal sulfide
that is dissolved in the solvent comprising molten aluminum may be formed by
selectively sulfidizing the first metal. In an alternative embodiment, a sulfide of the
third metal may be contacted with a sulfide of a fourth metal in the absence of
aluminum, in which the sulfide of the third metal is thermally decomposed, producing
an alloy of the third metal and some or all of the fourth metal.

In accordance with one embodiment, a method comprises selective
aluminothermic leaching of a sulfide from a surrounding oxide without simultaneous
reactive vacuum distillation.

In accordance with one embodiment, a method comprises the use of a slag or
matte in contact with a sulfide reactant, metal product, or distillate, the slag or matte
containing one or more metal oxides and/or metal chalcogenide and/or metal halide
for controlling the partial pressure of dissolved impurities or distillate gasses.

In accordance with one embodiment, a system comprises a reactor or vessel in
which any of the above methods are performed. The reactor or vessel may serve as an
absorption substrate for reactive absorption.

Additional embodiments may be disclosed and claimed.

BRIEF DESCRIPTION OF THE DRAWINGS
Those skilled in the art should more fully appreciate advantages of various

embodiments of the invention from the following “Description of Illustrative
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Embodiments,” discussed with reference to the drawings summarized immediately
below.

FIG. 1 1s a simplified schematic diagram of our aluminothermic reactive
vacuum distillation, absorption, stripping, and extraction process for aluminothermic
reduction and refining of a metal sulfide (M, Sg) via simultaneous reactive vacuum
distillation, reactive absorption, and reactive stripping, in accordance with various
embodiments.

FIG. 2 shows thermodynamic purities achievable through our reactive vacuum
distillation process, in the absence of matte chemistry, for some aluminum master

alloys as a function of Py, s, in accordance with various embodiments.

FIG. 3 shows a cross section of aluminothermic reduction test of lanthanum
sulfide, revealing the formation of an aluminum oxysulfide crust, aluminum
lanthanum sulfide matte, and aluminum-lanthanum metal alloy during the experiment,
in accordance with one specific exemplary embodiment.

FIG. 4 shows views of aluminothermic reduction of manganese sulfide via
reactive vacuum distillation at the start of the reaction and after ten and twenty
minutes, revealing the formation of a gaseous distillate at the top of the melt and its
subsequent condensation on the wall of the susceptor, in accordance with one specific
exemplary embodiment.

FIG. 5 shows a cross section of aluminothermic reduction test of manganese
sulfide, revealing the formation of manganese aluminum metallic alloy metal product
and condensed aluminum oxysulfide distillate, in accordance with one specific
exemplary embodiment.

FIG. 6 shows the partial vapor pressures of different alloying elements in
liquid binary aluminum alloys up to the solubility limit (X) at 1300 °C in accordance
with certain embodiments.

FIG. 7 shows critical aluminum sulfide partial pressure required for
aluminothermic reduction of a sulfide to produce a binary aluminum alloy up to the
alloy’s solubility limit (X) at 1300 °C in accordance with certain embodiments.

FIG. 8 shows distribution of product phases following aluminothermic
reduction of manganese sulfide via reactive vacuum distillation in accordance with

one embodiment.
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FIG. 9 shows aluminum-sulfur gas phase equilibrium at a temperature of 1400
C and a pressure of 10~ atm in accordance with one embodiment.

FIG. 10 shows aluminum-sulfur and magnesium-sulfur equilibrium at a
temperature of 1400 C and a pressure of 10~ atm with the ratio of magnesium atoms
to aluminum and sulfur atoms fixed at 10 in accordance with one embodiment.

FIG. 11 shows aluminum-sulfur and barium-sulfur equilibrium at a
temperature of 1400 C and a pressure of 10~ atm with the ratio of barium atoms to
aluminum and sulfur atoms fixed at 10 in accordance with one embodiment.

FIG. 12 shows critical ratios of sulfur to selenium and sulfur to tellurium
required for stripping via reaction with sulfur distillate species at 800 C in accordance

with one embodiment, where [PS2 / PSeS]m,t and [PS2 / PTeS]m,t refer to the ratios of

sulfur to selenium sulfide and sulfur to tellurium sulfide in the gas phase.

FIG. 13 shows an SEM/BEC image (left) and an SEM/EDS element map
(right) detailing aluminothermic reduction of titanium from titanium sulfide via
reactive vacuum distillation in accordance with one embodiment.

FIG. 14 shows a titanium metal phase produced via aluminothermic reduction
of titanium sulfide using reactive vacuum distillation in accordance with one
embodiment.

FIG. 15 shows iron-rich metal and neodymium-rich sulfide produced via
application of sulfidation and reactive vacuum distillation to rare earth magnet
recycling in accordance with one embodiment.

FIG. 16 shows sulfidized chromite concentrate in accordance with one
embodiment, where light phases correspond to iron-chromium-rich sulfide and dark
phases correspond to magnesium-silicon-aluminum-rich oxide phases.

FIG. 17 shows a condensed distillate phase following aluminothermic
reduction of sulfidized chromite in accordance with one embodiment.

FIG. 18 shows ferrochromium produced via aluminothermic reduction of
sulfidized chromite concentrate using reactive vacuum distillation in accordance with
one embodiment.

FIG. 191s a flow diagram encompassing various processes in accordance with

example embodiments.
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It should be noted that the foregoing figures and the elements depicted therein
are not necessarily drawn to consistent scale or to any scale. Unless the context
otherwise suggests, like elements are indicated by like numerals. The drawings are
primarily for illustrative purposes and are not intended to limit the scope of the

inventive subject matter described herein.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

While significant industrial precedence exists for alloy production via
aluminothermic reduction, these processes have seen limited application to sulfides.
To our knowledge, reactive vacuum distillation has not been attempted in the context
sulfide reduction, nor has aluminothermic extraction been applied to selectively-
sulfidized feedstocks. While reactive stripping is conventionally applied in refining
processes, with magnesium as a stripping agent generated in situ via aluminothermic
reduction, to our knowledge, the stripping agent has never been the product of the
reduction of the master alloy component, nor has it been applied concurrently with
reactive vacuum distillation. Similarly, to our knowledge, reactive absorption for
impurity removal has also never been conducted concurrently with reactive vacuum
distillation of sulfides for master alloy production.

We have invented an aluminothermic reactive vacuum distillation, absorption,
stripping, and extraction (e.g., leaching) technology that is applicable to a wide
assortment of metal and alloy production challenges such as impurity management,
low production yields, master alloy production, metal recycling. This new technique
lowers costs through process intensification and while improving environmental
sustainability such as through the use of novel sulfide chemistries and in some cases
lower energy requirements. Through process intensification, this technology
increases the effectiveness of aluminothermic reduction while establishing methods to
simultaneously manage a more convoluted impurity chemistry arising from the use of
recycled, impure, or mineral-based feedstocks. This technology addresses
sustainability concerns, economic bottlenecks, and emerging processing opportunities
in a niche presently unfilled by other processing options and can be configured for

metal production and refining for any number of commercial alloying elements, from
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either virgin or recycled feedstocks. Without limitation the following are some key

innovations encompassed by this technology:
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Aluminothermic reduction of metal sulfides via reactive vacuum distillation
Usage of aluminum for metallothermic reduction of alloys that previously
required calciothermic or magnesiothermic reduction

Integration of reactive vacuum distillation and reactive absorption into a single
aluminothermic reduction process

Selective aluminothermic extraction and reduction of sulfides from oxides in a
single processing step, €.g., using aluminum as a liquid metal extractant while
simultaneously serving as a reducing agent and refining agent for a wide range
of materials chemistries and impurities, including metals, compounds, and
alloys

Reactive casting during reactive vacuum distillation, absorption, stripping, and
extraction

Aluminothermic production of a gas stripping agent via reactive vacuum
distillation

Integration of scrap refining and master alloy production into a single
processing step

Usage of lower purity feedstocks in metal and master alloy production, such as
machining waste (swarf), recycled materials of known composition, dross
from primary electrolytic production or recycling, recycled or synthesize
master alloys (and or the waste from master alloy production), ores or mineral
concentrates (sulfidized, selectively sulfidized, or natural), or even unsorted
scrap as either the base metal solvent, alloy solute, or aluminum reductant
source

Integration of refining and reduction into a single processing step

Production of a liquid metal extractant or collector phase via aluminothermic

reduction and/or thermal decomposition of a sulfide compound
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Our aluminothermic reactive vacuum distillation, absorption, stripping, and
extraction technology has been demonstrated for rare earth and transition metal
aluminum and iron alloy production. These examples are representative of a wide
range of challenges faced in both sulfide and recycled material feed processing.

Various embodiments provide an aluminothermic reactive vacuum distillation,
absorption, stripping, and extraction technology for production of metals (M) and
alloys from metal sulfides (M, Sg) via the following reaction, where a and f are

stoichiometric coefficients:
M,S +—2ﬁAl——aM+—ﬁAlS Eq. 1
avf 3 3 293 ( q. )

While here aluminum sesquisulfide (Al,S3) is shown as the sulfide product,
other stoichiometries of volatile aluminum sulfide compounds are possible based on
the specific reactor conditions employed, including but not limited to AlS and AlS.
Analysis herein based on Al,S; may also be applied to other aluminum-sulfur
compounds that may be generated from different feedstocks, reactor conditions or
embodiments. Likewise, compounds with multiple cations or anions are also possible
dependent on feedstock and impurity chemistry. Within the process, some or all of
the following operations are conducted concurrently to result in the formation of high

purity metal or alloy products:

e Reactive vacuum distillation, in which aluminum-sulfur compounds are
volatilized and evaporated from the system

e Reactive absorption, in which aluminum-sulfur compounds reacts with
another condensed species and is thereby chemically depleted from the system

e Reactive stripping, in which gaseous aluminum-sulfur compounds react with
dissolved impurities in the system, thereby refining the melt alongside the
reduction process

e Aluminothermic reduction and/or thermal decomposition of a sulfide to
produce a liquid metal extractant or collector phase that serves as a solvent for

other metallic elements
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e Reactive extraction, e.g., in which aluminum simultaneously and selectively
leaches and reduces a target sulfide from a mixture of sulfides and/or oxides.

e Reactive casting, in which solidification is induced during the reaction by one
or more components exceeding their solubility limit

e Metal refining in the process of reduction, reactive absorption, reactive

stripping, or reactive casting

We believe that the simultaneous execution of reactive vacuum distillation,
absorption, stripping, and/or extraction technologies facilitated by our technology is a
novel step forward in metals processing via process intensification that facilitates the
production of metals and alloys from natural or synthetic sulfide and impure recycling
feedstocks.

FIG. 1 is a simplified schematic diagram of our aluminothermic reactive
vacuum distillation, absorption, stripping, and extraction process for aluminothermic
reduction and refining of a metal sulfide (M, Sg) via reactive vacuum distillation with
simultaneous reactive absorption and/or reactive stripping that can accomplished
within a single reactor or vessel, in accordance with various embodiments. While in
this schematic M, Sg is shown to be introduced and rest below aluminum in the
vessel, the depicted distribution and chemistry of aluminum, metal sulfide, impurities,
absorption substrates, and reaction products should not be taken as an all-inclusive
representative of every scenario in which our technology may be applied. It should be
noted that, concurrently, additional slag or matte phases can exist in the system that
are not depicted here. More advanced aspects of our technology, including, without
limitation, the contribution of stripping and/or absorption products to refining and
reduction, one or more components exceeding their solubility limit thereby leading to
solidification and reactive casting, and aluminothermic extraction of a mixed metal
sulfide-oxide such as produced by selective sulfidation, are not depicted here, but are
described in detail below.

Without limitation, our technology generally can be compared to conventional

aluminothermic reduction of oxides as follows. Conventional aluminothermic
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reduction of a metal (M) oxide (M, 0,) is described by the following reaction, where

a and [ are stoichiometric coefficients:
2B 41 _ B
My0p +—Al = aM + Al 04 (Eq. 2)

As an example, in production of iron master alloys, iron serves as the solvent
for M. Similarly, nickel, titanium, chromium, or other metals can serve as the solvent
for M, depending on the type of master alloy. In in the production of aluminum
master alloys, aluminum serves as both the reductant and the solvent.
Aluminothermic reduction can sometimes also be used to produce high purity M.
Typically, an immiscible liquid slag oxide phase is also present to serve as a collector
for Al, 05, and is designed to help pull the reaction to completion through favorable
interactions between Al, 05 and the slag phase. The thermodynamic purity of M in
the alloy phase (xy; 4) is calculated as follows, where A,.G° is the standard Gibbs
energy of the reaction, R is the gas constant, T is the absolute temperature, x is the
mole fraction of a species in a phase, where A denotes alloy and S denote slag, and y

is the activity coefficient:

- (aaxan)®
e RT Yp,0,5%Ma0p5(YaLa%4L4) 2
_ pS*Ma0p sV ALAYAL

YMA%(Y 41,04,5%41,04,5)3

a

While each term contributes to determining the thermodynamically-predicted
conversion of M,0p to M (and thereby the purity of M in the alloy phase), the main
process parameter is ¥y, 0, sXa1,0,,s (known as the activity of Al,0; in the slag
phase, a4, 0, s), which is dictated by the design of the slag phase itself. When the
slag phase cannot be sufficiently engineered to achieve high enough purity of M in the
alloy phase, a stronger reductant must be used (such as magnesium or calcium),
thereby lowering A,.G° and increasing Xy 4.

However, as discussed in the background section, recent literature has

demonstrated that oxides are readily converted to sulfides via a plethora of sulfidizing
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agents, including H,S, CS,, and S,. Aluminothermic reduction of a metal sulfide

(M,.S,) is described by a similar reaction:
MoSp+LAl=aM +£AL,S,  (Eq.4)

While here aluminum sesquisulfide (Al,S3) is shown as the sulfide product,
other aluminum sulfide stoichiometries are possible based on the specific reactor
conditions employed, including but not limited to AlS and Al2S. Analysis herein
based on Al,S; may also be applied to other aluminum-sulfur compounds that may be
generated from different feedstocks, reactor conditions or embodiments. As for
conventional aluminothermic reduction of an M, Og, in aluminothermic reduction of

M,Sg, iron, aluminum, nickel, titanium, chromium, or other metals may serve as

solvents for M, or M may be produced as a high purity metal. Similarly, an
immiscible matte phase (the sulfide-based corollary to a slag, denoted as m) could be
designed to collect Al,S5 product and drive the reaction forward through favorable
interactions between the matte and Al,S5;. Unlike in conventional aluminothermic
reduction, however, we observe Al,S; to be a much more volatile and reactive
product than Al, 05 while also exhibiting a much lower melting point (1100 °C vs
2100 °C), thereby permitting lower process temperatures and resultant energy savings
in some cases.

Therefore, certain embodiments provide a reactive vacuum distillation process
to accomplish the aluminothermic reduction of the sulfide while simultaneously
boiling off and/or reacting Al,S; or other aluminum-sulfur compounds, where now
the conversion of the reaction, and thereby the metal thermodynamic purity in the

alloy product (xy 4), is controlled largely by the partial pressure of Py, s, or other

compounds containing aluminum and/or sulfur:

s (awcaia)”
e RT yYMysomXMaspmiYaiaXara) s
_ pm*MasgmVaLa¥aL
Ama = B (Eq. 5)

Yma%(Paiys;)?
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Whereas mechanisms to control a,, o, s are largely limited to adding or
removing components from the slag phase, numerous options are available to control
partial pressures in our reactive vacuum distillation process, including, without
limitation, changing the pressure of the system, adding or removing components from
the gas phase, shifting the aluminum to sulfur ratio in the gas phase, adding or
removing components from the matte phase, and/or reacting aluminum-sulfur species
with either condensed or gaseous species, such as via a reactive absorption process.
An example of control via a reactive absorption process is the formation of gaseous
Al,S; and its subsequent absorption onto and reaction with an oxide component in the
system (for example, without limitation, either the container material or another added
phase) to form an oxide or oxysulfide. A slag or matte phase consisting of one or
more metal oxide, and/or metal chalcogenides, and/or metal halides may be used to
set a sulfur, oxygen, aluminum sulfide, or aluminum oxysulfide gas partial pressure.
Following aluminothermic reduction conducted via our technology, recovery and
recycling of materials from the matte or slag phase may be accomplished via selective
sulfidation or other chemical cracking methods. The availability of additional process
control parameters in our reactive vacuum distillation process compared to
conventional aluminothermic reduction of oxides allows aluminum to behave as a
much more powerful reductant in the context of our invention than the conventional
process, allowing metal alloys to be produced via aluminothermic reduction from
their sulfides that would have required stronger, more expensive reductants such as
calcium or magnesium in an oxide pathway. In the context of our invention,
aluminum exhibits a different reducing power for oxides and sulfides. As has recently
been shown (e.g., as described in the background section), sulfidation of oxides may
be conducted selectively, resulting in physical mixtures of oxide and sulfide phases.
Therefore, our technology can also be used to conduct selective aluminothermic
extraction of a sulfide from a surrounding oxide. Under such conditions, extraction
via selective aluminothermic reduction of the sulfide from the oxide in our invention
could occur with or without simultaneous reactive vacuum distillation.

Tabulation of thermodynamic purities achievable through our reactive vacuum
distillation process, in the absence of matte chemistry, for some aluminum master

alloys are depicted as an example in FIG. 2 as a function of Py, s,. Similar relations
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may be determined for the master alloys of other metals, including but not limited to
those of iron, nickel, titanium, and chromium, as well as for other alloying elements,
with or without including matte and/or slag chemistry. Likewise, relations may be
determined for other aluminum sulfide compound stoichiometries. Upon
aluminothermic reduction of the solute alloying component into the solvent base
metal, based on the phase stability of the system, the solubility limit of the alloying
solute in the base metal solvent may be reached and exceeded, ultimately leading to
solidification. In such a scenario, aluminothermic reduction via reactive vacuum
distillation, reactive absorption, and/or reactive stripping also can embody a reactive
casting process. A reactive casting process in accordance with certain embodiments
is useful for suppressing the reactivity of base metals that are classically difficult to
cast due to their reactivity, such as titanium. In such a scenario, our technology
stabilizes the reaction interface and solidification front via a buffering interaction
between aluminum sulfide, impurities in the system, and solutes/impurities expelled
by the solidification front, via reactive absorption and stripping processes. Therefore,
reactive casting as facilitated by our technology can manage and refine impurities that
contribute to porosity and inclusions in as-cast ingots.

When our invented process is operated under conditions where Al,S3 and/or
other compounds composed of aluminum and sulfur are volatilizing from the melt as
a gas, due to its reactivity, product Al,S3 and/or other compounds composed of
aluminum and/or sulfur may serve as a reactive stripping agent for other impurities in
the system. Such impurities may arrive from the metal sulfide feed or the aluminum-
based reductant. As an example, in processing streams with excessive levels of
oxygen, as often occurs in sulfidized or recycled feedstocks, product Al,S; from
aluminothermic reduction may react with dissolved oxygen in the system to form
oxides or oxysulfides. Similar reactions may occur between Al,S; and excess
alloying agents or impurities such as carbon, hydrogen, halides, pnictogens,
chalcogenides, or even excess sulfur present in either the sulfide or reductant feed. As
such, our technology affords management of nonmetal impurities in master alloy
production, in particular for systems containing reactive or carbide forming solutes or
solvents, with titanium, tantalum, niobium, vanadium, chromium, zirconium and rare

earth elements serving as notable examples.
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Without being limited to any theory, in master alloy production via
aluminothermic reduction of a metal sulfide from aluminum in a system with metallic
impurities, via our reactive vacuum distillation technology, the aluminothermic

reduction of the sulfide occurs at the Al — M, Sg interface to produce aluminum

sulfide. Gaseous aluminum sulfide may then react with other metallic impurities at or
away from the reaction interface, as it bubbles through the melt. Such a scenario is
useful in systems where M, Sg is in a separate part of the melt from either an
impurity-rich region or a separate matte phase, with gaseous aluminum sulfide serving
as a mass transport link between the regions or phases. Under such a scenario,
aluminum reductant fed into the system can take the form of virgin metal, aluminum
machining waste (swarf), recycled aluminum of known composition, dross from
primary electrolytic production or recycling, recycled or synthesized master alloys
(and or the waste from master alloy production), aluminum-containing oxides or
minerals, or even unsorted aluminum scrap (including paints, enamels, and other
coatings), amongst other sources, with both metallic and or nonmetallic impurities
present in the feed. A mix of aluminum sources is a tenable reductant for use in
various embodiments. Similarly, sulfide, base metal solvent, or alloy solute may take
the form of machining waste (swarf), recycled materials of known composition, dross
from primary electrolytic production or recycling, recycled or synthesize master
alloys (and or the waste from master alloy production), ores or mineral concentrates
(sulfidized, selectively sulfidized, or natural), or even unsorted scrap, amongst other
sources. One or more additional metals may be added to the system or produced in
situ via thermal decomposition of metal sulfide compounds for alloying with
aluminum and/or with the base metal of the metal sulfide such as to form a master
alloy.

In some instances, impurities themselves can aid in the reduction. As an
example, feeds of aluminum, its master alloys, and/or its scrap often contains reactive
metallic elements such as silicon, which upon sulfidation form sulfides with
comparable volatility to Al,S3. Under such a scenario, silicon (or other metallic
elements forming volatile sulfides, including but not limited to gallium, indium,
boron, bismuth, and barium) may actually assist aluminum in reduction via reactive

vacuum distillation, absorption, stripping, and extraction. Mixed, volatilized sulfides
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may be selectively condensed from one another, supporting separating and refining of
gaseous production from the reactive vacuum distillation. Assisted aluminothermic
reduction as practiced through our technology is particularly viable for synthesis of
reactive metals, their alloys, and compounds, with titanium, tantalum, niobium,
vanadium, chromium, zirconium and rare earth elements serving as notable candidates
both as solutes and solvents. In such a scenario, metallic impurities are refined from
the system during our reactive vacuum distillation, absorption, stripping, and
extraction technology, while also having the potential to simultaneously refine other
impurities and aid in reduction.

As an alternative example, dissolved nonmetallic impurities including but not
limited to hydrogen, carbon, sulfur, and phosphorous are often present in materials
processing feeds. These nonmetallic impurities can react with other components in
the melt, or aluminum sulfide, to form sulfidizing agents such as hydrogen sulfide,
carbon disulfide, and carbonyl sulfide, or other reactive species such as phosphorous
oxide, phosphorous sulfide, or carbon monoxide, any or all of which may serve as
alternative reactive stripping agents, perform in situ sulfidation (alongside Al,S3) for
feedstock preparation within the reactor / processing pathway / metallurgical facility,
or serve as a gaseous reductant assisting aluminothermic reduction. In such a
scenario, nonmetallic impurities are refined from the system during our reactive
vacuum distillation, absorption, stripping, and extraction technology, while also
having the potential to simultaneously refine other impurities and aid in reduction.

Overall, our technology facilitates aluminothermic reduction of sulfides and
refining via reactive vacuum distillation, extraction, reactive absorption, and reactive
stripping. Conventionally, all of these processing steps would occur as separate
events, often in separate reactors or vessels. Our technology allows these unit
operations to be combined into a single processing step consisting of integrated
extraction, reduction, and refining. The process intensification afforded by our
technology simultaneously serves to increase the reducing power of aluminum,
alleviating the need for stronger, more expensive reducing agents such as magnesium
and calcium. Our technology is better suited to handle impurities than conventional
processing, while in some cases the presence of impurities themselves even aid in

reduction and refining in our technology.
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Experimental Demonstration

To experimentally demonstrate our technology for aluminothermic reduction
of sulfides and refining via reactive vacuum distillation, extraction, reactive
absorption, and reactive stripping according to the following reaction, a representative

chemistry was selected to serve as a proof on concept for controlling Py; s, :
28 45 _ B
MySp + ?Al =aM + ;Ale3 (Eq. 6)

While here aluminum sesquisulfide (A[,S3) is shown as the sulfide product,
other aluminum sulfide stoichiometries are possible based on the specific reactor
conditions employed, including but not limited to AIS and Al.S. FIG. 2 shows an
aluminothermic reduction series of some metal sulfides at 1400 °C as a function of
aluminum alloy composition and Py, ., with solubility limits depicted. Reviewing
FIG. 2 in the context of aluminum master alloy production as an example,
aluminothermic reduction of rare earth (Ln) sulfides such as scandium requires among

the lowest Py s, for the reaction to proceed. Industrially-relevant aluminum master

alloy examples that are represented by this framework include but are not limited to
aluminum alloys of antimony, beryllium, bismuth, boron, calcium, cerium, chromium,
cobalt, copper, copper-phosphorous, dysprosium, erbium, gadolinium, gallium,
germanium, hafnium, indium, iron, lanthanum, lithium, magnesium, magnesium-
boron, magnesium-silicon, manganese, nickel, niobium, molybdenum,
praseodymium, scandium, silicon, silicon-calcium, silicon-iron, silicon-strontium,
silver strontium, strontium-titanium-boron, tantalum, terbium, titanium, titanium-
boron, titanium-carbon, tungsten, ytterbium, yttrium, vanadium, zinc, or zirconium.
A similar exercise may be conducted for application of our technology to other base
metals and solvents, including but not limited to alloys and master alloys of steel,
stainless steel, nickel, titanium, and chromium. Furthermore, Py, s, required for
aluminothermic reduction of rare earth sulfides (~10~ atm for a 5% Al-Ln alloy) is
below the levels of vacuum employed for vacuum degassing in metallurgical
industries (~107 atm). Therefore, aluminothermic reduction of rare earth sulfides

using our technology illustrates simultaneous reactive vacuum distillation and reactive
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absorption of Al,S3 as methods to lower P, s, to critical levels for the reaction to
occur.

To demonstrate aluminothermic reduction of rare earth sulfides to produce
rare earth-aluminum master alloys using our technology, two sets of experiments were
conducted. The first set of experiments consisted of aluminothermic reduction tests
of scandium sulfide (Sc¢,S3) in three crucibles of equivalent geometry and dimensions
but different materials — alumina (A4l,03), boron nitride (BN), and graphite. In each
crucible, the reaction between 1.75 g of aluminum and 0.35 g of Sc,S3; was conducted
at 1475 °C in a resistance heating furnace under a vacuum of 10 atm for two hours.
As shown in FIG. 2, Py, at the level of vacuum in the experiment is not low enough
to drive the reaction via reactive vacuum distillation alone at these temperatures —

other methods of Py s, removal must also be present, such as reactive absorption.

The Al,05 and BN are reactive with Al,S3 and Sc,S3, serving as case studies for
aluminothermic reduction via concurrent reactive vacuum distillation and reactive
absorption of Al,S;. Meanwhile, graphite stabilizes sulfides, thereby providing a
scenario for aluminothermic reduction in the absence of reactive absorption.

Formation of Al3Sc metal was observed in the Al, 05 crucible, along with the
formation of aluminum scandium oxysulfides. Formation of Al;Sc metal was also
observed in the BN crucible, along with scandium borides and borosulfide
byproducts. In the graphite crucible, Sc,S; was reduced to ScS, but little Al;Sc was
observed at this temperature. Increasing the temperature above 1500 °C increased the
rate of aluminothermic reduction of scandium sulfides to metal in the presence of
graphite. Outside the crucibles, sulfur/sulfide deposits were observed to condense,
illustrating that reactive vacuum distillation had occurred. These results confirm that
our technology of an integrated reactive vacuum distillation and reactive absorption
process is able to reach the low levels of P,; s, required for aluminothermic reduction
of S¢,S3.

The second experiment consisted of the aluminothermic reduction of LaS$ in
an Al,0; crucible in a graphite susceptor at 1550 °C in an induction furnace under a
vacuum of 107 atm for two hours. LaS was premelted and crushed to 1-2 mm in size

prior to aluminothermic reduction. After two hours of aluminothermic reduction via
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reactive vacuum distillation, the entire crucible was quenched in order to observe the
distribution of phases that were present during the reaction. FIG. 3 shows a cross
section of aluminothermic reduction test of lanthanum sulfide, revealing the formation
of an aluminum oxysulfide crust, aluminum lanthanum sulfide matte, and aluminum-
lanthanum metal alloy during the experiment. Within the melt, a dispersion existed of
La$ and aluminum particle sizes ranging from microns to millimeters, illustrating that
aluminum was actively extraction and breaking up the 1-2 mm sized Las$ particles.
During the experiment, a crust containing aluminum oxysulfide was observed to
condense above the Al,0; crucible on the graphite susceptor, with the formation of an
aluminum-lanthanum sulfide matte between the crust and melt below. The
condensation of the oxygen containing crust above the crucible is indicative of
reactive stripping of oxygen from the system, carried away via an Al,S; stripping
agent produced in-situ via reactive vacuum distillation.

At the interface between the matte and the melt, significant Al,S; remained in

the system, and as a result, P, s, was locally too high for reduction to occur.

Aluminum-lanthanum metal alloy lower in the crucible away from the crust was
produced at an approximate lanthanum content of 4 at%, which solidified as a mixture
of lanthanum saturated aluminum metal, lanthanum super-saturated aluminum metal,
and Al;, La; intermetallic compound upon quenching (FIG. 3).

An additional experiment was performed following the methodology above
for aluminothermic reduction of a transition metal sulfide, here manganese sulfide. In
an aluminum oxide crucible held within a graphite susceptor, the reaction between
manganese sulfide at a particle size of 300 mesh and aluminum metal was conducted
at 1375 °C under a vacuum of 1072 atm for half an hour. During the experiment,
boiling of aluminum sulfide / oxysulfide was observed (FIG. 4). At the conclusion of
the experiment, manganese sulfide had fully aluminothermically reduced in the
crucible, resulting in a metal alloy product of approximately 10 at% manganese, 90
at% aluminum (FIG. 5), consisting of a mixture of aluminum metal saturated with
manganese and aluminum-manganese intermetallic metal alloy of approximately 20
at% manganese. The sulfur content of the aluminum-manganese metal alloy product
was found to be less than 0.1%, below the detectable limit of the analytical methods

employed. The manganese composition of the final product in this example was not
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limited by Py, s,, but by the amount of manganese sulfide initially present at the start
of the experiment.

Above the aluminum oxide crucible on the wall of the graphite susceptor,
aluminum oxysulfide distillate condensed on the wall of the susceptor, with the
aluminum oxysulfide distillate formed via the reactive absorption and/or the reactive
stripping reaction between aluminum sulfide distillate and the aluminum oxide
crucible or dissolved oxygen in the melt. Some aluminum-manganese metallic alloy
was observed to be entrained with the distillate, or may have volatized from the melt
following reaction and deposited on the wall of the susceptor (FIG. 5). The sulfur
content of the aluminum-manganese metal alloy product deposited on the wall of the
susceptor was found to be higher than the sulfur content of the aluminum-manganese
metal alloy product in the crucible, illustrating that refining of sulfur impurities from
the crucible aluminum-manganese metal product occurred in parallel with
aluminothermic reduction.

Taken together, these sets of experiments showcase the applicability of our
technology to difficult, industrially-relevant metal processing challenges. In
summary, we show that aluminothermic reduction can be accomplished via reactive
vacuum distillation and reactive absorption for rare earths, among the most stable
metal sulfides, demonstrating that our technology is a metal-agnostic processing
technology for master alloy production from metal sulfides. In metallothermic
reduction technologies such as ours, the metal solvent often serves as the reductant,
which we illustrate in the extraction of lanthanum from and breakup of larger LaS
particles. However, because our process causes aluminum to exhibit different
strengths as a reducing agent between oxides and sulfides, aluminum exists as a much
more selective solvent in the extraction of sulfides from oxides than in conventional
processing of oxides alone, and therefore is applicable to many challenging materials
separations, such as separation of transition metal elements from rare earth elements
and separation of individual rare earth elements. Furthermore, through the reactive
stripping of oxygen via an Al,S; stripping agent produced in situ via reactive vacuum
distillation, we demonstrated that our technology can integrate reduction and refining
technologies into a single, novel processing step. The ability to reduce and refine in a

single processing step, as developed through our technology, facilitates the use of
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scrap metals directly in master alloy production that generally would have contained
too many impurities for direct reintroduction to metal processing pathways.

Additional experimental demonstrations of aluminothermic reduction of metal
sulfide via the methods of our invention can be described, including but not limited to
those that follow. Aluminothermic reduction of a metal sulfide via the methods of our
invention to produce aluminum metal alloys of antimony, beryllium, bismuth, boron,
calcium, cerium, chromium, cobalt, copper, copper-phosphorous, dysprosium,
erbium, gadolinium, gallium, germanium, hatnium, indium, iron, lanthanum, lithium,
magnesium, magnesium-boron, magnesium-silicon, manganese, nickel, niobium,
molybdenum, praseodymium, scandium, silicon, silicon-calcium, silicon-iron, silicon-
strontium, silver strontium, strontium-titanium-boron, tantalum, terbium, titanium,
titanium-boron, titanium-carbon, tungsten, ytterbium, yttrium, vanadium, zinc, or
zirconium may be conducted, where product purity may be hypothesized as a function
of Py, s, and solution thermodynamics at the conditions of the reaction. Similarly,
aluminothermic reduction of titanium and vanadium sulfide to produce titanium-
vanadium-aluminum alloy via the methods of our invention is hypothesized.
Aluminothermic reduction of niobium sulfide and iron sulfide to produce
ferroniobium via the methods of our invention is hypothesized. Aluminothermic
reduction of iron sulfide from a mixture of iron sulfide and rare earth
oxide/oxysulfides to produce an iron-aluminum alloy and a rare earth slag / matte
phase via the methods of our invention is hypothesized.

For example, the following demonstrates the production of a 10 wt%
manganese master alloy via aluminothermic reduction of manganese sulfide, with a
manganese yield of over 95% [56].

As suggested above, master alloys for aluminum serve as a source of alloying
elements that are essential to tailoring the metal to its many end uses, ranging from
automotive to aerospace to structural applications. Presently, aluminum master alloy
production is complicated by challenges ranging from high emissions and costs to low
yields and productivities. While master alloys are typically produced from oxide,
halide, or metallic feedstocks, sulfide chemistry provides a new opportunity to reduce
economic and environmental costs via process intensification and increased yields.

Herein, we explore the production of aluminum master alloys from sulfide feedstocks
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through aluminothermic reduction via reactive vacuum distillation. We present a
thermodynamic framework to elucidate the behavior of aluminum as a reductant for
sulfides, focusing on volatility and gas atmosphere. We demonstrate the production
of a 10 wt% manganese master alloy via aluminothermic reduction of manganese
sulfide, with a manganese yield of over 95%. Our thermodynamic and experimental
results suggest that aluminothermic reduction of sulfides is a possible new route for
the production of aluminum master alloys.

Growing concerns surrounding emissions in the metallurgy sector, coupled
with rising mining costs associated with widespread depletion of accessible high
value metal ore bodies, are presently motivating an industry-wide review of the
optimal chemistries for economical and sustainable metal production in the 21%
century [1-9]. Concurrently, recycling of metallic elements has become increasingly
cumbersome due to ever more-complicated material applications, resulting in many
convoluted waste streams unsuitable for recycling by the standard process of melting
scrap and reintroducing it with new material in the primary production pathway [42].
Furthermore, high costs, as well as increasing supply uncertainty for critical metallic
elements due to geographic concentration of metal production infrastructure,
pressures metal alloy producers to aim for higher product yields per unit of material
processed [14]. Taken together, these changing industry circumstances present a grim
outlook for the supply chain of many conventional alloying elements for aluminum
products.

Aluminum alloys remain the most commonly used metals after steel, and are
ubiquitous across aerospace, automotive, structural, and consumer applications. The
distinct mechanical properties of different aluminum alloys can be traced back to their
alloying elements. The major alloying element in 2XXX, 3XXX, 4XXX, 5XXX,
6XXX, and 7XXX alloys are copper, manganese, silicon, magnesium, magnesium-
silicon, and zinc respectively, with minor alloying elements including boron,
beryllium, chromium, iron, scandium, titanium, vanadium, and zirconium, as well as
many others [43]. In these alloys, the base metal aluminum serves as a solvent for the
other alloying element solutes. Production of aluminum alloys, from both freshly
mined ores as well as from recycled materials, necessitates the careful introduction of

required solute alloying elements to and removal of undesired elements from the
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aluminum solvent. Element addition is generally accomplished through dissolving
solute compounds rich in the alloying element, called master alloys, into the molten
aluminum solvent.

Master alloys for aluminum are often produced via coreduction of the alloying
element and aluminum via electrowinning, or metallothermic reduction in the
presence of an aluminum source. A multitude of examples of coreduction for master
alloy production via electrowinning exist, notably molten salt electrolysis for
aluminum-scandium, aluminum-zirconium, aluminum-silicon, and aluminum-boron
from mixed oxides and halides [18]. Examples of metallothermic reduction of oxides
for master alloy production are also prevalent, including aluminum-scandium
production via calciothermic reduction of their mixed oxides [24], and aluminum-
neodymium and aluminum-silicon production via aluminothermic reduction of the
oxide in the presence of excess aluminum [25,26]. In other cases, master alloys are
produced via mixing the pure elements, such as for aluminum-manganese and
aluminum-titanium master alloys. However, master alloy production from these pure
metals and others is often problematic due to poor mixing of the components and the
loss of alloying elements from volatization and oxidation [27,29].

Master alloy production is almost exclusively conducted using oxide or halide
chemistries. Nevertheless, the economic and environmental benefits [6,34] of metal
production from sulfides have recently attracted significant attention, motivating a
wave of technologies to convert oxides to sulfides for subsequent reduction.
Examples include reaction with elemental sulfur, carbon disulfide, or hydrogen
sulfide to produce numerous rare earth and transition metal sulfides relevant for metal
alloy production [3,8,44]. These new sulfide feedstocks require new metal reduction
technologies, which have presently focused on electrowinning from sulfide
electrolytes or calciothermic reduction via FFC-Cambridge-style electrometallurgical
processes [3,5-7]. However, sulfide-based chemistries have not been extensively
utilized for aluminum master alloy production, despite predicted economic and
environmental benefits [6,34]. A promising, yet so-far unexplored, method for

aluminum alloy production is aluminothermic reduction of metal sulfides (M,,Sy) to

produce aluminum alloys and aluminum sulfide byproduct (here denoted as the
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sesquisulfide Al2S3 , yet other stoichiometries are possible), where w, 1, and ¢ are

stoichiometric coefficients:
M,S, + pAl — oM 30729 41 Y ALS, (Eq.7
WY + ¢ (solvent) = WM (solute) + 3 (solvent) + 3 293 ( q. )

By le Chatelier’s principle, the conversion of a sulfide to metal via
aluminothermic reduction reaction (Eq. 7) may be increased using a reactor open to
aluminum sulfide, i.e., where aluminum sulfide can be continuously removed from
the system. Thanks to the high volatility of the aluminum sulfide byproduct under
pyrometallurgical conditions, reactive distillation is expected to facilitate high yield
aluminothermic reduction processes for master alloy production from sulfide
feedstocks. Process intensification can then be realized by integrating metal reduction
(1) and alloying of the produced metal M with Al into a single unit operation.
Following master alloy production, byproduct aluminum sulfide can be calcined into
alumina for reduction via the Hall-Heroult process, or directly reduced, in order to
close the material balance on aluminum.

We explore such aluminothermic reduction via reactive vacuum distillation to
obtain aluminum master alloys from sulfide feedstocks. We consider the vaporization
thermodynamics of metal sulfides and aluminum master alloys, which motivate the
use of a reactive distillation process. We further analyze the sensitivity of the
aluminothermic reduction thermodynamics of metal sulfides with respect to gas
atmosphere and alloy solution chemistry, revealing that conversion of metal sulfides
to aluminum alloy may be improved under vacuum conditions. We then evaluate a
proof of concept for aluminum-manganese master alloy production using
aluminothermic reduction of the respective sulfide via reactive vacuum distillation,
comparing the yield in metal and purity of the product with current processes and
specifications.

In terms of thermodynamic framework, aluminothermic reduction of metal
sulfides for aluminum alloy production (Eq. 7) necessitates an understanding of their
thermal stabilities under pyrometallurgical conditions. Some master alloys for

aluminum, such as those of manganese, are produced with low yields due to high
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volatility and oxidation of the pure metal alloying component [27,29]. Meanwhile,
numerous metal sulfides exhibit moderate vapor pressures under pyrometallurgical
conditions [45]. To maximize master alloy yields from the aluminothermic reduction
of sulfides, controlling the volatility of sulfide feedstocks and alloy products is
critical. The monatomic vaporization of a condensed phase metal (M) may be

described by the following reaction:

At equilibrium with a reference state temperature of 25 °C and reference state
pressure of 1 atm, for an ideal gas and incompressible condensed phase, the partial
vapor pressure of the metal (PY%?,,) may be described as a function of the standard
Gibbs energy of Eq. 8 (A,G°(,)), the gas constant (R), the absolute temperature (T),
the activity coefficient of the metal in the condensed phase (yy), and the mole

fraction of the metal in the condensed phase (xy):

~ArG ()

PYeP = yyxye KT (Eq. 9)

For metal species that exist as diatomic or complex vapors, similar relations to
Equations 8-9 may be developed. Table 1 depicts calculated pure metal (yyxpy = 1)
vapor pressures at 1300 °C for alloying elements commonly utilized in the aluminum
industry. For vaporization of a metal from an alloy, ¥, 1s described by the solution
thermodynamics of the system, which may be measured experimentally [46-49] or
estimated via computational methods [50]. Here, mixing thermodynamics for
aluminum binary alloys are calculated using the FactSage 8.0 FTlite database. In
FIG. 6, the partial vapor pressures of different alloying elements in liquid binary
aluminum alloys at 1300 °C are presented as functions of composition up to the
alloying element solubility limit (X) in liquid aluminum at that temperature. From
Raoult’s law (y;, = 1), at more dilute alloy compositions the partial vapor pressure of
alloying elements decreases. The relative strengths of adhesive versus cohesive

forces in the liquid alloy leads to positive (yy > 1) or negative (¥, < 1) deviations
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from Raoultian behavior, corresponding to positive or negative excess partial vapor
pressures respectively versus the ideal partial vapor pressure predicted from Table 1
and Raoult’s law. For systems free of azeotropes, the thermodynamic driving force for
undesirable vaporization of alloying components is minimized when both reduction
and alloying are conducted simultaneously in the same processing step. This is
different than their alloying by simple melting and mixing of the pure components.
Concurrently, the vaporization and/or decomposition of a metal sulfide
(M,,Syy) may be described by the following reaction, where w, ¥, ¢, v, 7, 0, p, and §

are stoichiometric coefficients:

_ w=¢v Yp—pvp—w—¢v
MwSIl)(s,l) — ¢MUST(S,I) + TMPSf(g) + TSZ(Q) (Eq ]O)

The evaporation behaviors of metal sulfides are notoriously complex, arising
from their tendency to disassociate and evolve sulfur upon vaporization or thermal
decomposition, resulting in the use of an “apparent” vapor pressure that includes gas
evolution from both phenomena [45]. Due to differences in the reaction
stoichiometry and the number of moles of gaseous species, the minimum Gibbs
energy of the evaporation/decomposition reaction in Eq. 10 may not necessarily
correspond to the maximum apparent vapor pressure for the sulfide. Furthermore,
multi-anion and multi-cation vapor species are known for many metal sulfide
compounds [51]. For aluminum and its major alloying components, the vapor or
decomposition pressures of their pure sulfides are estimated following a similar
methodology to Equation 3, using the FactSage 8.0 FactPS database and Trouton’s
rule. Estimates of apparent sulfide vapor pressure (PV?P,,_¢ ) are included in Table 1

alongside the vapor pressure of the pure metal.

Table 1: The vapor pressure at 1300 °C of some aluminum alloying elements as

metals and sulfides.
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Metal pver . / Sulfide pver, o/
atm atm

Al(l) = Al(g) 4.1E-05 AlSs3(1) = Al2Ss3(g) 2.7E-01

Si(s) = Si(g) 5.5E-08 SiS(S) = SiS(g) 4.7E-01

Mn(l) =Mn(g) | 2.6E-03 MnS(s) = Mn(g) + 2.8E-06
0.5S2(g)

Mg(l) =Mg(g) | 4.3E+00 MgS(s) = Mg(g) + 5.4E-06
0.5S2(g)

Ti(s) = Ti(g) 5.7E-09 TiS(s) = Ti(g) + 0.5S2(g) | 1.1E-10

Fe(s) =Fe(g) | 7.2E-07 FeS(I)=Fe(s) + 0.5S2(g) | 2.2E-05

Cu(l)=Cu(g) |2.6E-05 CuzS(1) = 2Cu(g) + 1.8E-05
0.5S2(g)

Zn(l) = Zn(g) 1.8E+01 ZnS(s) =Zn(g) + 2.0E-02
0.5S2(g)

V(s)=V(g) 4 8E-10 VS(s) = V(g) + 0.5S2(g) | 1.3E-09

Z1(s) = Zr(g) 1.1E-13 Z1Sa(S) = ZrS(g)+ 1.5E-12
0.5S2(g)

Sc(s) = Sc(g) 3.0E-06 ScS(s) = Sc(g) + 1.2E-12
0.5S2(g)

Li(s) = Li(g) 1.0E+00 Li2s(l) =2Li(g) + 3.6E-05
0.5S2(g)

Ni(s) =Ni(g) | 2.5E-07 NisSa2(1) = 3Ni(s) + Sz2(g) | 2.3E-05

Cr(s) = Cr(g) 1.7E-06 CrS(s) =Cr(g) + 1.1E-06
0.5S2(g)

Be(l) =Be(g) | 6.0E-05 BeS(s) =Be(g) + 2.3E-07
0.5S2(g)

La(l) =La(g) 1.5E-08 LaS(s) = LaS(g) 1.1E-11

As shown in Table 1, aluminum sulfide is not thermodynamically predicted to

decompose upon vaporization, and it exhibits a higher vapor pressure at 1300 °C than

the metals and sulfides of most aluminum alloying elements. Consequently,
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aluminum sulfide product may be selectively distilled from a system containing metal
sulfide reactants or metal alloy products that exhibit greater thermal stability, shifting
equilibrium towards the product side of Eq. 7 following le Chatelier’s principle.

Under conditions where aluminum sulfide is formed as a gaseous product, Eq. 7 may

be rewritten as follows, where w and ¥ are stoichiometric coefficients:
M,Sy + 2L Al = wM +2aL,s Eq. 11
w Y 3 (solvent) WM (so1ute) 3 1293 (g) ( q. )

At thermodynamic equilibrium, the mole fraction of metal (x,;) in a binary
aluminum alloy produced via aluminothermic reduction of a pure, immiscible metal
sulfide may be described by the following equation, where A,.G°(s) s the standard
Gibbs energy of the reaction in Eq. 11, Py, s, is the partial pressure of aluminum
sulfide, x,; is the mole fraction of aluminum in the alloy phase, and y,4; and y,, are
the activity coefficients of aluminum and the alloying element respectively in the
binary alloy, calculated for a given binary liquid alloy composition using the FactSage

8.0 FTlite database:

w| 2CE 2w
_ |le RT yg3xa3
Xy = 7 (Eq. 12)

YM©PaL,s,3

From Eq. 12, a critical aluminum sulfide partial pressure ([PAl2 53] ) may be

crit
defined to achieve a target alloy composition as a function of temperature and

solution behavior, which is depicted in FIG. 7 for some aluminum master alloy binary
systems at 1300 °C across the liquid alloy composition range up to the alloying
element solubility limit. Similar analysis may be conducted for aluminum sulfide
products of other stoichiometries. The equilibrium of Eq. 11 may be shifted toward
the products by purging aluminum sulfide from the system. As shown in Table 1 and
FIG. 6, aluminum sulfide exhibits high volatility compared to the sulfide reactants and

alloy products for most aluminum alloying elements. If the liquid binary alloy

product and sulfide reactant are assumed to be incompressible and nonvolatile with
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respect to aluminum sulfide, the [PAl , 53]m,t required to reach a particular conversion

following Eq. 7 and Eq. 11 may be met by conducting the reaction under partial
vacuum, thereby expunging aluminum sulfide from the system via distillation.
We now demonstrate aluminothermic reduction of manganese sulfide for
aluminum master alloy production via reactive vacuum distillation. In terms of
experimental methods, aluminothermic reduction of manganese sulfide in the

presence of excess aluminum may be described by the following reaction:
MnS(s) +2Al(I) = Mn(l) +AL,S5(9)  (Eq. 13)

For aluminothermic reduction, manganese sulfide (MnS, 99.9% metals basis,
325 mesh, Lot # F277Z033, Alfa Aesar) and aluminum metal (Al, 99.7% trace metals
basis, <Imm, Lot # MKCB1152V, Aldrich) were utilized as feedstocks in a mass
ratio of 0.171, corresponding stoichiometrically to a predicted alloy product
composition of 10 wt% manganese and 90 wt% aluminum, within the specifications
of AIMn10 master alloy (9-11 wt% Mn, EN AM-92500, EN AM-92501 [52]).
Reduction was facilitated via reactive vacuum distillation, which was conducted in an
induction tube furnace (UltraFlex UPT M35/150, HS-35/150, coil ID: 100mm, coil
height: 100 mm). A graphite crucible (OD: 45 mm, ID: 28 mm, height: 85 mm,
depth: 75 mm, isostatically pressed, EC-12 / AC-12, Tokai Carbon) machined in-
house was used as the susceptor, with a hole (10 mm diameter) drilled through the
center of the bottom to serve as a thermocouple input. Within the graphite susceptor
crucible, an inner crucible (OD: 28 mm, ID: 26 mm, height: 27 mm, depth: 25 mm)
made from either alumina (Al2O3, CoorsTek) or graphite (machined in-house,
isostatically pressed, EC-12 / AC-12, Tokai Carbon) held the manganese sulfide and
aluminum feedstocks. Total feedstock masses on the order of 4 g and 8 g were
utilized in the alumina and graphite inner crucibles respectively.  Manganese sulfide
was loaded into the inner crucible first, with the aluminum metal placed on top of the
manganese sulfide. During the experiment, the temperature of the feedstock was
monitored using a type-C thermocouple in direct contact with the bottom of the inner

crucible, introduced through the hole in the bottom of the graphite susceptor crucible.
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The susceptor crucible was supported on a quartz tube (OD: 25 mm, ID: 22 mm,
height: 300 mm, Technical Glass Products), and held within the center of a quartz
furnace tube (OD: 50 mm, ID: 46 mm, height: 600 mm, Technical Glass Products)
with vacuum fittings (ISO KF50, McMaster Carr) on each end. The furnace tube was
positioned so that the susceptor crucible was aligned in the center of the induction
coil.

Once the furnace tube containing the susceptor crucible, quartz support tube,
inner crucible, type-C thermocouple, and feedstock was loaded into the induction
furnace coil, the furnace tube was evacuated to a pressure of 10~ atm and re-purged
with argon (99.95%, UHP300, Airgas). After the evacuation/argon purge cycle was
completed three times, the furnace tube was evacuated a final time to a vacuum of 10
3 atm, and heating was commenced. The inner crucible was heated to a temperature
of 1300 °C over the course of 10 minutes while under vacuum. As shown in Table 1
and FIG. 6, at 1300 °C under a vacuum of 10 atm, aluminum sulfide is predicted to
boil, while manganese alloyed in aluminum metal and manganese sulfide are both
comparatively non-volatile. Therefore, at a pressure of 10~ atm, aluminum sulfides

are expected to be the dominant gaseous species. According to FIG. 7, a Py, of 107

atm is sufficiently low for aluminothermic reduction of manganese sulfide. The
feedstock was thus held at 1300 °C for 35 minutes while under vacuum, during which
the aluminothermic reduction of manganese sulfide occurred. After 35 minutes had
passed, power to the furnace was shut off and the sample was allowed to cool.

Following cooling, the furnace tube was refilled with argon to atmospheric
pressure, after which the graphite susceptor, inner crucible, and aluminum alloy
reaction product were removed and cast as one unit in epoxy, oriented in the same
manner with respect to one another as they had been during the reaction. After the
epoxy solidified, the cast sample containing the graphite susceptor, inner crucible, and
reaction product was cross sectioned through the center along the vertical axis, then
ground flat and polished. Following grinding and polishing, the composition of the
aluminum alloy product was quantified via SEM/EDS analysis (SEM: JEOL JSM-
6610LYV, JEOL Ltd., EDS: Sirius SD detector, SGX Sensortech Ltd.).

As a result, aluminothermic reduction of manganese sulfide was conducted via

reactive vacuum distillation (Eq. 13), with a cross section of the epoxy cast susceptor
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crucible, graphite inner crucible, and products depicted in FIG. 8. As shown in
FIG. 8, three distinct product regions are visible following reactive vacuum
distillation: the metal product that remained within the inner crucible at the bottom,
the sulfide distillate that condensed and formed a coating on the upper walls of the
inner crucible and graphite susceptor, and a small quantity of dispersed metal
distillate that condensed on the upper walls of the inner crucible and graphite
susceptor as droplets on the order of 10-500 microns in size alongside the sulfide
distillate. Specifically, panel (a) of FIG. 8 is an optical image of the cross section of
the graphite susceptor (1) and inner graphite crucible (2) containing the aluminum
manganese metal alloy product (3) in the bottom of the inner crucible, with distillate
(4) deposited on the crucible wall above the alloy product (here, the scale bar
corresponds to Smm). Panel (b) of FIG. 8 is an SEM/BEC image of the bottom metal
alloy product, with the dark gray phase (1) identified as Al, the intermediate gray
phase (2) identified as MnAls, and the light gray phase identified as MnAla.17 (here,
the scale bar corresponds to 600 um). Panel (c) is an SEM/BEC image of the
distillate products, with dark gray (1) and light gray phases identified as aluminum-
rich and manganese rich metal alloy distillate products respectively, and the
intermediate gray phase (3) identified as a sulfide distillate product (herein the scale
bar corresponds to 30 um). Within the metal product found at the bottom, three
phases are observed via SEM/EDS, corresponding to aluminum metal and two
aluminum-manganese intermetallic alloys. The same product regions and phases
were also observed when reduction was conducted using an alumina inner crucible.

The compositions of the bottom and distillate phases are presented in Table 2.

Table 2: Average composition and standard deviation (SD) of manganese-

aluminum master alloy products.

Crucible | Region | Phase Mn wt% | Mn S SSD | Al Al

Material SD wt% wt% SD

Graphite | Bottom | Bulk 10.1% 07% |02% |02% |89.7% | 0.9%
Metal
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Bottom | Al 1.5% 03% |0.1% |0.1% |98.4% | 0.7%
Bottom | MnAls 22.0% 06% |0.1% |0.1% |78.0% | 0.7%
Bottom | MnAls17 | 27.6% 13% |02% |0.1% |[72.2% | 0.6%
Distillate | Bulk 13.9% 1.4% |na na 86.1% |2.2%
Metal
Distillate | Sulfide 2.2% 03% |59.6% |0.6% |382% |0.5%
Alumina | Bottom | Bulk 8.5% 04% 102% [02% |91.3% |0.7%
Metal
Distillate | Bulk 14.4% 22% |[24% |0.8% |83.2% |24%
Metal

The bottom metal alloy product from the graphite inner crucible was found to
exhibit bulk manganese and aluminum contents of 10.1 wt% and 89.7 wt%
respectively, consistent with specifications [52] for AIMn10 master alloys. Therefore,
aluminothermic reduction of sulfides via reactive vacuum distillation can support the
production of aluminum master alloys in a single processing step that simultaneously
encompasses both reduction and alloying, as we demonstrate here for aluminum-
manganese. Aluminum sulfide was formed as a distillate byproduct of the
aluminothermic reduction reaction and may be recycled via direct reduction or
calcined to alumina and reduced via the conventional Hall-Heroult process. While
sulfur impurity content was observed to be on the order of 0-0.4 wt%, SEM/EDS
analysis was unable to determine if the sulfur content was below the maximum of
0.04-0.05 wt% specified for AIMn10 grade aluminum-manganese master alloys [52].
Analytical techniques more sensitive for quantification of sulfur, such as LECO, may
be used to pinpoint the exact sulfur content of the master alloy product. The bulk
bottom metal product is observed to be made up of two aluminum alloy phases that
were precipitated out of the aluminum solution upon solidifying (FIG. 8, panel b),
with manganese contents of 22.0 wt%, 27.6 wt%, and 1.5 wt% respectively. The
manganese-rich alloy phases are taken to correspond to MnAls and MnAla.17
precipitants in aluminum as charted in the phase diagram by Liu et al [53], with

solubility for aluminum shifting the composition off stoichiometry. The sulfur
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contents of these three phases in the product are observed to be on the order of 0-0.2
wt%. This sulfur content is less than that observed in the average bulk composition,
suggesting minor entrainment of sulfides dispersed in the metal product. The bulk
composition of the bottom product was observed to be less manganese-rich at 8.5
wt% with marginally higher sulfur content at 0-0.5 wt% when an alumina inner
crucible was employed instead of a carbon inner crucible. While it is possible that the
presence of aluminum oxide in the system may affect the aluminothermic reduction
reaction due to the formation of volatile oxysulfide species [51], further research is
necessary to attribute the cause of the lower manganese and higher sulfur contents
when an alumina inner crucible is used. Techniques such as LECO would be valuable
to accurately quantify the presence of sulfur, oxygen, and carbon impurities in
aluminum-manganese master alloy products. Meanwhile, crystalline phase analysis
via XRD is warranted to better quantify the nature of these impurities.

Using the results of Table 2 and assuming a similar bulk sulfur content in the
metal distillate product for both alumina and graphite inner crucibles, a mass balance
may be conducted over manganese, aluminum, and sulfur in the system. Table 3
shows the fraction of manganese, aluminum, and sulfur that partitioned into each of
the bottom metal, distillate metal, and distillate sulfide products, allowing for

determination of aluminum-manganese master alloy yields.

Table 3: Distribution of manganese, aluminum, and sulfur between product

phases.
Crucible Element | Bottoms Distillate Distillate Sulfide
Material Metal Metal
Graphite Mn 95.7% 2.2% 2.1%
S 3.1% 0.6% 96.3%
Al 94.6% 1.5% 3.9%
Alumina Mn 66.2% 31.9% 1.9%
S 3.1% 9.1% 87.8%
Al 76.8% 20.0% 3.3%
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Since these experiments were conducted under vacuum, no slag phase was
utilized. In an industrial-scale process, manganese losses to slag would also need to
be considered. The extent of manganese loss to a slag phase is governed by the
solution thermodynamics of manganese distribution between the slag and liquid alloy.
A novel, aluminothermic reduction process for master alloy production via reactive
vacuum distillation meanwhile presents an opportunity to design new slag phases that
minimize the loss of alloying components.

For the system employing the alumina inner crucible, the direct yield of
manganese into the bottom aluminum-manganese master alloy was 66.2%. In reality,
the metal distillate product is readily separated from the sulfide distillate using
magnetic separation or flotation, and therefore may be recycled through the
aluminothermic reduction system. This provides a practical manganese yield in the
aluminum-manganese master alloy of about 98.1%. Meanwhile, for the system
employing the graphite inner crucible, the direct yield of manganese into the bottom
aluminum-manganese master alloy was 95.7%, with a practical yield of about 97.9%.
For comparison, a typical yield in industrial master alloy production by mixing pure
aluminum with electrolytic manganese powder is of the order of 60% or lower [54].
In addition, the industrial production of electrolytic manganese has notoriously low
efficiency and high energy usage and GHG emissions, with manganese yields on the
order of 50-75% [55]. Therefore, the yield of manganese in the master alloy across
both electrolytic reduction and alloying is on the order of only of 30-45%, leading to
high costs per unit of manganese in the master alloy product. Herein instead, MnS
would be sourced and introduced directly, which is achievable with lower costs and
limited environmental impact using sulfidation such as put forth before.

Our experimental results therefore indicate that aluminothermic reduction of
sulfides via reactive vacuum distillation is a potential alternative to produce aluminum
masters at high yields and commercially-viable purities, while supporting process
intensification by combining reduction and alloying into a single unit operation.

In conclusion, a desire to improve the environmental and economic
sustainability of aluminum alloy processing motivates the search for low carbon
technologies that can reduce costs. Aluminothermic reduction of sulfides for master

alloy production is one such avenue, providing opportunities for process
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intensification and high aluminum alloy product yields. Herein, we establish a
thermodynamic framework for the use of reactive vacuum distillation in aluminum
master alloy production from sulfides. Due to the high volatility of aluminum sulfide
compared to the metals and sulfides of many aluminum alloying elements, we find
that the reducing power of aluminum for metal sulfides can be controlled through the
application of vacuum. We successfully demonstrate 10 wt% manganese aluminum
master alloy production (AIMn10) through aluminothermic reduction of manganese
sulfide via reactive vacuum distillation, with a manganese alloy product yield of over
95%. Extending these results across the thermodynamic framework we establish,
aluminothermic reduction of sulfides is a promising path forward for simplifying the
production of other challenging master alloys, such as zirconium and scandium.

It should be noted that aluminothermic processing of the types described
herein can be used in conjunction with a selective sulfidation process that can be used,
for example, and without limitation, to produce metal sulfides for subsequent
aluminothermic processing or to perform selective sulfidation on an
aluminothermically produced material (e.g., following aluminothermic reduction
conducted via our technology, recovery and recycling of materials from the matte or
slag phase may be accomplished via selective sulfidation or other chemical cracking
methods). Certain exemplary selective sulfidation processes that can be used in
conjunction with certain embodiments are described in U.S. Patent Application No.
17/134,429 entitled SELECTIVE SULFIDATION AND DESULFIDATION filed
December 27, 2020, which claims the benefit of United States Provisional Patent
Application No. 62/982,373 entitled SELECTIVE SULFIDATION AND
DESULFIDATION filed February 27, 2020, each of which is hereby incorporated
herein by reference in its entirety. Thus, for example, various embodiments include
the use of selective sulfidation as a precursor to and/or as a post-process for our
aluminothermic technology.

For one example, the following demonstrates a framework for impurity
stripping enabled by aluminothermic reduction via reactive vacuum distillation.

In general, aluminum to sulfur atomic ratios in the distillate vary greatly with
aluminum sulfide partial pressure. The equilibrium between elemental aluminum,

elemental sulfur, and aluminum sesquisulfide is described by the following reaction:
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2Al(g) + %52 (9) = Al2S3(9) (Eq. 14)

This equilibrium is illustrated graphically in FIG. 9 at a temperature of 1400 C
and a total pressure of 107 atm as a function of aluminum to sulfur element ratio. The
vapor phase during aluminothermic reactive vacuum distillation may consist of any
number and combination of aluminum-sulfur species, including but not limited to
elemental sulfur, aluminum, and aluminum sulfide species. To achieve a given
critical aluminum sulfide partial pressure for aluminothermic reduction of the sulfide,
a wide span of aluminum to sulfur atomic ratios may be present in the distillate.
Sulfur-containing vapor species in the distillate may also form mixed compounds or
complexes with other metallic, metalloid, or non-metal elements in the system.
Interaction with other species may aid in reduction of the sulfide feedstock and/or
sequestration of impurities via reactive leaching and stripping.

For example, shifting the ratio of aluminum to sulfur atoms within the gas
phase modulates the aluminum sulfide partial pressure. Dilute species such as Ss, Aly,
and Al:S are accounted for but are not depicted here. AlxS3 partial pressure peaks at
the corresponding stoichiometric atomic of aluminum to sulfur atoms in the gas
phase. Other gas phase species presently excluded are readily considered using this
framework. This equilibrium depiction ignores thermodynamic and solution effects
arising from interactions of aluminum and sulfur with the metal sulfide feedstock or
metal product. In practice an industrial reactor for aluminothermic reduction via
reactive vacuum distillation is often operated far from equilibrium, possibly leading to
deviations in gas atmosphere from compositions depicted in FIG. 9.

For example, when magnesium enters the distillate vapor via stripping
reactions, gaseous elemental magnesium is stabilized versus gaseous magnesium
sulfide by aluminum-sulfur interactions over a wide range of aluminum-sulfur gas
phase atomic ratios. FIG. 10 shows aluminum-sulfur and magnesium-sulfur
equilibrium at a temperature of 1400 C and a pressure of 10~ atm with the ratio of
magnesium atoms to aluminum and sulfur atoms fixed at 10~ in accordance with one
embodiment. Interactions between aluminum and magnesium are not considered

here, yet this analysis may be expanded to also consider the formation of mixed metal
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sulfide compounds. Elemental magnesium partial pressure is buffered by aluminum-
sulfur interactions across shifting ratios of aluminum to sulfur atoms in the gas phase.

Like aluminum, magnesium is a reactive metal that can aid in reduction, with
other s-block elements including but not limited to barium and calcium showing
similar tendencies. FIG. 11 shows aluminum-sulfur and barium-sulfur equilibrium at
a temperature of 1400 C and a pressure of 10~ atm with the ratio of barium atoms to
aluminum and sulfur atoms fixed at 10 in accordance with one embodiment.
Interactions between aluminum and barium are not considered here, yet this analysis
may be expanded to also consider the formation of mixed metal sulfide compounds.
Elemental barium partial pressure is buffered by aluminum-sulfur interactions across
shifting ratios of aluminum to sulfur atoms in the gas phase.

This vapor phase “buffering-like” behavior therefore enables volatile reactive
metal impurities stripped from condensed feedstocks to aid in subsequent reduction.
Mixed metal cation gasses may also form, further modulating impurity stripping
tendencies during reactive vacuum distillation by lowering the partial pressures of
pure elements and binary compounds.

Anion impurities may be stripped during aluminothermic reduction of sulfides
via reactive vacuum distillation to form volatile compounds containing the impurity.
Depending on the impurity’s relative affinity for metallic elements in the vapor phase
or sulfur, the impurity may form a compound with a metallic element, sulfur, other
anion impurities, or some polyatomic combination thereof. For example, when the
ratio of the impurity to sulfur is sufficiently high, p-block elements such as arsenic,
antimony, selenium, and tellurium can be stripped by elemental sulfur in the distillate
to form volatile sulfides that subsequently also enter the vapor. In FIG. 12, which
shows critical ratios of sulfur to selenium and sulfur to tellurium required for stripping

via reaction with sulfur distillate species at 800 C in accordance with one embodiment

(where [PS2 / PSeS] erit and [PS2 /PTeS] erit refer to the ratios of sulfur to selenium

sulfide and sulfur to tellurium sulfide in the gas phase), sulfur to selenium species and
sulfur to tellurium species ratios are presented for removal of these impurities from
some metals in the absence of solution effects. Such ratios are also readily defined in

the presence of solution effects, yet this determination will be feedstock dependent.
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Stripping results for arsenic, selenium, and antimony with elemental sulfur from

copper-containing mineral sulfides are reported in Table 4.

Table 4: Stripping of arsenic, antimony, and selenium from copper-containing

mineral sulfides using sulfur vapors

Enargite Tennantite

Initial After Initial After
Impurity Stripping Stripping
Arsenic 5.1 wt% 0.06 wt% 0.76 wt% | <0.01 wt%
Antimony | 0.34 wt% 0.08 wt% 44 wt% | 0.79 wt%
Selenium | <0.01 wt% | <0.01 wt% 0.30 wt% | 0.04 wt%

Upon stripping with sulfur gas at 800 C, arsenic, antimony, and selenium
impurity contents were decreased by 72%-99%. Stripping rates for these impurities
further increase at higher temperatures employed for aluminothermic reduction via
reactive vacuum distillation. Depending on the ratio of aluminum to sulfur in the
reduction distillate, the sulfur source for these stripping reactions may be elemental
sulfur, aluminum sulfide or other metal sulfide species.

For another example, the following demonstrates ferrous and nonferrous
products of sulfide reduction via reactive vacuum distillation.

In addition to aluminum alloys, reduction of sulfides via reactive vacuum
distillation is also applicable to ferrous and other nonferrous metal and alloy products.
In one example, titanium metal and alloys were produced from titanium sulfide using
aluminothermic reduction via reactive vacuum distillation. Two grams of titanium
sulfide were introduced along with 2 grams of metallic aluminum into the reactor.
The reaction took place at a temperature between 1300 C and 1900 C and a total
pressure of 10 to 10! atm over times ranging from 20 minutes to 1 hour. During the
reaction, gaseous aluminum and/or aluminum sulfide species are volatized from the
system while producing metallic titanium or titanium-aluminum alloy from titanium
sulfide. FIG. 13 shows an SEM/BEC image (left) and an SEM/EDS element map
(right) detailing aluminothermic reduction of titanium from titanium sulfide via

reactive vacuum distillation in accordance with one embodiment. In this
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embodiment, the reactor was quenched while at temperature to provide a snapshot of
the reaction underway. Phase “a” corresponds to aluminum, phase “b” corresponds to
aluminum sulfide, phase “c” corresponds to aluminum-titanium sulfide, phase “d”
corresponds to titanium sulfide, and phase “e” corresponds to titanium. FIG. 14
shows a titanium metal phase produced via aluminothermic reduction of titanium
sulfide using reactive vacuum distillation in accordance with one embodiment.
Aluminum and aluminum sulfide species were distilled and condensed at the top of
the reactor, leaving titanium metal and/or alloy products below. Aluminum contents
below 1 wt% and sulfur contents below 0.5 wt% were achieved in the titanium metal
product. Both higher and lower contents of aluminum and sulfur in the titanium
product are obtainable through tuning of reactor conditions and reaction time.
Aluminum metal and aluminum sulfide species were observed in the condensed
distillate, with an aluminum to sulfur atomic ratio exceeding that of stoichiometric
Al2Ss. The temperature and pressure can be varied over the course of the reaction,
with increasing temperature and decreasing pressure both increasing the ratio of
aluminum to sulfur entering the distillate. Other feedstocks may be mixed with the
titanium sulfide for direct production of titanium alloys, such as vanadium metal,
oxides, or sulfides for production of titanium-aluminum-vanadium alloys.

In other embodiments, the bulk content of the distillate is sulfur-rich, such as
in recycling of rare earth magnets to produce rare earth sulfides and iron alloys.
Magnet feedstock employed contained predominantly iron, neodymium,
praseodymium, dysprosium, terbium, and boron. Small amounts of other rare earth
elements were also present. Copper, nickel, cobalt, molybdenum, niobium, gallium,
and aluminum may also be found in rare earth magnets. Aluminum content in the
magnet or magnet machining swarf may range from trace up to several percent. In
end-of-life recycling feedstocks, the aluminum content may be up to 90%. Therefore,
aluminum may be either added directly or already present in the form of feedstock
components or impurities.

60 grams of N38SH grade magnets were sulfidized at temperatures between
900 C and 1100 C under sulfur partial pressures of 0.1 to 0.8 atm following methods
described in U.S. Patent Application No. 17/134,429 entitled SELECTIVE
SULFIDATION AND DESULFIDATION. The sulfidation reaction generally
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occurred over the course of several minutes to several hours. A mix of iron sulfide,
rare earth sulfide, and metallic phases were formed during sulfidation, tabulated

below in Table 5 via quantitative x-ray diffraction (QXRD):

Table S: Sulfidized Magnet Composition via QXRD

Phase Partially Fully
Sulfidized Sulfidized
Rare Earth Sulfide 26-37 wt% 63 wt%
Iron Sulfide 57-58 wt% 27 wt%
Metal 2-5 wt% <1 wt%
Unidentified 0-15 wt% 10 wt%
Crystalline
Amorphous Excluded Excluded

The sulfidized magnet was then treated via reactive vacuum distillation at a
temperature between 1500 C and 1800 C and a total pressure of 10 to 10" atm for
times ranging from 20 minutes to one hour. Under these conditions, neodymium and
praseodymium were left as non-volatile sulfides while iron sulfide decomposed to
metallic iron and sulfur gas. Sulfide and metal products are illustrated in FIG. 15,
which shows iron-rich metal and neodymium-rich sulfide produced via application of
sulfidation and reactive vacuum distillation to rare earth magnet recycling. The
metallic iron produced via thermal decomposition and reactive vacuum distillation
simultaneously served as an in-situ liquid-metal collector phase for selective
extraction of other rare earth elements from the sulfide. Partitioning of rare earth
elements between metallic and sulfide products are shown in Table 6 as measured via
wavelength dispersive x-ray spectroscopy / electron microprobe analysis
(WDS/EPMA). Separation of rare earths was achievable using the liquid iron
collector phase synthesized via reactive vacuum distillation. Here, the distillate was
sulfur-rich, with an aluminum to sulfur atomic ratio in the distillate less than that of
stoichiometric Al2Ss. However, the aluminum to sulfur ratio of the distillate will vary

based on the aluminum content in the reactive vacuum distillation feedstock. Boron



10

WO 2023/278429

48

PCT/US2022/035296

impurities were removed during reactive vacuum distillation via reactive stripping

with sulfur-containing species, with residual boron partitioning to the metal phase.

Table 6: Partitioning of Iron and Rare Earth Elements between Sulfide and
Metal Phases via WDS/EPMA

Phase

Element | Sulfide Metal

Fe 0.2 wt% 92.6 wt%
La 0.8 wt% <0.1 wt%
Ce <0.1wt% | 0.1 wt%
Pr 12.2 wt% 0.1 wt%
Nd 56.0 wt% | <0.1 wt%
Sm <0.1wt% | 0.1 wt%
Eu <0.1wt% | 2.6 wt%
Gd 3.2 wt% <0.1 wt%
Tb <0.1wt% | 0.9 wt%
Dy 12wt% | 0.3 wi%
Ho <0.1 wt% | 0.3 wt%
Er 0.3 wt% 0.8 wt%
Tm <0.1 wt% 0.2 wt%
Yb <0.1 wt% | <0.1 wt%
Lu 2.0 wt% <0.1 wt%

In sulfidation and reactive vacuum distillation for rare earth magnet recycling, the low

aluminum to sulfur ratio in that example (below that which is required for

stoichiometric aluminothermic reduction of the iron sulfide to form volatile aluminum

sulfide) illustrates that a metallic iron collector phase for selective extraction of rare

earth elements from sulfides may also be generated through thermal reduction of iron

sulfide. In such a scenario, a metallic extractor phase may be produced through direct

thermal decomposition of a metal sulfide (including but not limited to sulfides of iron,

aluminum, copper, nickel, cobalt, lead, tin, zinc, gallium, bismuth and/or barium),
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even in the absence of aluminum or aluminothermic reduction. Likewise, by adding
iron or another metallic element in the form of a metal, oxide, or sulfide to a feedstock
prior to sulfidation, subsequent thermal treatment of the sulfidized mixture can yield a
metal extractant phase that selectively forms an alloy between the added metal and
components of the feedstock through metallothermic or reactive leaching, with or
without aluminum present.

In another example, iron oxide was added to a rare earth monazite phosphate
mineral prior to sulfidation. Upon sulfidation, iron oxide was sulfidized. Monazite
may remain as a phosphate following sulfidation, or itself may form an oxide,
oxysulfide, or sulfide compound. We envision that these materials could then
undergo reactive vacuum distillation (with or without aluminum) to thermally
decompose iron sulfide to iron metal and sulfur gas. We anticipate that this iron
phase may then be able to metallothermically or reactively leach other components
from the rare monazite mineral, including rare earth elements or normally occurring
radioactive materials such as thorium. We anticipate that this approach is readily
extended to other feedstocks, including minerals and electronic waste (e-waste).
Sulfur evolved from iron sulfide decomposition may then exhibit stripping behavior
similar to that observed in aluminum-sulfur atmospheres. By controlling the ratio of
select metallic elements (in either metal, oxide, or sulfide form) to sulfurin a
feedstock, reactive vacuum distillation and thermal treatment with or without
aluminum can be used to selectively produce alloy products. Iron addition and
control of the iron to sulfur to other metallic element ratio in a feedstock are therefore
useful process levers to design selectivity in the composition of an alloy product in
our invention. Different alloy products including but not limited to those of
aluminum, nickel, and copper may leverage different metal additions (in the form of
metals, oxides, or sulfides) to achieve selectivity in alloy production through
metallothermic leaching.

In addition to reactive stripping, impurities may also be managed in metal
production through reactive leaching with the aluminum. In another example,
ferrochromium was produced from selectively sulfidized chromite concentrate using
aluminothermic reduction, reactive leaching, and reactive stripping via reactive

vacuum distillation. The composition of the chromium concentrate prior to
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sulfidation is shown in Table 7. The chromium concentrate was selectively sulfidized
at temperatures between 1200 C and 1500 C under a sulfur partial pressure of 0.1 to
0.8 atm following methods described in in U.S. Patent Application No. 17/134,429
entitted SELECTIVE SULFIDATION AND DESULFIDATION. Following
sulfidation, oxide and sulfide phases were intertwined, with grain sizes on the order of
50-200 microns. FIG. 16 shows sulfidized chromite concentrate in accordance with
one embodiment, where light phases correspond to iron-chromium-rich sulfide and
dark phases correspond to magnesium-silicon-aluminum-rich oxide phases. Iron and
chromium preferentially sulfidized, while aluminum, silicon, and magnesium
preferentially partitioned to oxide phases. The iron-chromium sulfide phases
contained residual oxygen, magnesium, silicon, and aluminum impurities at
approximately 5-15 at%, 2-4 at%, 3-5 at%, and 3-6 at% respectively. Meanwhile, the
oxide phases contained some residual iron, chromium, and sulfur at approximately 3-

6 at%, 5-10 at%, and 5-8 at% respectively.

Table 7: Chromite Concentrate Composition

Component | Composition
MgO 11.7 wt%
SiO2 2.7 wt%
AL2Os3 13.9 wt%
CnOs 47.2 wt%
FeO 24.6 wt%

A 1.4-gram chunk of sulfidized chromite concentrate was reacted with 0.05
grams of liquid aluminum at temperatures between 1500 C and 2000 C under
pressures of 10 to 107! atm for 40 minutes. The sulfide phase was reactively leached
from the oxide-sulfide matrix with metallic aluminum, forming ferrochromium alloy
and gaseous aluminum sulfide. The gaseous aluminum sulfide subsequently stripped
residual aluminum, silicon, magnesium, and oxygen impurities from the sulfide,
forming a mixed aluminum-silicon-magnesium-oxygen-sulfur distillate vapor. These
gasses subsequently reacted with the oxide phase. This illustrates that in addition to

metallic inputs, aluminum for reactive vacuum distillation, leaching, and stripping
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may be at least partially sourced from a nonmetallic phase such as an oxide. Residual
iron and chromium in the oxide were sulfidized and aluminothermically reduced to
metal. Silicon, magnesium, and aluminum oxides were stripped and also entered the
distillate. Like aluminum, metallic silicon and magnesium may serve as reducing
agents, indicating that metallic intermediates formed during the stripping reaction can
also contribute to reduction. The condensed distillate is shown in FIG. 17, and
observed via scanning electron microscope / backscatter electron composition
(SEM/BEC) to be a non-homogeneous mixture of different chemical compounds.
Panel a shows that the distillate was condensed as a crust at the top of the reactor.
Panels b,and ¢ show that the distillate contains an inhomogeneous mix of aluminum,
silicon, and magnesium oxides, oxysulfides, and sulfides. In addition to magnesium,
other S block elements including but not limited to calcium, barium, sodium, and
potassium can exhibit similar stripping behavior when appropriate reactor conditions
are employed.

The combination of reactive leaching and stripping processes yielded metallic
ferrochromium free of gangue oxide inclusions, shown in FIG. 18. Aluminum,
silicon, and magnesium impurities in the metal product are all found to be less than 1
wt%. Other feedstocks may be co-sulfidized with the chromite or mixed with the
feedstock prior to aluminothermic treatment to produce multicomponent alloys.
Adding a nickel source to the iron-chromium sulfide feed, such as sulfidized laterite,
may be used to enable the direct production of stainless-steel alloys.

In summary, as described herein, our aluminothermic reactive vacuum
distillation, absorption, stripping, and extraction technology presents a paradigm shift
in how alloys can be produced and how metallic elements can be recycled and
reintroduced into metal products. The following is a summary of some key
innovations put forth by our technology:

e Aluminothermic reduction of metal sulfides via reactive vacuum distillation

e Usage of aluminum for metallothermic reduction of alloys that previously
required calciothermic or magnesiothermic reduction

e Integration of reactive vacuum distillation and reactive absorption into a single

aluminothermic reduction process
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e Selective aluminothermic extraction and reduction of sulfides from oxides in a
single processing step

e Aluminothermic production of a gas stripping agent via reactive vacuum
distillation

e Reactive casting during reactive vacuum distillation, absorption, stripping, and
extraction

e Integration of scrap refining and master alloy production into a single
processing step

e Usage of lower purity feedstocks in metal and master alloy production, such as
machining waste (swarf), recycled materials of known composition, dross
from primary electrolytic production or recycling, recycled or synthesize
master alloys (and or the waste from master alloy production), ores or mineral
concentrates (sulfidized, selectively sulfidized, or natural), or even unsorted
scrap as either the base metal solvent, alloy solute, or aluminum reductant
source

e Integration of refining and reduction into a single processing step

e Integration of aluminothermic processing with selective sulfidation

e Production of a metal extractant or collector phase via aluminothermic

reduction and/or thermal decomposition of a sulfide compound

FIG. 191s a flow diagram encompassing various processes in accordance with
example embodiments. Process 1902 dissolves a sulfide of a first metal in a solvent
comprising molten aluminum. It should be noted that in some cases the sulfide may
not fully dissolve in the solvent comprising molten aluminum. Process 1904
aluminothermically reduces at least a portion of the sulfide through reactive vacuum
distillation to form gaseous aluminum sulfide distillate and elemental first metal that
remains in the molten aluminum. It should be noted that at least a portion of the
sulfide may be aluminothermically reduced at the interface of the sulfide and the
molten aluminum through reactive vacuum distillation to form gaseous aluminum
sulfide distillate and elemental first metal that remains in the molten aluminum.

Process 1906 optionally reacts the aluminum sulfide distillate with at least one
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material in the molten aluminum and/or at least one material outside of the molten
aluminum. Process 1908 optionally condenses the gaseous aluminum sulfide
distillate. Process 1910 optionally adds a third metal or compound of the third metal
to the molten aluminum to produce an alloy including the third metal and at least one
of aluminum or the first metal, where the compound of the third metal may be
aluminothermically or thermally reduced/decomposed prior to alloying. The process
may further involve vacuum distillation of aluminum from an alloy of aluminum and
at least one of the first metal or the third metal to enrich the alloy in at least one of the
first metal or the third metal. Process 1912 optionally recovers at least some of the
first metal from the molten aluminum. Process 1914 optionally oxidizes at least some
of the first metal in the molten aluminum. Process 1916 optionally extracts sulfide
from a surrounding oxide (e.g., the molten aluminum may include a mixture of the
first metal sulfide and at least one oxide) via selective aluminothermic reduction of
the sulfide. Process 1918 optionally includes at least one other element in the molten
aluminum that forms at least one gaseous volatile sulfide that in turn assists the
aluminum in reduction, in which case the process may selectively condense at least
one of the at least one gaseous volatilized sulfide. The process of reacting the
aluminum sulfide distillate with at least one material in the molten aluminum may
involve reactive stripping or reactive absorption. The process may further involve
aluminum sulfide distillate or at least one of the at least one gaseous volatized sulfide
reacting with at least one element from an oxide to form a sulfide which may be
aluminothermically reduced via reactive vacuum distillation. In any of these
embodiments, the first metal sulfide that is dissolved in the solvent comprising molten
aluminum may be formed by selectively sulfidizing the first metal. In an alternative
embodiment, a sulfide of the third metal may be contacted with a sulfide of a fourth
metal in the absence of aluminum, in which the sulfide of the third metal is thermally
decomposed, producing an alloy of the third metal and some or all of the fourth metal.

While various inventive embodiments have been described and illustrated
herein, those of ordinary skill in the art will readily envision a variety of other means
and/or structures for performing the function and/or obtaining the results and/or one
or more of the advantages described herein, and each of such variations and/or

modifications is deemed to be within the scope of the inventive embodiments
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described herein. More generally, those skilled in the art will readily appreciate that
all parameters, dimensions, materials, and configurations described herein are meant
to be exemplary and that the actual parameters, dimensions, materials, and/or
configurations will depend upon the specific application or applications for which the
inventive teachings is/are used. Those skilled in the art will recognize, or be able to
ascertain using no more than routine experimentation, many equivalents to the
specific inventive embodiments described herein. It is, therefore, to be understood
that the foregoing embodiments are presented by way of example only and that,
within the scope of the appended claims and equivalents thereto, inventive
embodiments may be practiced otherwise than as specifically described and claimed.
Inventive embodiments of the present disclosure are directed to each individual
feature, system, article, material, kit, and/or method described herein. In addition, any
combination of two or more such features, systems, articles, materials, kits, and/or
methods, if such features, systems, articles, materials, kits, and/or methods are not
mutually inconsistent, is included within the inventive scope of the present disclosure.

Various inventive concepts may be embodied as one or more methods, of
which examples have been provided. The acts performed as part of the method may
be ordered in any suitable way. Accordingly, embodiments may be constructed in
which acts are performed in an order different than illustrated, which may include
performing some acts simultaneously, even though shown as sequential acts in
illustrative embodiments.

All definitions, as defined and used herein, should be understood to control
over dictionary definitions, definitions in documents incorporated by reference, and/or
ordinary meanings of the defined terms.

The indefinite articles “a” and “an,” as used herein in the specification and in
the claims, unless clearly indicated to the contrary, should be understood to mean “at
least one.”

The phrase “and/or,” as used herein in the specification and in the claims,
should be understood to mean “either or both” of the elements so conjoined, i.e.,
elements that are conjunctively present in some cases and disjunctively present in
other cases. Multiple elements listed with “and/or” should be construed in the same

fashion, i.e., “one or more” of the elements so conjoined. Other elements may
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optionally be present other than the elements specifically identified by the “and/or”
clause, whether related or unrelated to those elements specifically identified. Thus, as
a non-limiting example, a reference to “A and/or B”, when used in conjunction with
open-ended language such as “comprising” can refer, in one embodiment, to A only
(optionally including elements other than B); in another embodiment, to B only
(optionally including elements other than A); in yet another embodiment, to both A
and B (optionally including other elements); etc.

As used herein in the specification and in the claims, “or” should be
understood to have the same meaning as “and/or” as defined above. For example,
when separating items in a list, “or” or “and/or” shall be interpreted as being
inclusive, i.e., the inclusion of at least one, but also including more than one, of a
number or list of elements, and, optionally, additional unlisted items. Only terms
clearly indicated to the contrary, such as “only one of” or “exactly one of,” or, when
used in the claims, “consisting of,” will refer to the inclusion of exactly one element
of a number or list of elements. In general, the term “or” as used herein shall only be
interpreted as indicating exclusive alternatives (i.e., “one or the other but not both™)

2%

when preceded by terms of exclusivity, such as “either,” “one of,” “only one of,” or
“exactly one of.” “Consisting essentially of,” when used in the claims, shall have its
ordinary meaning as used in the field of patent law.

As used herein in the specification and in the claims, the phrase “at least one,”
in reference to a list of one or more elements, should be understood to mean at least
one element selected from any one or more of the elements in the list of elements, but
not necessarily including at least one of each and every element specifically listed
within the list of elements and not excluding any combinations of elements in the list
of elements. This definition also allows that elements may optionally be present other
than the elements specifically identified within the list of elements to which the
phrase “at least one” refers, whether related or unrelated to those elements specifically
identified. Thus, as a non-limiting example, “at least one of A and B” (or,
equivalently, “at least one of A or B,” or, equivalently “at least one of A and/or B”)
can refer, in one embodiment, to at least one, optionally including more than one, A,
with no B present (and optionally including elements other than B); in another

embodiment, to at least one, optionally including more than one, B, with no A present
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(and optionally including elements other than A); in yet another embodiment, to at
least one, optionally including more than one, A, and at least one, optionally including
more than one, B (and optionally including other elements); etc.

In the claims, as well as in the specification above, all transitional phrases

2% ¢

such as “comprisin includin
2 2

2% 29 CC 2% ¢

carrying,” “having,” “containing,” “involving,”

29 CC

“holding,” “composed of,” and the like are to be understood to be open-ended, i.e., to
mean including but not limited to. Only the transitional phrases “consisting of” and
“consisting essentially of” shall be closed or semi-closed transitional phrases,
respectively, as set forth in the United States Patent Office Manual of Patent
Examining Procedures, Section 2111.03.

Although the above discussion discloses various exemplary embodiments of
the invention, it should be apparent that those skilled in the art can make various
modifications that will achieve some of the advantages of the invention without
departing from the true scope of the invention. Any references to the “invention” are
intended to refer to exemplary embodiments of the invention and should not be
construed to refer to all embodiments of the invention unless the context otherwise

requires. The described embodiments are to be considered in all respects only as

illustrative and not restrictive.
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What is claimed is:

1. A method comprising:
dissolving at least a portion of a sulfide of a first metal in a solvent comprising
molten aluminum; aluminothermically reducing at least a portion of the sulfide
through reactive vacuum distillation to form gaseous aluminum sulfide distillate and
elemental first metal that remains in the molten aluminum; and
at least one of"
(a) reacting the aluminum sulfide distillate with at least one material in
the molten aluminum;
(b) reacting the aluminum sulfide distillate with at least one material
outside of the molten aluminum; or

(c) condensing the gaseous aluminum sulfide distillate.

2. A method according to claim 1, wherein the process produces an alloy

comprising at least aluminum and the first metal.

3. A method according to any one of the above claims, further comprising:
adding a third metal or a compound of the third metal to the molten aluminum

to produce an alloy including the third metal and at least one of aluminum or the first

metal.
4. A method according to claim 3, wherein at least one of:
(a) the compound of the third metal is aluminothermically reduced; or
(b) the compound of the third metal is thermally reduced.
5. A method according to any one of the above claims, further comprising:
recovering at least some of the first metal from the molten aluminum.
6. A method according to any one of the above claims, further comprising:

vacuum distilling a metal from the alloy.
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7. A method according to claim 6, further comprising:

reacting the distillate metal with gaseous sulfur to form a volatile sulfide.

8. A method according to any one of the above claims, further comprising:

oxidizing at least some of the first metal in the molten aluminum.

9. A method according to any one of the above claims, wherein the molten
aluminum includes a mixture of the first metal sulfide and at least one oxide, the
process extracting the sulfide from the surrounding oxide via selective

aluminothermic reduction of the sulfide.

10. A method according to any one of the above claims, wherein the molten
aluminum comprises at least one other element that forms at least one gaseous volatile

sulfide that in turn assists the aluminum in reduction.

11. A method according to claim 10, further comprising:
selectively condensing at least one of the at least one gaseous volatilized

sulfide.

12. A method according to any one of claims 1-11, wherein reacting the aluminum

sulfide distillate with at least one material in the molten aluminum comprises reactive

stripping.

13. A method according to any one of claims 1-11, wherein reacting the aluminum

sulfide distillate with at least one material in the molten aluminum comprises reactive

absorption.
14. A method according to any one of the above claims, comprising at least two
of

(a) reacting the aluminum sulfide distillate with at least one material in

the molten aluminum;
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(b) reacting the aluminum sulfide distillate with at least one material
outside of the molten aluminum; or

(c) condensing the gaseous aluminum sulfide distillate.

15. A method according to any one of the above claims, comprising all three of:
(a) reacting the aluminum sulfide distillate with at least one material in
the molten aluminum;
(b) reacting the aluminum sulfide distillate with at least one material
outside of the molten aluminum; and

(c) condensing the gaseous aluminum sulfide distillate.

16. A method according to any one of the above claims, further comprising:
selectively sulfidizing the first metal to form the first metal sulfide that is at

least partially dissolved in the solvent comprising molten aluminum.

17. A method comprising selective aluminothermic leaching of a sulfide from a

surrounding oxide without simultaneous reactive vacuum distillation.

18. A method comprising the use of a slag or matte in contact with a sulfide
reactant, metal product, or distillate, the slag or matte containing one or more metal
oxides and/or metal chalcogenide and/or metal halide for controlling the partial

pressure of dissolved impurities or distillate gasses.

19. A method wherein a sulfide of a first metal is contacted with a sulfide of a
second metal in the absence of aluminum, in which the sulfide of the first metal is
thermally decomposed, producing an alloy of some or all of the first metal and some

or all of the second metal and elemental sulfur gas.

20. A method according to claim 19, comprising at least one of’
(a) the sulfur gas reacts with at least one material inside the first sulfide; or

(b) the sulfur gas reacts with at least one material outside the first sulfide.
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21. A system comprising a reactor or vessel in which any of the above methods
are performed.
22. A system according to claim 21, wherein the reactor or vessel serves as an

absorption substrate for reactive absorption.
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(1902) Dissolve a sulfide of a first metal in a solvent comprising molten aluminum

l

(1904) Aluminothermically reduce at least a portion of the sulfide through
reactive vacuum distillation to form gaseous aluminum sulfide distillate
and elemental first metal that remains in the molten aluminum

l

(1906) Optionally react the aluminum sulfide distillate
with at least one material in the molten aluminum
and/or at least one material outside of the molten aluminum

l

(1908) Optionally condense the gaseous aluminum sulfide distillate

l

(1910) Optionally add a third metal to the molten aluminum to produce an alloy including
the third metal and at least one of aluminum or the first metal

l

(1912) Optionally recover at least some of the first metal from the molten aluminum

l

(1914) Optionally oxidize at least some of the first metal in the molten aluminum

l

(1916) Optionally extract sulfide from a surrounding oxide
via selective aluminothermic reduction of the sulfide

l

(1918) Optionally include at least one other element in the molten aluminum that forms at least
one gaseous volatile sulfide that in turn assists the aluminum in reduction

FIG. 19
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