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Received Abstract

7 November 2023 For sustainable space development, it is vital that missions be able to apply In-Situ Resource

Final version Received Utilization (ISRU) methods. Among ISRU priorities is the production of oxygen from lunar regolith.

9 December 2023 Electrostatic separation as a pre-treatment for oxygen production from regolith, focusing on
high-purity ilmenite extraction, is highly regarded for its adaptability to the Moon’s extreme

Accepted conditions of low gravity and high vacuum. This paper investigates the potential of electrostatic

27 December 2023 separation processes on the Moon, exploring lunar environmental characteristics, lunar regolith

simulant concepts, and current development. It also highlights global research trends on electrostatic
separation in lunar environments and suggests relevant research topics for South Korea.
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Fig. 1. Solar system escape velocity versus surface temperature
(Atmosphere - Wikipedia, 2023).
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Table 1. Effects of lunar versus terrestrial environments on processing (Gibson and Knudsen, 1985)

Feature Comparison Processing consequences
Gravit Moon: 1/6 g Major effects on fluidized beds, gas-solids transport
v Earth: 1 g systems, gravity flow of liquid and particulate solids

f .
Surface temp. range Farth: 30°C

Moon: About 290°C (-140°C- +150°C)

Widely fluctuating as-mined feed-solids temperature

Moon: Air/Water absent

Atmosphere / Coolants Earth: Air/Water Abundant

Only closed-loop fluid systems usable; final heat
rejection by radiation or heat pipe; unlimited hard vacuum
available

Moon: Absent

Conventional fuels Earth: Plentiful

Process heating by electricity or direct solar; power
generation by nuclear or solar

Moon: Difficult/Minimal

H
uman aceess Earth: Easy/Frequent

Extreme emphasis on minimum maintenance, modular
replacement
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Fig. 2. Particle size distribution of lunar regolith and lunar
simulants JSC-1, FJS-1, and KLS-1 (Ryu et al., 2018).

Table 2. List of lunar simulants that are classified as currently available, in the alphabetical order according to countries and
suppliers. The full list can be found at http://knowledge.esric.lu/simulants/

Country Supplier Name Description
Technische Universitit TUBS-H Low Ti Mare (general)
Germany . -
Braunschweig TUBS-T Highlands (general)
Italy ESA EAC-1a Low Ti Mare (geotechnical), large volume
L. . FIS-1 Average luna mare (general)
Japan Shimizu Corporation
FJS-1g Average luna mare (general), enhanced glass
Poland  Polish Academy of Sciences AGK-2010 Geotehnical
South KICT KLS-1 large volume, mechanical
Korea KIGAM KIGAM-L1 highland (general), small volume
i UOM-Black large volume, mechanical
Umted The University of Manchester - g -
Kingdom UOM-White large volume, mechanical
GreenSpar Average highland anorthosite, An 78-86 (general)
NASA JSC-1 and JSC-1A Average mare (general)
BP-1 Average mare (general)
h-Ti mare, Apollo based (general) - 77% basaltic
OPRLINT cinder, 8.6% anorthosite, 14.4% ilmenite
Average highlands, Apollo based (general) - 80%
. OPRH3N anorthosite, 20% basaltic cinder
United A highlands, Apollo based 1) - 70%
States  OFF PLANET RESEARCH OPRH2N verage highlands, Apollo based (general) - 70%
anorthosite, 30% basaltic cinder
- 0, 1
OPRL2N Average mare, Apollo based (general) - 90% basaltic

cinder, 10% anorthosite

OPR Agglutinate

Agglutinate component made out of any of the above
simulants

LMS-1

Average mare, moderate Ti (general)

University of Central Florida
LHS-1

Average highlands, Apollo 16 based (general)
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(b)

Drag force Fj Electrical force Fj

Gravitational force Fy

Fig. 3. Graphical representation of forces acting on a particle in an electrostatic separation process: (a) on rotating drum, (b) off
rotating drum. The dashed line represents the direction of particle movement. The lengths of the arrows are not scaled. The relative
positions of the two particles are not considered. The direction of electric field on two particles is considered to be same. Negligible
forces such as drag force acting on particle on the drum, and friction force between particle and drum, are not represented.
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Static
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Fig. 4. Basic types of electrostatic separator: (a) high tension, (b) static field, and (c) triboseparator (C: conducting, N:

non-conducting, M: middling) (Kelly and Spottiswood, 1989).
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Fig. 5. lllustration of the hydrogen reduction process with a
fluidized bed reactor (Schliiter, 2020).
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Fig. 6. Electrification measurement apparatus developed by
United States Department of The Interior (1970).
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Fig. 7. Electrostatic separator for vacuum slide configuration designed by Agosto (1985).
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Dol Ae] AARAEEISRU)E S1g FAME 1% A7 5 499

AA|tste] ANSHATkFig. 9). 27] AolA] Tz Ael
AETRS o] 3 AT S A QLS AT AR A 5
7 RNES = 4 US Aolekn ARkt
(Agosto, 1981). A1) H =] FAKES Hg517]] &
A Qo2 2550 BES T of2] H BEL THE]
RSP YRS AAIBHC). e A} e
10:90.0.& &35} AZ-2-45 - 90, 90 - 150, 150 - 250, 250
=500 pm 5 1] 7} ETIRO.R Lteo] AXT 4B E
301250 um oJ3Fe] QIS 2= AE T 30 A8 S

# 90% ol4ge] 918 2 AL 35T - U SS
shelstoict. chit 31582 Yol mrel 30% YA v
OFR=H) ol MR Rl S Bfo] TR 5 UL A
2% o 445}91rHAgosto, 1983). 0012l AFOIA Agosto
L B, A, g, FAE 414 Vg e
QIFYUEKSC-13} o} ER0| 1S 55}
E Apollo 10084,853-2 o]-8-3}0] A3-S A AT o]
FEo| BH o2 TaE o] F ABL A Hgo| A
ULk oS S0l B ) TkE F4jo] dhwy] 2S o
of 48 Egol Wold 5 low] o] & Faly] sl

STEP #1: MAGNETIC
COGENTRATION

MON-OR WEAKLY
MAGNETIC FRACTION

IMPACT STEP #2 IMPACT
BEOTK GRINDING

STEP #3: SCREENING

SIZED FEED

STEP X4 MAGNETIC
FINISHING

L MAGNET |
\,

METAL
CONCENTRATE

GANGUE

Fig. 9. Lunar soil beneficiation flow sheet developed by
Agosto (1981).
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Fig. 10. A high-powered laser and carbothermal reactor
located inside the testing chamber of NASA’s Carbothermal
Reduction Demonstration (CaRD) at NASA’s Johnson Space
Center (NASA Successfully Extracts Oxygen from Lunar
Soil Simulant - NASA, 2023).
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Fig. 11. Schematic drawing of vertical particle transport
system utilizing electrodynamic traveling waves: (a) wave
form of four phase rectangular voltages applied to ring
electrodes, (b) total system, and (c) photograph of tube with
ring electrodes (Kawamoto and Hata, 2021).
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