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MINING ON THE MOON

Modern research into technologies for extracting mineral resources on the Moon has revealed some
harsh limitations related to dependence on Earth’s resources and high technological requirements.
While the chemical and carbothermal reduction of lunar regolith is theoretically possible, it requires a constant
supply of reducing agents such as hydrogen or carbon from Earth. This significantly increases mission costs
and complicates logistics, making such methods unsuitable for large-scale applications. Pyrolysis, which
involves heating regolith to extremely high temperatures, is also not an optimal solution due to the need for
complex and energy-intensive equipment that exceeds the capabilities of current space technologies.

Electrolysis using molten fluoride salts or calcium chloride (CaCl,) has been proposed as an alternative, but
its efficiency is limited by the need to deliver fluxes from Earth. This reduces the autonomy of the process and
makes it less economically viable in the long term. In light of these limitations, the most promising technology
appears to be the direct electrolysis of molten regolith, which stands out for its simplicity and independence
from terrestrial materials. This method involves melting local raw materials, followed by electrolytic separation
into useable components such as oxygen, metal alloys, and other materials.

However, the key challenge to implementing this technology is the development of refractory conductive
materials for anodes that can withstand the extreme conditions of high temperatures and aggressive oxygen
environments. Existing materials degrade rapidly under these factors, leading to reduced efficiency and
increased maintenance costs. Additionally, reliable protective coatings for equipment must be developed to
prevent corrosion and mechanical wear.

Overcoming these technical challenges would enable the creation of an autonomous lunar resource
extraction system, which is critical for future lunar bases and further space exploration. Such a system could
provide astronauts with oxygen, water, and construction materials without constant supplies from Earth,
significantly reducing the cost of space missions.

Thus, despite existing technological challenges, direct electrolysis remains the most viable option for the
industrial use of local lunar resources. Further research should focus on optimizing materials and application
methods, as well as on developing energy-efficient solutions to ensure the stability and economic feasibility
of lunar mining. This will open new possibilities for a sustained human presence on the Moon and will be a
significant step in deep space exploration.
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CyuyacHi docnidxeHHs1 mexHoroeil 8udobymKy KOPUCHUX KonanuH Ha Micsui eusisunu psid ceplio3Hux 06-
MEXXeHb, M08’sI3aHUX i3 3aIeXXHICMI0 8i0 3EMHUX PEeCypcie i BUCOKUMU MEXHOMo2iYHUMU suMmoz2amu. XiMiyHe
ma kapbomepmidyHe 8iOHOBMEHHST MICSIHHO20 pe20s1imy, xoda U meopemuyHO Moxruge, nompebye nocmilHo-
20 nocmadvaHHs1 8iOHO88aYi8, maKkux sik 600eHb abo 8yaneuyp, i3 3emsi. Lje icmomHo 36inbwye sapmicmp
Miciti ma ycknadHtoe rioeicmuky, pobrissqu maki Memodu marnonpudamHumu 0719 MacumabHo20 3acmocyeaH-
HA. TMiponis, skuli nepedbayae HazpisaHHS pe2orimy 00 eKpal 8UCOKUX memrepamyp, MakoX He € onmu-
MaribHUM PilUeHHAM Yyepe3 HeobXiOHICmb 8UKOpUCMaHHs CKIadHO20 ma eHepao3ampamHo20 0bnadHaHHS,
Wo nepesulye MOXIUBOCMI Cy4acHUX KOCMIYHUX MexXHOos02il.

Enekmporia 3 eukopucmaHHsiM posriiagneHux gpmopucmux cosnet abo xmnopudy kanbuyito (CaCl,) nporo-
Hyromb 5K arnbmepHamusy, ripome o2o ehekmusHicmb 0bmexeHo HeobxidHicmio docmaesnsiHHA ¢hriocia i3
Bewmni. Lle 3HUXYe a8MOHOMHICMb rpoyecy ma pobums (020 MeHW eKOHOMIYHO 8U2iOHUM y 00820CmMpPOKO8ill
nepcrnekmusi. Y ceimni yux obmexeHb HalbinblW nepcrieKmu8HOK MEXHOO2IE 8USBUBCS MPSIMULU €flek-
mporni3 poarnnasy pezosimy, sKul 8i0pi3HIEMbCS MPOCMOMOI0 ma He3asleXXHIiCmio 8i0 3eMHUX Mamepiariiea.
Lleti memod nepedbadyae po3rnasrieHHs Micyegoi CUPOBUHU 3 Mo0anbUUM efneKmpoiimuyHUM pPo30irieHHIM
Ha KOPUCHI KOMIOHEeHMU, maki ik KUCeHb, Memarsiesi criiagu ma iHwi Mmamepiaru.

lMpome ko400 npobriemMoro, 5Ky HeobxiOHo nodonamu Onsi 8rnpoB8adKeHHs uiel mexHosoalil,
€ po3pobrieHHs XapocmilKkux cmpyMorposiOHUX mamepiarnie 0nsi aHodig, 30amHUX suUMpuUMy8amu eKkcmpe-
MaribHi yMo8U 8UCOKUX memrepamyp U a2pecusHOo20 KUCHe80e20 cepedosuwya. IcHyro4i Mamepianu weudKo
pyUHyrombcs nid ernaueoM yux ¢hakmopis, wo rnpu3eodums 00 3HUXEHHST echekmusHocmi ma 36irbWeHHs
sumpam Ha obcryeosysaHHs. Kpim mozo, HeobxiOHO cmeopumu HadiliHi 3axucHi MoKpummsi 05151 0briaGHaHHS,
SKi 3arnobizamumyms (i020 KOpPO3ii ma MexaHiYHHOMY 3HOCY.

BupiweHHs1 yux mexHiYHUx 3aedaHb 0acme 3mMo2y po3pobumu asmoHOMHY cucmemy audobymky pecyp-
cie Ha Micsui, wo € kpumu4Ho eaxknugum 051 MalbymHix MicssYHUX 6a3 i Modanbuio20 0C80EHHS KOCMOCY.



46 Kocmiuna mexnixa. Pakemne 036poenna 2025. Bun. 1 (122)

Taka cucmema moena 6 3abeaneyumu acmpoHasmie KUcHeM, 80000 ma bydisenibHUMU Mamepianamu 6e3
HeobxiOHOCcmI nocmilHUX Nocmaesok i3 3emi, Wo cymmeao 3HU3UMb 8apmicmb KOCMIYHUX MiCid.

Omie, He3gaxkaroyu Ha ICHYHYi MEXHOMO02i4HI BUKIIUKU, MPSIMUl e/1eKmposii3 3anuuwaemscs Haubinbuw
peanbHUM eapiaHmom O5isi MPOMUC/I08020 8UKOpUCMaHHSI Micyesux pecypcie Micsus. Nodanbwi docnio-
JKeHHS1 Maromb 6ymu cripsiMoeaHi Ha onmumi3auiro Mamepiarie, Memodie ix 3acmocysaHHsI ma po3p0obrieHHs
eHepaoehekmMuUBHUX pileHb, wob 3abesneyumu cmabinbHicmb ma eKOHOMIYHY OOUiIbHICMb MICSIYHOI 2ipHU-
yoi npomucnosocmi. Lle 8iOKpue Hosi Moxriugocmi 07151 TocmitHoI npucymHocmi noOuHU Ha Micsiui ma cmaHe
8aXITUBUM KPOKOM y Q0C/TiOXeHHI 0arneKkoao KOCMOCY.

KirouoBi c10Ba: eekTpoxiMidHe BiTHOBJICHHS PO3IUIABIB, IHEPTHI aHOJH, €IEKTPOIi3, MiPOTi3.

Introduction Lunar Soil Composition

Today, humans traveling into space rely Macnessins ooy

exclusively on equipment and supplies 6% /3%
Aluminum :

delivered from the Earth. However, creating
human settlements on the Moon and beyond the
Earth requires the extraction of minerals from
local resources. Oxygen, water, solar energy,
and construction materials are essential for :’;5‘;
establishing permanent bases on other planets.

Oxygen is the primary element of human
life and a critical component of rocket fuel.
Samples obtained from six Apollo missions
and three Luna missions did not contain free
oxygen. However, lunar rock and soil contain
approximately 40-45 wt% of oxygen that
produces oxides of metals or nonmetals. On the
Moon, these minerals exist in several forms,
including solid rocks and regolith, the Moon’s
soil.
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Fig. 1. Composition of regolith

Mining technologies on the Moon

Regolith is the primary raw material resource
on the Moon. The hardened rock of the Moon’s
crust and mantle consists of silicon, magnesium,
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lunar minerals in the same proportions as on
the Earth, with more iron and titanium oxides
(Fig. 1). In lunar sea basalts, the content of iron
oxides exceeds 25 %, which is twice as high
as in terrestrial basalts. The share of titanium
oxides sometimes reaches 13 % (Fig. 2). On the
Earth, rocks contain about 1 % titanium [1].

Fig. 2. Distribution of titanium and iron
in the surface rocks of the Moon

Chemical reduction

Two lunar materials appear promising for
producing metals and oxygen, particularly
ilmenite FeTiO, and silicates CaAl-25i,0,.
Technologies for extracting metals and oxygen
from these raw materials on the Moon include

—chemical reduction (using hydrogen,
carbothermic reactions, and plasma);

— high-temperature pyrolysis;

— electrolysis of molten silicates.

Producing oxygen from lunar regolith by
reduction with hydrogen, followed by water
electrolysis, is the most widely studied method.
The basic process involves separating ilmenite
from lunar soil, grinding it to a fine powder to
maximize surface area, and heating it in a closed
reaction vessel with gaseous hydrogen. The
vapor produced by the reaction is condensed and
split to extract oxygen and recover hydrogen.
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Recovery: FeTiO, +H, — Fe+TiO, +H,0.

Splitting of water: 2H,0 — 2H, + O,

Total reaction: 2FeTiO, — 2Fe+2TiO, + O,.

The reaction must be carried out at
temperatures above ~700 °C but below 1,050 °C
to avoid the sintering of ilmenite. The oxygen is
removed from the system for further use, and the
hydrogen returns to the process. The feasibility
of reducing ilmenite with hydrogen was tested
and demonstrated in a laboratory, achieving
oxygen recovery of 1.5%. The recovery
process was tried on samples collected in Apollo
missions using a lunar soil simulator. The
iron produced in the process can be separated
by carbonyl extraction or by re-grinding the
reaction products and using a magnet. Titanium
dioxide can also be reduced to produce titanium
metal and additional oxygen.

The reduction of ilmenite is an equilibrium
reaction and requires removing water from
the reaction site to continue the process. One
way to shift the equilibrium of the reaction in
the forward direction involves reducing the
partial pressure of water by removing heat and
consensing water in the cold trap. Diffusion
calculations show that the vapor pressure
cannot be reduced sufficiently in a large-sized
system [2]. This approach was implemented
in a miniature analytical laboratory ProSPA
with a limited weight of up to 10 kg (Fig. 3).
The results show that the maximum yield that
can be obtained practically at a temperature of
1,000 °C is 3.40+ 0.17 wt % O, [3].

Fig. 3. ProSPA laboratory (ESA)

It is possible to increase the oxygen yield
from ilmenite by reducing iron oxide with
hydrogen at elevated temperatures in a fluidized
bed reactor. Such a reactor was developed and

tested by Carbotek (USA) at the Mauna Kea
volcano in Hawaii (Fig. 4) [4].

Fig. 4. Regolith hydrogen reduction reactor (NASA)

Ilmenite reduction with hydrogen by
conventional methods at temperatures of
1,200 °C and below yields only about 30 %
of the available oxygen. The effectiveness
of hydrogen in ilmenite reduction can be
significantly enhanced by a non-equilibrium
hydrogen plasma. Solid ilmenite reacts in
hydrogen plasma at temperatures between
600 and 970 °C. At a sample temperature of
850 °C, the proportion of reacted hydrogen
was 24 % compared to the 7 % theoretical
limit calculated from thermodynamic theory
for the same temperature. These experiments
showed that the utilization of hydrogen could
be significantly improved [5, 6].

Supplies of hydrogen from the Earth for
replenishment will be necessary at the initial
stage, which complicates this technology on
the Moon.

Oxygen can be produced from ilmenite
(FeTiO,) and rutile (TiO,) by carbothermic
reduction with carbon, methane, or carbon
monoxide CO.

Carbothermal methane reduction is a three-
step process. It starts with heating regolith to
approximately 1,625 °C. The molten regolith
is exposed to methane gas, which produces
carbon monoxide and hydrogen. In the second
stage, the temperature is lowered, and the
gases combine to form methane and water. The
third stage involves the electrolysis of water to
produce oxygen. The process requires the next
stage of methane conversion.

In the carbothermal reduction process, coal
and ilmenite or rutile powders are mixed evenly
and then heated to 1,500 °C. The end products
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of this reaction are oxygen and a high-strength
metal-ceramic composite of iron (Fe) and
titanium carbide (TiC) featuring high chemical
stability:

[Imenite: FeTiO, + 4C — Fe + TiC + 3CO,

Ilmenite and rutile: FeTiO, + nTiO, +
(4 +3n) C —>Fe+ (1 +n)TiC + (3 +2n)CO.

The reduction of ilmenite using CO is based
on a fluidized bed method, which is similar to
hydrogen reduction:

FeTiO, + CO — Fe + TiO, + CO,,.

Endothermic cracking: 2CO, — 2CO + O,

The reaction in its pure form is 2FeTiO, +
2CO —2Fe + 2TiO, + 2CO + O,.

The product of CO reduction in ilmenite is
carbon dioxide (CO,), which is reduced to CO
and oxygen [7].

The process requires the delivery of
consumables from the Earth, which complicates
implementing this technology on the Moon.

Oxygen production by vacuum pyrolysis
of regolith

Pyrolysis is the decomposition of a material
when heated in an environment without oxygen
oxygen, i.e., in a vacuum. When a material is
heated above its vaporization temperature,
the molecules dissociate to form monoxides,
metals, and oxygen.

The reaction does not require consumables
or catalysts, and any lunar regolith can be used
without enrichment as a feedstock.

Experiments on the vacuum pyrolysis
method were conducted at the Goddard Space
Flight Center in Greenbelt, Maryland. The
experimental installation uses solar energy
focused through a Fresnel lens into a vacuum
chamber with a crucible containing a regolith
equivalent (Fig. 5) [8].

When regolith is heated to a gaseous state,
additional heating causes regolith oxides to
dissociate into monoxides and free oxygen.
The highest effective operating temperatures
for maximum oxygen production are
1,800-2,100 °C in a rough vacuum and between
1,300 and 1,400 °C in a high vacuum.

Pyrolysis is the most energy-intensive
process of all possible oxygen production
techniques. For  engineering  purposes,
minimizing energy transmission losses in
the system is crucial. The current technology

readiness level of vacuum pyrolysis where
experiments have proved the concept is TRL3.

Fig. 5. Experimental pyrolysis installation
with a Fresnel lens

The process has the advantage of using
only local resources, namely, regolith, a high
vacuum, and solar energy. However, pyrolysis
has very high energy requirements to maintain
the required temperature in the reactor. It
complicates the process due to the dependence
on solar energy as the primary energy source
on the Moon. This process requires a higher
technology readiness level than it is now, which
makes it very unlikely that the demonstration
of the process will occur in the selected time
frame [8].

Electrolysis of regolith

It is possible to extract oxygen from lunar
soil by electrolysis, which might also yield
many essential metals. The electrochemical
reduction of solid metal oxides in molten CaCl,
salt at temperatures around 900 °C is called the
FFC-Cambridge process.

In a previous NASA-funded study (2004),
the FFC-Cambridge process was success-
fully tried in a laboratory for lunar ilmenite
electrolysis. Later, it was demonstrated that
oxygen could be produced by the FFC-
Cambridge electrolysis of ilmenite pellets at
900 °C using an inert anode of doped tin oxide
or a mixture of titanate and calcium ruthenate.

Over the past decade, Metalysis (UK)
has successfully developed the laboratory
FFC-Cambridge technology into an end-
to-end commercial process. The Metalysis-
FFC electrolyzer uses an aluminum oxide
crucible with a stainless steel retort inside and
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awater-cooled hermetic lid. The lid has passages
for three electrode rods, and it is equipped
with thermocouples, a viewing window, an
argon line inlet to create an inert atmosphere
and remove process gases, and an outlet to a
massive stainless steel grid attached to two
cathode rods. A SnO, anode is mounted on the
end of the anode rod and is centered relative to
the cathode basket (Fig. 6).

Argon in Gas Out
R[N ey
Water in—» - — Water out
Q-ring seal
e Sheathed anode rod
Sheathed thermocouple |
|| = Sheathed cathode rods
. . 'r]
Alumina crucible - T Inert anode (Sn02)
Regolith simulant - = Cathode basket/mesh
powder -] CaCl3 electrolyte

Fig. 6. Experimental electrolysis cell for powdered
regolith recovery

After ~49 hours of operation, the total
oxygen registered was approximately 34 % of
the oxygen present in the feed material.

Metalysis-FFC is well suited to extract
oxygen from all primary components of lunar
regolith while creating useful alloys and
metals as by-products. The application of the
Metalysis-FFC process, with developments
during the last decade, offers an alternative to
other technologies for producing oxygen on the
lunar surface [9].

Supplies of CaCl, salt from the Earth for
replenishment will be necessary at the initial
stage.

Molten fluoride salts are also used as a flux
to dissolve lunar regolith oxide equivalents
and related silicate rocks. These salts allow
electrolysis at 960 to 1,250 °C. American
researchers conducted an electrochemical
reduction to extract elemental oxygen
from silicate melts using an iridium anode
and LiF/BaF, fluxing agents in a molten
electrolyte, a silicate bath, at a temperature
ranging between 1,050 and 1,250 °C.
Molecular oxygen was produced directly at
the anode, but gas separation led to volatile
LiF escaping from the electrolyte cell.

Recovering fluoride fluxes from the
electrolyte bath was extremely difficult.
Considering the observation during the

experiment that SiO,, the primary oxide
component of the melt, underwent slight
electrical recovery, it was concluded that
significant amounts of flux must be supplied
from the Earth, or suitable substitutes found
on the Moon are needed [6].

Direct electrolysis of regolith

The electrolysis technology can be
developed without flux materials and with a
non-destructive anode for oxygen production.
Preliminary experiments show that molten
rock or soil is conductive enough to support
electrolysis [6].

The direct electrolysis of molten regolith
requires extreme temperatures over 1,600 °C.
Therefore, significant improvements in
electrode materials and protective materials
are needed. The Israeli company Helios has
proposed oxygen extraction from lunar soil
using the direct electrolysis of oxide melts. The
system has been tested in terrestrial conditions
using a regolith simulator with a composition
identical to that delivered to the Earth in the
Apollo program [10].

Lunar Resources is developing a technology
for extracting iron, aluminum, magnesium,
and silicon from the Moon’s regolith by the
direct electrolysis of its melt at a temperature
of 1,600 °C. A prototype of the reactor under
development is planned for sending to the
Moon for demonstration tests (Fig. 7).

Fig. 7. Electrolyzer under development
by Lunar Resources

The reactor will be approximately 1 meter
in diameter and height and will process up to
100 kilograms of lunar regolith delivered by a
small lunar rover within 24 hours. The reactor
is planned for a flight to the Moon in the
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Commercial Lunar Payload Services Agency’s
commercial missions [11].

The disadvantage of the process is the
need for inert anodes capable of operating for
a long time at temperatures of 1,600 °C in an
active oxygen environment. When developing
the Lunar Resources electrolyzer, NASA
researchers chose platinum for the anode. In
the direct electrolysis of regolith with a high
content of iron oxides, an iridium anode was
used [12]. It is a promising candidate for the
anodes due to its high melting point, good
oxidation resistance, extreme strength at high
temperatures, and ductility. However, iridium is
an expensive and rare metal.

The direct electrolysis of regolith does
not require the delivery of materials from the
Earth. It can be a fully autonomous process on
the Moon. The disadvantage of this method is
the lack of heat-resistant anode materials that
can operate for a long time at temperatures of
1,600 °C in an active oxygen environment and
have a reasonable cost.

Thus, the analysis of the existing technologies
for extracting metal materials and oxygen from
regolith demonstrated that every method has
advantages and disadvantages. The chemical
reduction of regolith and electrolysis in LiF /
BaF, and CaCl, salts require the delivery of
consumables from Earth. The vacuum pyrolysis
of regolith and the direct electrolysis of molten
regolith can be fully autonomous processes on
the Moon. Pyrolysis requires a lot of energy,
and it is not feasible for use on the Moon at the
current technology readiness level. The direct
electrolysis of regolith is the most attractive
process, provided that inert anodes with the
required complex of properties are available.
Therefore, it is necessary to develop anodes
that will enable this process on the Moon for
long periods.

The authors first proposed using the heat-
resistant protective conductive coating they
invented from ultra-high-temperature ceramics
based on zirconium borides with MoSi,
additives for inert anodes made of traditional
materials. This ceramic has the highest
resistance to high-temperature oxidation
among materials of this type. At temperatures
up to 2,000 °C in an oxidizing environment, a
protective layer is formed on the surface of the
ZrB,-MoSi, material, and the composition of
this layer varies with temperature.

The fundamental possibility of applying
coatings from ZrB -MoSi, by vacuum ion-
plasma sputtering has been demonstrated.
The coatings were applied to samples in a
special-purpose vacuum installation based on
the vacuum chamber designed by Yuzhnoye
State Design Office. The ZrB -MoSi, coatings
were deposited at Yuzhnoye SDO by the vacuum
arc method on substrates made of 40Kh steel,
12Kh18N10T steel, and carbon.

Conclusions

Regolith is the primary raw material resource
on the Moon.

The technologies for extracting metals and
oxygen from this raw material on the Moon
include chemical reduction (using hydrogen,
carbothermic reactions, and plasma), high-
temperature pyrolysis, and the electrolysis of
molten silicates.

All methods have their advantages and
disadvantages. The chemical reduction of
regolith and electrolysis in LiF /BaF, and
CaCl, salts require the delivery of consumables
from the Earth. The vacuum pyrolysis of
regolith and the direct electrolysis of molten
regolith can be fully autonomous processes on
the Moon. Pyrolysis requires a lot of energy,
and it is not feasible for use on the Moon at the
current technology readiness level. The direct
electrolysis of regolith is the most attractive
process, provided that inert anodes with the
required complex of properties are available.

We propose the heat-resistant protective
conductive coating we developed from
ultrahigh-temperature ceramics based on
zirconium borides with MoSi, additives for
inert anodes made of traditional materials.

The fundamental possibility of applying
coatings from ZrB -MoSi, UHTC by vacuum
ion-plasma sputtering has been demonstrated.
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