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ABSTRACT

The lunar mare potassium (K)-, rare-earth elements (REEs)- and phosphorous (P)-rich (KREEP-rich) re-
gion is a unique late-stage product of magma crystallization, in which ilmenite and incompatible ele-
ments have high grades, thus forming a giant natural reservoir. The extraction and purification of the
high-value metal resources in the KREEP-rich region not only meet the construction needs of the lu-
nar base but also solve the problem of resource scarcity on Earth. In this study, photovoltaic elemental
silicon (Si) was used as a collector to extract ilmenite resources, REEs, and nuclear energy elements from
basalt in the lunar mare KREEP-rich region at 1873 K. Based on experimentation, the metals titanium (Ti)
and iron (Fe) in the lunar mare ilmenite are found to be enriched and solidified in the form of Si-based
alloys. The contents of valuable incompatible elements in the KREEP-rich area are also found to be
enriched and contained in the incompatible trace elements (ITEs) phase of the alloy. Among them, REEs
(e.g., cerium (Ce) and thulium (Tm)) and nuclear elements (e.g., thorium (Th) and uranium (U)) are found
to account for 82.61 wt% of the ITEs phase. This process provides a simple and feasible scheme for the in-
situ resource utilization (ISRU) of the lunar surface and is suitable for the extraction and enrichment of

lunar metal resources.

© 2022 Chinese Society of Rare Earths. Published by Elsevier B.V. All rights reserved.

1. Introduction

The moon is the only natural satellite of Earth and has an ad-
vantageous spatial position. The establishment of a lunar base will
be conducive to the realization of various scientific research and the
exploration of other planets via the Chang'e project.' The climax of
space exploration set off in the middle and late 20th century
deepened the understanding of the moon and resulted in the
accumulation of a large amount of data.” As an atmosphere-free
body, the strong reducing environment on the lunar surface and
unique geological events have caused abundant resources to be
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exposed to the lunar mare area on the surface.> > Among these
resources, the content of ilmenite in the high-titanium (Ti) basalt in
the lunar mare area exceeds 15 wt%, and the content of ilmenite in
some areas exceeds the mining grade on Earth.® This portion of the
ilmenite resource reserves is huge and is distributed on the
outermost layer of the moon, which means that it can be mined
without complicated equipment. In addition, the content of rare-
earth elements (REEs) in the KREEP rocks in the Oceanus Pro-
cellarum area is relatively high. In the KREEP-rich area, it is esti-
mated that approximately 2.2 x 10'7 m? of the KREEP lithosphere is
preserved, and the contents of elements such as phosphorus (P) are
also higher than that of lunar soil. The nuclear elements uranium
(U) and thorium (Th) are also concentrated in KREEP.*® The main
occurrence of these incompatible elements is in the form of
phosphate, and they exist in the forms of monazite, merrillite,
etc.”® Although the distribution of these trace elements does not
reach the lower grade limit for extractable rare earth minerals on
Earth, the limited volume and uneven distribution of the Earth's
rare earth resources are objective.”'® As an additional reservoir of
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Earth's resources, the Moon's resources will also be valuable for
mining as transportation costs decline.

In consideration of the load limitations and expensive Earth-
moon transportation costs, in-situ resource utilization (ISRU)
technology can overcome the high costs of ground-to-moon
transportation and the need for long-term survival; ISRU includes
the in situ additive manufacturing of lunar soil,®!' 16 the utilization
of oxygen,'”'° hydrogen,?° ?? and water resources,*>> 2% and the
in situ utilization and extraction of metal resources.>!”18:21:22.27-30
However, there have been hardly any targeted studies on the
extraction and enrichment of rare earth resources from the lunar
surface. On Earth, for the extraction of REEs and nuclear elements
such as Th and U, the smelting process requires hydrometallurgical
processes such as acid or lye, or the active metal calcium (Ca) and
other metals are required to thermally reduce the fluoride of
REEs.>' 3% Although ISRU requires the provision of reactors as close
as possible, the vacuum on the lunar surface and the variations in
the day and night temperatures are not conducive to widespread
hydrometallurgy, and the total amount of volatile electrolytes is
reduced due to constant losses. However, regardless of which
method is used, the necessity of large-scale equipment, compli-
cated processes, and a variety of additives is unavoidable. This has
introduced obstacles to the ISRU of REEs present in lunar KREEP
resources. Therefore, metallurgical processes on the lunar surface
should be shortened to the greatest extent by reducing the chem-
ical extraction process and adopting a short-cycle smelting method.
For the extraction and enrichment of REEs, elemental silicon, which
is widely used in solar power generation, may be a suitable
reducing agent. Therefore, a silicon reduction process was used in
this study to extract metal resources from the lunar mare KREEP-
rich region.

2. Experimental

In this study, the lunar mare simulant (LMS) prepared by Exolith
Lab was used as the lunar mare sample, and its elemental content,
mineral composition, particle size distribution, etc., were in line
with the existing sample data. As exhibited in Table 1, the chemical
composition of the minerals is mainly ilmenite, pyroxene, olivine,
glass, etc.

The REEs in the KREEP-rich lunar mare area exist primarily in
the form of phosphate, and natural monazite samples were used as
raw materials. As presented in Table 2, monazite contains various
REEs oxides. To simulate the KREEP-rich area with a low phosphate
content, the simulated lunar soil sample with a content of 4 wt%
was fully mixed. The high-purity Si used as a metal collector had a
low content of impurities, and the impurities were therefore
ignored in the experiment. The normal LMS and KREEP simulants
were respectively mixed with the collector at a 4:1 mass ratio (20 g
simulant with 5 g Si).

As shown in Fig. 1, a box-type atmosphere furnace was used as
the heating instrument. The raw materials were first dried and then
thoroughly mixed according to the determined proportions and
were then placed in a magnesium oxide (MgO) crucible. The sample
was then placed in a box-type atmosphere furnace that was evac-
uated to 1 x 10* Pa, after which high-purity argon (Ar) gas
(99.99 wt%) was introduced to ensure that the sample underwent a
reduction reaction under a lower oxygen partial pressure. The
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Table 2
The EPMA (10 points) chemical composition of the monazite sample.
Oxide w (Wt%) Oxide w (Wt%) Oxide w (Wt%)
Si0, 470 Y503 121 Pro05 345
FeO 0.16 F 0.45 Gd,03 1.95
P,0s5 22.80 Ce,03 22.69 ThO, 17.81
Dy,0; 0.18 La,0; 6.05 uo, 0.41
Tm,03 0.20 Nd,0 14.74
Zr0, 0.03 Sm,03 4.07 Total 100.89
F | On Cl
Flowmeter wnace — 0S¢

Furnace
door

Gas in
= Gas out

| ]
Vacuum pump |

Fig. 1. The schematic diagram of the box atmosphere furnace.
temperature was increased from room temperature at the rate of
10 K/min. After reaching 1873 K, the temperature was maintained
for 2 h, after which the furnace was cooled. The samples were then
removed, cut, broken, and polished, and tests were performed.

Surface scanning via scanning electron microscopy (SEM) and
energy-dispersive spectroscopy (EDS) was conducted to analyze
the microscopic morphology and phase composition of the product
(FEI Scios scanning electron microscope, America). The Maps 3.0
software included with the scanning electron microscope was used
to model the entire reaction sample to eliminate the regional
specificity of the analysis process. For the quantitative composition
of each phase, electron probe microanalysis (EPMA) was conducted
for composition measurement, and the corresponding mineral and
metal standards were used for calibration (JEOL JXA-8530F Plus
electron probe micro analysis, Japan). Micro-X-ray diffraction (mi-
cro-XRD) was used to measure the crystal structure of each phase
to obtain accurate phase information (Rigaku Dmax Rapid V-type
micro-X-ray diffraction, Japan). FactSage 8.0 thermodynamic
calculation software was used to calculate the Gibbs free en-
ergy.>’38 Furthermore, according to the actual reaction process, the
phase diagram of the precipitated phase during the solidification
process was drawn.

Temperature
controller

3. Results and discussion
3.1. Extraction of the main metal resources in lunar soil

Fig. 2 is the product profile of the LMS after the high-
temperature liquid-phase reduction of Si. The two main phases in
the product, which had distinct color differences, were the bright
near-spherical metal and the dark lunar soil slag. The metal phase
and the oxide phase exhibited good phase separation. Moreover,

Table 1

The XRF chemical composition of the simulated lunar soil sample.
Oxide Si0, TiO, Al,03 Cry03 FeO MgO MnO Ca0 Nay0 K,0 SO3 Total
w (wt%) 42.81 4.62 14.13 0.21 7.87 18.89 0.15 5.94 4.92 0.57 0.11 99.56
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Regolith slag

MgO crucible

Fig. 2. The backscattered image of the Si reduction profile of the LMS.

the metal phase exhibited edge shrinkage in the form of a near-
spherical shape, and the content of metal inclusions in the oxide
was very low. This phenomenon demonstrates that the metal phase
and the lunar soil melt had high interfacial tension at high tem-
peratures, and thus had a good separation effect. Because the
driving force of separation was not gravity sedimentation, the
phase separation dominated by interfacial tension still exhibited
better results even under lower gravity. Moreover, the interface of
the MgO crucible was uneven and corroded, which indicates that a
portion of the crucible material was dissolved in the slag.

EDS analysis was carried out at the slag-metallographic inter-
face. As shown in Fig. 3, the two macroscopic slag and alloy phases
can be identified by the presence or absence of oxygen (O). Among
them, light metal elements such as Mg, Al, and Ca were found to be
completely distributed in the slag phase, and metal elements such
as Fe and Ti were completely distributed in the alloy phases, indi-
cating that Si reduced the Fe and Ti contents in the LMS, which then
transferred to the alloy phases, and extraction was realized. It can

200 pm

200 pm

200 um
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be seen from the distribution of cations that the molten slag was
mainly divided into two phases, namely Mg-enriched areas and Al-,
Ca-, etc., enriched areas.

In combination with the micro-XRD analysis of the product
(Fig. 4(a, b)), it can be inferred that the Mg-enriched area was a
forsterite (Mg;SiO4) phase, and the remaining part of the slag was
an Al—Ca-enriched glass phase. In the alloy, the three main phases
were a pure Si phase, a Si—Fe phase, and a Si—Fe—Ti phase. In
comparison to the XRD analysis (Fig. 4(c, d)) and by searching for
intermetallic compounds, it was found that the Si—Fe phase was
Fe,Sis, and the Si—Fe—Ti phase was SiyFeTi (71). In the alloy phase,
different metal elements exhibited distinct enrichment phases and
formed intermetallic compounds, which demonstrates that
different metals can be simply separated after cooling and crushing.

The phases of the crystalline precipitates of metals and oxides
are displayed in the phase diagram. Fig. 5(a) presents the magni-
fication of the end of Si-rich region of the Si—Fe—Ti ternary phase
diagram, from which it can be seen that during the thermal
reduction of Si, with the continuous replacement of Si in the alloy
with Fe and Ti, the composition point of the metal phase gradually
changed from the end-member point of pure Si to the Fe and Ti
ends. Because the Fe and Ti contents in the simulated sample were
limited by the composition of ilmenite (FeTiO3 (1/1)) and other
iron-containing minerals, such as pyroxene ((Ca, Mg, Fe),SiOg) and
olivine ((Fe, Mg),SiO4), and the Fe/Ti atomic ratio was always
greater than 1. The “I” and “II” areas in the phase diagram respec-
tively represent the precipitation order of the Si—Fe and Si—Fe—Ti
phases in the alloy system. In the “I” region, the t; phase had pri-
ority over the precipitation of Si—Fe phase, and in the “II” region,
the Si—Fe phase was precipitated first, after which the t; phase was
precipitated. The red line in the middle represents the boundary
line of the composition point of the eutectic, i.e., the point at which

200 pm

Fig. 3. The EDS mappings of the Si-reduced slag-metallographic interface of the LMS.
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Fig. 4. The micro-XRD patterns of various phases in slag and alloy: (a) Forsterite; (b) Forsterite + glass; (c) Elemental Si; (d) Fe,Sis (Si + FeSiy) + SioFeTi.
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Fig. 5. The ternary phase diagrams of the reduction system. (a) Si—Fe—Ti alloy; (b) Final LMS slag.

the atomic ratio of Fe to Ti was approximately equal to 3.8. Because
the atomic ratio of Fe to Ti in the actual sample was in the “I” (blue)
region and no residual 75 alloy phase was found, it was determined
that during the cooling process of the metal phase, along the red
dotted line, pure Si was first precipitated, the t; phase was then
precipitated when the liquid phase reached the boundary, and,
finally, the Fe,Sis phase was precipitated.

The oxide slag was mainly composed of a forsterite phase with
Mg>Si04 as the main component, and a glass matrix was composed
of light metals (Mg, Al, Ca, Na, etc.). The main components of the
system after the reaction are represented by the phase diagram
exhibited in Fig. 5(b). Both Fe and Ti were enriched in the metal
phase, and the displacement reaction increased the SiO; content in

1432

the system. Because the crucible made of MgO was used as the
container, the slag system partially dissolved the MgO, thereby
causing the composition point of the slag enriched in MgO to be
closer to that of MgO. As shown in the phase diagram, the first
precipitated phases in the larger composition range near the MgO
were all olivine, which confirms the rationality of the existence of
needle-shaped olivine phases in the molten slag. Due to the limi-
tations of the cooling time and rate, the viscosity of oxide slag
increased sharply, which caused the mass transfer to be too diffi-
cult. Furthermore, a lower temperature and shorter cooling time
were not sufficient to completely crystallize the matrix. The
remaining MgO and the rest of the slag components formed a glass
matrix.
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3.2. Extraction of incompatible elements in the lunar KREEP-rich
simulant

The Si-reduction result of the KREEP-rich simulant was roughly
the same as the main process of the LMS, but REEs contained in it
were reduced to the alloy phase by Si. However, a new phase
appeared in the alloy, namely the high-concentration enrichment
of the incompatible trace elements (ITEs) of REEs, including P, Th,
and U, as shown in Fig. 6.

Via the backscattered electron analysis of the phase distribution
and composition of the alloy product, it was found that there were
four metal phases in the alloy, and they had large compositional
differences. The matrix was elemental Si, and the metal phase with
a relatively uniform distribution and a larger area was the Si—Fe
phase; moreover, the Si—Fe—Ti phase was mostly distributed in
the Si—Fe phase, and the two phases were adjacent to and inter-
laced with each other. In contrast, the brightest alloy phase was the
rare-earth metal-ITEs phase, which was composed of REEs (Ce, Pm
and Nd), P, Zr, Th, U and other elements. REEs were reduced to

BSEI

Mapping Region

100 pm

Total EDS

20 pm

Ce
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metallic elements in the alloy. During the solidification process, due
to their large radius, REEs could not be dissolved in other alloy
phases; they could only be discharged by the first solidified phase
and sandwiched between the grain boundaries of other alloy
phases. In this way, these rare metal elements were enriched to
form a higher-purity alloy phase. From the EDS surface scanning
results, it was found that in the ITE-rich phase, the contents of el-
ements such as Si, Fe and Ti were very low, and while there was a
little amount of F, whose content was less than that of the Si—Fe
phase. ITEs such as Ce, Nd, Sm, Th, U and P were almost
completely distributed in the enriched phase. It can be seen that
REEs were reduced to the metal phase by high-temperature heat,
and they became concentrated in the ITEs phase after cooling,
which facilitated the separation and purification of REEs and also
ensured the purity of the Si matrix.

The existing position of the ITEs alloy was at the boundary of the
Si—Fe phase, and its positional relationship is indicative of the
precipitation order of the ITEs. This means that ITEs will enter the
Si—Fe(Ti) metal phase after the precipitation of the main Si phase.

Fig. 6. The EDS mappings and element qualitative distribution maps of the Si-reduced alloy phase area in the KREEP-rich simulant.
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Because the precipitation orders of the Si—Fe and Si—Fe—Ti phases
were close, crystallization may be possible when the equipment is
cooled down due to a large degree of undercooling. At this time, the
ITEs will be precipitated from the Si—Fe phase. Because the Si
content in the Si—Fe phase will be close to saturation, there will be
no excessive Si element to form an alloy with the ITEs after solid-
ification, so it will be precipitated in the form of a non-Si-based
alloy. This precipitation form will eliminate the process of separa-
tion from the Si-based intermetallic compound product. In addition
to the positional relationship between the metal phases, the dis-
tribution characteristics of the F element in the Si—Fe phase also
support this inference.

The components of each phase in the alloy, including the ITEs
and the main phases of the KREEP slag, are presented in Table 3,
which reports the composition data obtained from the quantitative
analysis of each phase by EPMA. It can be seen that in the ITEs
phase, the total mass ratio of REEs to Th, U and other scattered
elements reached 82.61 wt%. Among them, the light REEs i.e. La, Ce,
Sm, Nd, Pr and other relatively high-content REEs accounted for a
large proportion, and the contents of the medium and heavy REEs
i.e. Gd (1.56 wt%) and Tm (0.31 wt%) in the minerals were extremely
low. Furthermore, the hard-to-extract nuclear elements Th and U
were also found to be enriched in the ITEs phase, which indicates
that Si can extract and concentrate REEs and radioactive elements
in the same phase at high temperatures. In the KREEP slag, the
contents of Fe and Ti were extremely low. Compared with the initial
composition, this may indicate that the metals entered the Si alloy.
The olivine phase was pure forsterite, and the content of REEs in the
glass phase was also below the detection limit. Based on these
findings, it can be concluded that Si had a stronger effect on the
extraction and enrichment of scattered elements. Unfortunately,
although the ITEs were enriched in a variety of REEs, there were
also very small amounts of dissolved REEs in other alloy phases. The

Table 3

The quantitative composition (wt%) of each phase of the REE alloy and KREEP slag
determined by EPMA (10 points were selected and “bd” means below the exact
detection limit 0.1%).

Elements KREEP-alloy phases Oxides  KREEP-slag
phases

ITEs Si Si—Fe  Si—Fe—Ti Olivine  Glass
Si 0.57 100.18 52.28 29.59 Si0, 42.45 56.70
Ti bd bd bd 30.21 TiO, bd bd
Al bd bd bd bd Al,05 0.07 18.11
Fe 0.97 bd 4319 33.66 FeO bd bd
Mg bd bd bd bd MgO 56.76 7.72
Ca 0.61 bd bd bd Cao 0.15 10.36
Na bd bd bd bd Na,O bd 220
K bd bd bd bd K,0 bd 0.70
Mn bd bd 0.55 0.48 MnO bd bd
Cr bd bd 0.39 0.56 Cry03 bd bd
Co bd bd bd bd Co,03 bd bd
Ni bd bd 0.31 0.09 NiyO3 bd bd
P 1445 bd bd 339 P05 bd bd
Dy bd bd bd bd Dy,03  bd bd
Tm 0.31 bd bd bd Tmp03 bd bd
Zr 0.17 bd bd bd ZrOy bd bd
Y 0.16 bd bd bd Y203 bd bd
F 0.54 bd 0.32 0.12 F bd bd
Ce 27.58 bd bd bd Cey03 bd bd
La 345 bd bd bd Lay03 bd bd
Nd 2096 bd bd bd Nd,0;  bd bd
Sm 5.28 bd bd bd Smy03 bd bd
Pr 4.87 bd bd bd Pry03 bd bd
Gd 1.56 bd bd bd Gd,03  bd bd
Th 16.76  bd bd bd ThO, bd bd
§) 0.97 bd bd bd [8[0)) bd bd
Total 99.29 10020 97.25 98.26 Total 99.58 97.21
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presence of this portion of the dissolved REEs made it difficult to
calculate the yield, because these REEs cannot separate phases
independently, they would be difficult to be separated directly by
mechanical crushing. As a result, the cost part cannot be simply and
directly applied, and the dispersion and loss of REEs caused by this
phenomenon are unavoidable in this process.

The general reaction process between the KREEP simulant and Si
can be explained by the mechanism illustrated in Fig. 7. It is
assumed that there is a reaction layer at the phase interface of the
two incompatible liquid phases of the alloy melts and the slag. The
reducing medium Si in the alloy melt replaces the transition metals
Fe and Ti, and the ITEs P, REEs, Th, U, etc., in the melt. After the
reaction, Si generates SiO, and enters the slag phase, while Fe, Ti,
REEs, etc., enter the metal phase and dissolve. In particular, the
decrease of the TiO; content in the melt increases the slag-alloy
interfacial tension, which further promotes the phase separation
of the alloy and slag. Although the extraction mechanism of the ITEs
is the same as that of the transition metal elements, the enrichment
(alloying) process cannot be specifically analyzed via phase dia-
grams due to unreferenced research.

FactSage 8.0 software was used to perform the thermodynamic
estimation of the components present in the system, and the re-
sults are exhibited in Fig. 8. By reading the standard Gibbs free
energy of the combination of metal elements and 1 mol Oy the
strength of the binding capacity between metals and oxygen was
determined.>® As a metal collector, Si has only enough reducibility
to completely reduce the oxides of Fe, Cr, P, etc., into elemental
substances.

The reducibility of Si can make Ti reduce to between 2—3 va-
lences. In the same way, the ability of REEs, Th, U and other scat-
tered elements to bind oxygen is also very strong. Therefore, if the
metal thermal reduction process is used as the reaction pathway,
the reduction of many metals from Ti is thermodynamically
infeasible. At the high temperature of 1873 K, the deviation of the
reactants and products from the standard state will greatly affect
the free energy of the reaction, which follows the thermodynamic
laws expressed by Eqgs. (1) and (2):

AGfz.action = —RT In Kj 0, (1)
AGreal = AGpaction + RTIn] Jaif 016, 2)

where AGG)reaction and AGrey) respectively represent the Gibbs
free energy change of the standard and actual reaction process,
K1 mol 02 is the equilibrium constant when one mole of O, par-
ticipates in the reaction, and a"BB(1 mol 02) is the activity of each
component when one mole of O, participates in the reaction. It
can be seen from the equations that in addition to the standard
Gibbs free energy of each substance being able to affect the free

Melting regolith

(ALO3) (si0,) (Ca0)

-~
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Fig. 7. The schematic diagram of the principle of Si thermal reduction.
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Fig. 8. The Ellingham diagram of the elements in the KREEP-rich area.

energy of the reaction, at higher temperatures, the state and
activity of the reactants and products will also affect the progress
of the reaction to a greater extent. In addition to the influence of
standard state changes, such as activity, the formation of inter-
metallic compounds will also improve the stability of the prod-
uct. In the oxide solution, Ti exists in the form of TiO,, but in the

Journal of Rare Earths 41 (2023) 1429—1436

cooled alloy, it forms the Si;FeTi phase with Si and Fe; this
intermetallic compound includes the mixed phases of Si;Ti and
SioFe. Due to the formation of intermetallic compounds, the
product is thermodynamically more stable, so the reaction can
proceed across the oxygen potential. For nuclear elements such
as Th and U, an alloy phase with only rare metals is formed in the
metal phase, and a relatively uniformly distributed metal phase
is formed between the Si substrate and the grain boundary of the
Si—Fe alloy.

3.3. Technological application on the lunar surface

As shown in Fig. 9, the construction of the substrate requires
continuous solar panels to provide power, and in situ extraction of
Si resources and the application of photovoltaics require the puri-
fication of crude Si to solar-grade (or close to solar-grade) Si. Lunar
soil is a ubiquitous oxide that can be used as a natural slagging
agent for in situ slag refining and can help crude Si remove Al, Ca, B
and other impurities.**~*? Furthermore, via the thermal reduction
properties of elemental Si, it can extract Fe and Ti from lunar
ilmenite and can prepare Si—Fe and Si—Fe—Ti alloys during refining.
Fe and Ti can then be separated to achieve in situ resource extrac-
tion. For KREEP rock, which is rich in rare metal elements, in
addition to the purification of Fe and Ti, rare metals such as REEs,
Th, U and other elements can also be obtained, and the ITEs phase
can be enriched. After crushing, vacuuming, and other enrichment
operations, the separation of incompatible elements, such as REEs,
can be achieved, and these elements can then be used as a sup-
plement to Earth's resources. The reducing environment of the
lunar surface and the ability of the lunar soil to insulate radiation
will allow for the safe storage of more active rare earth metals and
radioactive elements at a low cost. With the continuous reduction
of ground-to-moon transportation costs, the scarce resources
extracted in situ can be stored or transported step by step under
cost constraints.
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However, the solubility of incompatible elements in Si alloys
determines the lowest grade of this method for the extraction of
rare earth metals; this content of the present study requires cor-
responding basic research as a theoretical basis. Moreover, the
high-temperature thermodynamic data of REEs are not yet highly
self-consistent, and there are no accurate thermodynamic data
supporting for a variety of complex alloy systems.

4. Conclusions

This research proposes a simple and novel process for the
extraction of metal resources from the KREEP-rich lunar mare area.
Elemental Si, which can be used as a raw material for solar cells, is
used as a metal collector. In this study, via the Si thermal reduction
reaction principle, the metals Fe and Ti, REEs, and nuclear elements
such as Th and U that have application value in the LMS and KREEP
simulant were extracted. Moreover, by using the solidification law
of the elements in the alloying process, the alloy phases rich in Fe,
Ti, etc., as well as the ITEs phases were also extracted. Combined
with various detection methods, it is demonstrated that elemental
Si can extract and enrich the transition metals Fe and Ti, as well as
REEs such as Ce, Nd, and other light REEs, and medium and heavy
REEs including Gd and Tm. Moreover, separate alloy phases of Si, Fe,
Ti, and ITEs that can be easily separated were obtained. Among
these alloy phases, Ti and Fe are found to be enriched in the Si—Fe
and Si—Fe—Ti alloy phases, and the total content of REEs, Th and U
in the ITEs phase accounts for 82.61 wt%. This product can be easily
broken and separated and has the application potential for purifi-
cation in a vacuum environment. The process is simple and envi-
ronmentally friendly and does not require too many auxiliary
materials. Moreover, it can be used for the direct collection and
enrichment of rare and precious elements with lower grades. This
study realizes a simple process extraction route suitable for a va-
riety of lunar mare resources and provides a reference for ISRU and
the extraction of low-grade scarce resources.
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