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Space Resource Utilisation (SRU) technology will enable further exploration and habitation of space by hu-
mankind. The production of oxygen on the Moon is one of the first objectives for SRU; this can be achieved
through the thermo-chemical reduction of the lunar regolith. Several techniques, such as hydrogen reduction and
molten salt electrolysis, have been proposed. All reduction techniques require a consistent feedstock from the
regolith to reliably and consistently produce oxygen. The preparation of this feedstock, known as beneficiation, is
a critical intermediate stage of the SRU flowsheet, however it has received little consideration relative to the
preceding excavation, and the subsequent oxygen production stage. This review describes the physics of the main
beneficiation methods suitable for SRU. Further, we collate and review all of the previous studies on the bene-
ficiation of lunar regolith.
1. Introduction

Installing a permanent human presence on the Moon or Mars has
become a long-term aspiration for both space agencies and private cor-
porations. This can be achieved through the development of technologies
that will enable the utilisation of locally-available resources. This is
known as Space Resource Utilisation (SRU), and will facilitate both
longer-duration and lower-cost space exploration missions.

Lunar SRU was proposed theoretically by Clarke (1950) in the 1950s.
During Apollo in the 1960s, SRU was suggested by Carr (1963) as a
means to reduce launch mass and terrestrial dependency. Analyses of the
samples returned by the Apollo and Luna missions and of remote sensing
data collected by lunar orbiters have shown that the Moon is rich in
oxygen, hydrogen, metals and silicon but poor in carbon and nitrogen.

The main commodities of interest on the Moon include: oxygen;
metals such as titanium, iron, silicon and aluminium; solar wind
implanted volatiles, such as helium-3; and, billions of tons of water ice in
the polar regions (Sowers, 2016; Colaprete et al., 2010). In situ oxygen
production has received the most attention historically from the SRU
community, likely due to the numerous applications of oxygen in space.

The end-to-end SRU process for oxygen production, known as the
flowsheet, is described by Hadler et al. (2019). The flowsheet is divided
into three primary activities:

1. Excavation, where regolith is collected and conveyed;
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2. Beneficiation, where regolith is prepared into a suitable feedstock
through particle sizing and mineral enrichment; and,

3. Reduction, where the prepared feedstock is reduced and evolved
oxygen is captured.

Over a dozen excavation techniques and more than twenty methods
for oxygen production from lunar regolith have been proposed in the
literature; thorough reviews of these have been performed by Just et al.
(2020) and Taylor and Carrier (1993), respectively. The beneficiation
stage, however, has largely been overlooked.

This review has three aims: to present the fundamental physics
behind beneficiation in the context of lunar SRU; to review critically the
findings presented in the literature; and, to identify knowledge gaps in
the field. Following the introduction, there are five sections. Section 2
discusses the need for beneficiation in lunar SRU as well as the consid-
erations specific to the lunar regolith and regolith simulants. Section 3
presents the fundamental physics that underpin dry separations. Section
4 summarises and compares the results of laboratory demonstrations of
dry mineral enrichment for lunar applications from the literature.
Finally, Section 5 presents the identified knowledge gaps.

2. Beneficiation aims and considerations

2.1. Feedstock preparation

In terrestrial mineral processing, beneficiation is critical to the
SW7 2AZ, United Kingdom.
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Nomenclature

Constants
μ0 Magnetic permeability of vacuum 4π� 10�7H �m�1

ε0 Vacuum permittivity 8:85� 10�12F �m�1

AH Hamaker constant 4:3� 10�20J
C Curie constant, material specific K
kB Boltzmann's constant 8:617� 10�5eV �K�1

S Normalised surface cleanliness Day: 0:88J , Night: 0:75J

Forces

F
!

C Coulomb force N

F
!

g Gravitational force N

F
!

m Magnetic force N

F
!

p Net force on a particle N

F
!

ad Adhesive force N

F
!

de Dielectrophoresis force N

F
!

vdW van der Waals force N

Variables
χf Magnetic susceptibility of fluid m3 � kg�1

χp Magnetic susceptibility of particle m3 � kg�1

ε Void fraction
ηf Dynamic viscosity of fluid kg �m�1s�1

Φp Surface potential V
ϕp Work function of particle eV
ϕs Work function of surface eV
ρf Density of fluid kg �m�3

ρp Density of particle kg �m�3

ρeff Effective density kg �m�3

ρmedium Density of particle medium comprising a fluidised bed kg �
m�3

σ Conductivity S �m�1

τb Time constant for the initial decay of charge s
τc Time constant for the charge back-flow s
θC Curie temperature (0 for paramagnetic materials) K
εp Relative permittivity of particle F �m�1

φp Energy band gap eV
ϱp Equivalent total resistance of particle Ω
ω! Angular velocity rad � s�1

B
!

Magnetic flux density T

E
!

Electrosatic field strength V �m�1

g! Acceleration due to gravity m � s�2

H
!

Magnetic field intensity A �m�1

R
!

i Position of ith particle m

R
!

p Position of target particle m
v! Velocity of particle m � s�1

C Capacitance of particle F
dp Diameter of particle m
D50 Average particle diameter
mp Mass of particle kg
N Number of particle-particle contacts
Q Final charge on a particle C
Qc Total charge in the region of contact during contact C
qi Charge on ith particle C
qp Charge on target particle C
rp Diameter of particle m
Rsep Separator radius m
T Temperature K
t Time s
tb Time between contacts s
tc Contact time s
Vp Volume of particle m3
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economical and profitable operation of all mines. The objective of
beneficiation is to produce an optimal feedstock for subsequent metal-
Fig. 1. Particle size distribution of the lunar regolith based on 4500 data points from
shows average distribution, and the left- and right-hand curves show �1 standard d

2

lurgical processing. The majority of metals mined are bound in mineral
ores, and account for a small percentage of the material excavated. The
350 samples, with the major particle size fractions highlighted. The middle curve
eviation (Carrier, 2003).



Table 1
Collated properties of Apollo sample 71061,1 converted to wt% (Heiken, 1975;
Cilliers et al. 2020 Hadler).

Size μm <45 45–90 90–1000 >1000

Total Mass Fraction 30.2 11.4 26.2 32.2

Agglutinates 12.0 9.9 6.9 –

Glass – 23.8 13.3 –

Basalts – 13.0 41.5 100.0
Breccia – 3.5 6.9 –

Other minerals – 39.6 26.4 –

Ilmenite – 8.6 4.7 –

Other 88.0 1.6 0.3 –
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run-of-mine grade is too low to economically produce metal, thus must
be prepared into a consistent, high-grade feedstock prior to smelting. For
example, the average global copper grade is 0.62 wt:% (Mudd and Weng,
2012), however the smelter requires the grade to be around 30 wt:%
before it will be accepted (Davenport et al., 2002). To accomplish this,
the ore must be enriched by a factor of 48 to make it saleable.

The Moon's surface is covered in a layer of fine soil called regolith.
The mineral composition of the regolith varies across the surface, but the
two general regions are called Mare and Highlands. The Mare regions,
the darker areas on the Earth-facing surface of the Moon, are richer in
iron and titanium (French et al., 1991). The Highlands cover the
remainder of the near side and the entire far side of the Moon, and are
comprised of lighter silicate minerals (French et al., 1991). The minerals
that make up the lunar surface all contain oxygen, however the reduction
conditions and oxygen yield for each mineral varies.

The four most promising techniques for lunar oxygen production are
hydrogen reduction, carbothermal reduction, molten regolith electrolysis
and molten salt electrolysis (Schwandt et al., 2012). All of these tech-
niques are in early stages of development, although working reactors for
all four have been demonstrated. Hydrogen reduction preferentially re-
duces ilmenite (FeTiO3), found predominantly in the Mare, whereas the
remaining processes are capable of reducing a broader range of minerals,
Table 2
Modal mineralogy, chemical composition and physical property comparison of the
sample-specific, whereas chemical compositions are based on averaged values. Data

JSC-1A Apollo 14 MLS-1

Modal
Mineralogy

Hill et al. (2006) (Labotka et al., 1980)a Hill et al. (2006

Glass 49.3 59.1 –

Feldspar 38.8 17.2 47.5
Pyroxene trace 10.2 29.6
Olivine 9.0 3.5 3.0
Ilmenite trace 0.5 8.0
Other 2.8 9.1 12.0
Bulk Chemistry Ray et al. (2010) Freitas and Gilbreath

(1982)
(Hill et al. 2007

SiO2 45.7 48.1 42.8
TiO2 1.9 1.7 6.8
Al2O3 16.2 17.4 12.1
FeO – 10.4 16.3
Fe2O3 12.4 – –

MnO 0.2 0.1 0.2
MgO 9.7 9.5 6.2
CaO 10.0 10.8 11.1
Na2O 3.2 0.7 2.2
K2O 0.8 0.6 0.20
PsO5 0.7 0.5 trace
Cr2O3 – 0.2 –

Physical Properties
D50; μm 100 (Arslan et al., 2009) 65 (McKay et al., 1972) 95 (Perkins and

1996)
Specific Gravity;
g= cm3

2.9 (Alshibli and Hasan,
2009)

2.9 (Carrier et al.,
1973)

3.2 (Perkins an
1996)

a 90–20 μm fraction of sample 14163.
b <1000 μm fraction of sample 10084.
c 1000–90 μm fraction of sample 64501.
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including silicates. All of these processes require heating the regolith to
high temperatures, and consume significant energy.

The regolith is very fine, with an average diameter (D50) of approx-
imately 72 μm (Carrier, 2005; French et al., 1991). Particle size distri-
butions for the samples collected by the Apollo and Luna missions is
given in Fig. 1 (Carrier, 2005). Over 90% of the regolith comprises par-
ticles finer than 1 mm, and approximately 23% is finer than 20 μm.
Further, the modal mineralogy and bulk chemical composition of the
regolith is not uniform across all size fractions, as can be seen in Table 1.
Depending on the excavation site, mineral enrichment may be possible,
to an extent, through sizing alone.

Most reduction processes are not sufficiently advanced to have been
optimised to establish the ideal feedstock particle size distribution and
composition. Of the designs that have considered feedstock composition,
that of Gibson& Knudson (Gibson and Knudsen, 1996) requires the grade
of the ilmenite in the feed to be between 80 and 90 wt:% and be sized
between 20 and 200 μm. For example., Apollo sample 71061,1 (Table 1),
has an overall ilmenite concentration of 2.2 wt:% (French et al., 1991).
Considering the mineralogy by size, the net useable ilmenite comprises
less than 2 wt:%. To make this regolith suitable for reduction, the
ilmenite would need to be enriched by a factor of 40 (French et al., 1991;
Meyer, 2003).

2.2. Regolith and regolith simulants

The lunar regolith samples available for experimentation are limited,
and demand exceeds supply. To address this, lunar soil simulants, mined
and produced terrestrially, have been developed for laboratory testing;
Taylor et al. (2016) cite 29 offerings. Simulants are made to emulate
certain regolith properties, such as mineralogy or cohesiveness, however
there is no universal simulant that replicates ideally the regolith and
meets all research needs (Taylor et al., 2016). Because simulants come
from Earth where mineral formation occurred in the presence of water,
they are fundamentally different from lunar samples. Sibille et al. (2006)
report that while none of the simulants available replicate the lunar
recommended simulants compared to Apollo samples. Modal mineralogies are
sources in column headings apply to all underlying, unless otherwise specified.

Apollo 11 NU-LHT-2M Apollo 16

) (Taylor et al., 1996)b Schrader et al.
(2009)

(Papike et al., 1982)c

43.0 30.7 49.7
15.8 54.9 38.7
32.6 6.4 1.0
6.5 9.5 –

6.0 0.2 –

0.6 0.6 10.7
Taylor) Freitas and Gilbreath

(1982)
U. S. G. Survey
(2008)

Freitas and Gilbreath
(1982)

42.5 46.7 45.1
7.7 0.4 0.6
13.8 24.4 27.2
15.8 – 5.2
– 4.2 –

0.2 0.1 0.1
8.2 7.9 5.8
12.1 13.6 15.8
0.4 1.3 0.5
0.2 0.1 0.1
0.1 0.2 0.1
0.3 – 0.1

Madson, 51 (Basu et al., 2001) 90 (Zeng et al.,
2010)

105 (French et al.,
1991)

d Madson, 3.1 (French et al.,
1991)

3.0 (Zeng et al.,
2010)

2.5 (Lin et al., 1992)
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regolith perfectly, some are better suited for certain types of research
than others. Many regolith properties are relevant for SRU, such as par-
ticle size, shape and composition.

The modal mineralogy, bulk chemistry, and geotechnical properties
of three simulants more commonly employed by the studies presented in
this review are presented and compared to their ‘equivalent’ Apollo
samples in Table 2.

3. The physics of dry separations

In this section, the parameters and forces affecting dry separation
techniques are presented and discussed in the context of lunar SRU. The
material, environmental and processing parameters influencing the
forces are also presented.
3.1. Lunar beneficiation

All beneficiation technologies separate minerals from waste using
differences in physical properties (e.g., density, surface properties, elec-
tromagnetic characteristics). On Earth, gravity-driven beneficiation
techniques exploit differences in the mass, density, and/or volume of
minerals relative to other ore constituents or process fluids (typically
water) to elicit separations. Froth flotation, for example, is commonplace
in terrestrial copper mining.

For lunar applications, large-scale, water-intensive methods are not
viable: liquid water is not readily available, other process fluids are costly
to transport to the Moon, and all fluids will eventually require replen-
ishment. Williams et al. (1979) mention the use of air cyclones and
pneumatic tables for particle sizing and enrichment on the Moon. They
conclude, however, that these processes would present “a formidable
technical problem” to implement, and consider instead electrostatic and
magnetic techniques (Williams et al., 1979).

Water consumption aside, the lunar environment is a fundamentally
different to that of Earth, as summarised in Table 3 (Gibson and Knudsen,
1985).

To address some of these environmentally-imposed limitations, dry
techniques that do not use any process fluid must be considered as a first
step on the Moon. Whilst it may be possible in the future to use locally-
derived fluids for mineral processing, beneficiation equipment for tech-
nology demonstration purposes in the short- and medium-term will
require novel solutions.
3.2. Force balance

The net force acting on a particle undergoing dry separation is given

by the sum of the forces acting on the particle, F
!

p, or:
Table 3
An adapted comparison of the effects of the lunar environment on processing by Gib

Feature Comparison Impact

Gravity Moon: 1=6g
Earth: 1g

Impacts dens
Reduces grav
Reduces part

Surface Temp.
Day/Night

Moon: 127 �C(D); �173 �C(N)
Earth: 14 �C (D/N)

Temperature
Hot particles
Equipment m

Atmosphere Moon: Hard Vacuum
Earth: Abundant

Process fluid
Fluids, if any
Cooling of eq

Human Access Moon: None
Earth: Abundant

High-reliabil
Modular des

Day/Night Cycle Moon: approx. 324 h
Earth: approx. 12 h

Regolith bec
Equipment c
Power gener
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F
!

net ¼
X

F
!

p ¼ F
!

g þ F
!

ad þ F
!

vdW þ F
!

char (1)
The first three terms, F
!

g , F
!

ad and F
!

vdW are process-agnostic and

impact all beneficiation technologies; the remaining term, F
!

char , refers to
the characteristic force(s) specific to each separation method. The
magnitude of this force will vary depending on the mineralogical,
chemical and electromagnetic properties of each particle.

3.3. Universal factors

The gravitational force, F
!

g , experienced by a given object on the
Moon is one-sixth of what it would experience on Earth. The majority of
the lunar beneficiation techniques presented in the literature depend on
the pull of gravity to draw particles through the equipment (Adachi et al.,
2017a; Kawamoto and Seki, 2004; Agosto, 1981, 1983, 1984, 1985;
Trigwell et al., 2009, 2012; Captain et al., 2007; Quinn et al., 2012).

The adhesive force, F
!

ad, is an inter-particle electrostatic force that
varies depending on whether a charged particle is in the proximity of
another charged or neutral particle. As the lunar regolith is highly-
charged and very fine, the adhesive force can become dominant (Ada-
chi et al., 2016). In interactions between two charged particles, the ad-
hesive force is found by (Afshar-Mohajer et al., 2011a; Manouchehri
et al., 2000a):

F
!

ad ¼ qp
4πε0

Xn
i¼1

qi
�
R
!

p � R
!

i

�
��R!p � R

!
i

��3 (2)

When charged particle and a neutral one interact, the adhesive force
occurs due to charge polarisation within a neutral particle, resulting in a
lower magnitude (Bailey, 1984). This is described by:

F
!

ad ¼
q2p

 
1� R

!
p�R
!

i

ðr2pþðR!p�R
!

iÞ2Þ
1=2

!

16πε0
�
R
!

p � R
!

i

� (3)

When considering a pair of neutral particles, the adhesive force would
be zero.

The last term, F
!

vdW , describes the van der Waals force between
particles. Following Scheeres et al. (2010), this interaction can be
modelled by:

F
!

vdW ¼ AHS2
�
rp1rp2

�
48Ω2

�
rp1 þ rp2

� (4)

where Ω is the diameter of an oxygen atom (Ω ¼ 1:32� 10�10 m),
considered to be the minimum separation of two particles on the Moon
son & Knudson (Gibson and Knudsen, 1985).

ity separations;
ity-driven fluid/particle flow;
icle inertia, thus reducing the magnitude; of any external force required to overcome it.

variation will affect particle properties;
more easily charged, but less magnetically susceptible and vice versa;
ust survive the lunar night.

s not readily available, and must be generated in situ, or imported from Earth;
, must be used in a closed system;
uipment (e.g., electromagnets) only possible via heat pipe or radiative exchange.

ity (uncommon in terrestrial mining) is necessary;
igns will facilitate repairs/replacements

omes less charged at night (no UV charging);
ooling/heating is power-intensive.
ation at night becomes challenging
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(Perko et al., 2001).
Perko et al. (2001) note that the Moon has a high surface cleanliness

(S, the ratio of the diameter of an O2 ion to the thickness of a layer of
adsorbed gases on the particle surface; S → 1 for a clean surface, and S →
0 for an unclean one). As a result, the inter-particle spacing on the Moon
is very small, implying that the van der Waals force is dominant. This is
supported by the experimental work of Izvekova & Popel (Izvekova and
Popel, 2013) for lunar particles below 50 μm; larger particles, however,
were found to experience a dominant adhesive force.

3.4. Electrostatic terms

Electrostatic separation considers two characteristic forces: the
Coulomb force and the dielectrophoresis force. The Coulomb force acts
on charged particles in any electrostatic field, whereas the dielec-
trophoresis force acts on neutral particles in non-uniform fields.

Coulomb force separation techniques require charged particles to be
passed through an electrostatic field (Knoll and Taylor, 1985);
positively-charged particles will be repelled by the positive electrode,

and vice versa. The magnitude of the Coulomb force on a particle, F
!

C, is
given by (Kelly and Spottiswood, 1989a, 1989b, 1989c; Manouchehri
et al., 2000a):

F
!

C ¼ qp E
!

(5)

The dielectrophoresis force acts through the polarisation of neutral
particles in non-uniform electrostatic fields. As a result, it is typically
small relative to the Coulomb force, and is insignificant over large dis-
tances (Bailey, 1984). Following Pohl, 1951, 1958, 1960, 1978, Jones
(1979), Washizu (1993), and Washizu & Jones (Washizu and Jones,
1994), this force is given by:

F
!

de ¼ 2πr3pε0

�
εp � ε0
εp þ 2ε0

�
rE
!2

(6)

Ballantyne (2011) and Ballantyne et al. (Ballantyne and Holtham,
2010, 2014) have demonstrated that dielectrophoresis can be used for
mineral separations for terrestrial applications, however it has not been
demonstrated for lunar applications on its own.

Particle shape has been shown to play a role in electrostatic separa-
tion, particularly in the food, recycling and toner industries (Miller and
Barringer, 2002; Lu et al., 2008; Gallifored, 2005). It has been discussed
in the context of tribocharging in terrestrial mineral processing by
Ireland (Ireland, 2010a, 2010b, 2012; Ireland and Nicholson, 2011) and
Knoll & Taylor (Knoll and Taylor, 1985). Ireland's (Ireland, 2012) tri-
bocharging model suggests that irregular particles tumbling down an
incline attain a higher change than those that slide on one plane. For
lunar applications, Izvekova & Popel (Izvekova and Popel, 2013) found
that the presence of asperities attenuated the adhesive force by two to
three orders of magnitude (Izvekova and Popel, 2013). The impact of the
differences in particle shape between real regolith and regolith simulants
on particle charging has not been presented in the literature.

Whilst the lunar regolith possesses a natural electrostatic charge at
the surface, the magnitude has not yet been characterised in situ nor has
been the depth at which charged particles exist. It may be possible to take
advantage of this natural charge to demonstrate electrostatic separation
on the Moon, however the regolith simulants used for lab testing do not
possess a natural static charge. To address this, induction charging, tri-
bocharging, ion and electron bombardment, and UV exposure have been
proposed in the literature as means of imparting charge, and are dis-
cussed herein.

3.4.1. Induction charging
Induction charging occurs when uncharged particles pass through a

non-ionising electrostatic field and acquire the polarity of that field
(Kelly and Spottiswood, 1989b). If a conducting or semi-conducting
polarised particle then contacts an earthed surface, it loses one polarity
5

to the conductive surface resulting in a net charge of opposite polarity
(Kelly and Spottiswood, 1989b). Non-conductive particles assume no net
charge, thus are neither attracted or repelled by the field.

The charge on an individual particle can be approximated empirically
by (Afshar-Mohajer et al., 2011b; Stubbs et al., 2006; Hor�anyi, 1996):

qp ¼CΔΦp (7)

This can be expanded to model the charge acquired by induction as
particles pass through a non-ionising electrostatic field (Kelly and Spot-
tiswood, 1989b; Barthelemy, 1960):

qp ¼CΔϕp

�
1� e�t=ϱpC

�
(8)

Capacitance has been approximated by Goertz (1989) and Afshar--
Mohajer et al. (2011b) by:

C¼ 2πε0dp (9)

Manouchehri et al. (2000b) specify that the conductivity of a mineral
at a given temperature, σ, is related to the temperature, T, by:

σ¼ σ0exp
� φp
2kBT (10)

where σ0 is a constant dependent on the density and mobility of electrons
and holes in the material (Gao et al., 2011).

As the temperature of a mixture of non-conductive particles is
increased, some species may become sufficiently conductive to allow for
separation by conductive induction (Manouchehri et al., 2000b). Mate-
rials with very high resistivity and low conductivity (e.g. minerals) are
difficult to separate in conductive induction devices since they will not
acquire sufficient charge quickly enough to produce a separation (Fraas,
1962). Raising the temperature increases the conductivity of the parti-
cles, and makes it possible to induce a stronger charge (Fraas, 1962;
Lindley and Rowson, 1997a).

3.4.2. Tribocharging
Tribocharging is a process by which particles (conductors, semi-

conductors and insulators) acquire charge through frictional rubbing
and subsequent separation. The magnitude of the final charge on each
particle after they have separated is the product of the charge that is
transferred during the contact and the charge back-flow experienced
once the particle-particle contact is broken (Kelly and Spottiswood,
1989b).

The transfer of charge is defined using the Fermi level (Manouchehri
et al., 2000a): when a particle with a higher Fermi level (lower work
function) contacts a material with a lower Fermi level (higher work
function), the former will lose an electron and the latter will gain it. The
contact charging of metals is directly related to the difference in Fermi
level (Schein, 2007); the contact charging of insulators, however, is not
well understood.

Insulator-insulator charging has been the focus of a number of studies
in fields ranging from electrophotography to pharmaceutical powder
processing (Kelly and Spottiswood, 1989b; Schein, 2000, 2007; Gooding
and Kaufman, 2011; Zafar et al., 2018; Liu and Bard, 2008, 2009a,
2009b, 2010). To explain the phenomenon, three mechanisms have been
proposed: electron transfer, ion transfer and material transfer (Gooding
and Kaufman, 2011). There is no consensus on which mechanism is
dominant, and may be system-dependent. Gooding & Kaufmann (Good-
ing and Kaufman, 2011) present a thorough analysis and discussion of
the problem, and conclude that molecular-scale investigations will be
necessary in order to understand it. As a result, Baytekin et al. (2011) and
Lacks (2012) suggest that a universal tribocharging model may not exist.

Whilst the Fermi level of materials largely governs the transfer of
charge, particle size, shape and angularity, lattice defects, surface
contamination, ion and water adsorption, dielectric constant, type of
contact, and number and duration of contacts all impact the amount of
charge transferred (Manouchehri et al., 2000a). As noted by Kelly and



Fig. 3. Earthed drum separator (Manouchehri et al., 2000a).
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Spottiswood (Kelly and Spottiswood, 1989b) and Manouchehri et al.
(2000a), the number of factors involved make the electrification process
complex. Further, few electromagnetic properties of regolith minerals,
such as permittivity, have been reported in the literature for terrestrial
samples, let alone lunar ones. Of those that are characterised, the data are
often not in agreement. For example, Ballantyne and Holtham (2010)
summarise eight permittivity measurement studies for a number of
terrestrial minerals: while the majority of the examples presented are
generally within the same order of magnitude, no two studies present
identical measurements.

Despite the lack of clarity on the underlying mechanism of charge
transfer, the maximum available charge following a particle - particle or
particle - tribocharger interaction can be modelled with satisfactory
agreement to empirical data. The Harper equation employs differences in
work functions to determine charge transferred per unit mass (Man-
ouchehri et al., 2000a):

qp;max
m

¼ 2:66� 10�13

 
ϕs � ϕp

ρpr2p

!�
8:85þ 1:151log10rp

�
(11)

where qp;max=m is the maximum charge to mass ratio in C � kg�1.
The amount of charge transferred can also be modelled as a function

of the number and duration of particle contacts; both of these variables,
however, can only be approximated for any given system. This is given by
(Kelly and Spottiswood, 1989b; Lindley and Rowson, 1997b):

dQN

dN
¼Qc

�
1� e�tb=τb

�� QN

�
1� e�tc=τc

�
(12)

QðNÞ¼ k1 � k2e�Nk3 (13)

where k1, k2 and k3 are empirically-derived constants.
Tribocharging is the simplest method considered for imparting charge

on particles, making it an attractive option for lunar SRU, however it is
challenging to characterise experimentally on Earth due to extreme
environmental differences. Early in situ demonstrations on the lunar
surface will be necessary.

3.4.3. Ion, electron and UV bombardment
Ion bombardment employs a corona-generating electrode mounted

above an earthed metallic surface and a gas to ionise (Knoll and Taylor,
1985; Kelly and Spottiswood, 1989a, 1989b, 1989c; Mora, 1958). As
particles pass under the corona, the ionised gas impinges upon them and
transfers charge. When the particles exit the corona, conductive materials
lose any charge to the earthed surface, rendering them neutral, whereas
semi- and non-conductors will be polarised. The polarised particles ‘see’
an image charge in the earthed surface, and adhere to the that plane
(Fig. 2). In roller separators (Fig. 3), the neutral conductors are then flung
from the surface of the roller, and end up in the farthest collection
hoppers, whereas the semi- and non-conductors end up in closer hoppers,
or remain adhered to the surface (see Fig. 3).

Ion bombardment is commonly used in terrestrial beach sands
Fig. 2. A conducting particle will lose its charge to the neutral roller and be
ejected instead of being attracted to an image charge (Kelly and Spottis-
wood, 1989a).
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processing for the separation of ilmenite and rutile from quartz, the food
processing industry, and the recycling industry (Knoll and Taylor, 1985;
Brands et al., 2001; Lawver et al., 1986). While it has not been studied
directly for use in SRU, Agosto (1985) noted that gas ionisation likely
contributed to the superior performance of his apparatus under air and
nitrogen than vacuum. The production and ejection of ions in space is not
uncommon; ion thrusters are used regularly for satellite station keeping.
Similar technology could be employed for particle charging in lunar SRU.

Electron beam charging has a lower energy requirement to produce
the beam compared to that required for gas ionisation (Kim and
Elsayed-Ali, 1982). Additionally, it eliminates the need for an ion source.
The charging of granular material under vacuum using ion, electron and
UV bombardment was demonstrated by Wang et al. (2016) to explain
particle transport on airless bodies. In their experiments, silica-rich
Martian regolith simulant composed of 38–48 μm particles was charged
using a combination of ions and electrons, electrons only, and UV
exposure (Wang et al., 2016). They found that the charge imparted on the
samples by the electron beamwas an order of magnitude greater than the
combined ion/electron bombardment, and three orders of magnitude
greater than the UV method (qelec ¼ 2:3� 10�16C vs. qcombi ¼ 2:8�
10�17C vs. qUV ¼ 5:5� 10�19C).

For charging regimes that impinge ionised particles, electrons or UV
on a feed, the Pauthenier Limit (Pauthenier and Moreau-Hanot, 1932;
Goldwater et al. 2019 Millen) can be employed to determine the theo-
retical maximum charge on a spherical particle, as follows:

qp;max ¼ 4πr2pε0pjE
!j (14)

where p is a constant (p ¼ 3 for conductors and p ¼ 3εp=ðεp þ2Þ for
dielectrics).
3.5. Magnetic terms

Materials can be categorised by the way in which they interact with
magnetic fields; they are classed as diamagnetic, paramagnetic or
ferromagnetic.

Many of the minerals on Earth and the Moon are diamagnetic. These
minerals interact only with very strong magnetic fields, and when such a
field is present, they oppose the field instead of being attracted by it
(Parodi, 1996; Rosenblum and Brownfield, 2000; Jackson, 2015). All
materials have a diamagnetic component to their magnetic makeup,
however it is only the dominant component amongst minerals and ma-
terials that do not bear iron (Parodi, 1996).

Minerals that demonstrate paramagnetism, such as ilmenite (Rose-
nblum and Brownfield, 2000), are made up of atoms with unaligned
magnetic moments. These moments react independently to applied
magnetic fields and thermal energy (Butler, 2004). Without an applied
magnetic field, the moments are randomly oriented, and thus results in
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net zero magnetisation (Butler, 2004). In general, strong magnetic fields
are required to separate paramagnetic materials from an otherwise
non-magnetic feedstock; for many paramagnetic materials, a magnetic
field of at least 2 T is necessary (Svoboda, 1994; Wills and Finch, 2015).

Ferromagnetic materials are strongly susceptible to magnetic fields,
and can become highly magnetised (Chikazumi and Graham, 2009).
Ferromagnetic materials can be separated with low-intensity magnets
because of their strong interaction with magnetic fields. Metals that
exhibit ferromagnetism include iron, nickel and cobalt, as well as many
of their alloys; naturally ferromagnetic minerals include those within the
titanomagnetite and titanohematite series (Butler, 2004), however there
is not any strong evidence of their existence on the Moon (Fuller, 1974;
Strangway and Olhoeft, 1977).

There is only one characteristic force to be considered in magnetic

separation: the magnetic force, F
!

m. This can be modelled for para- and
ferromagnetic materials by:

F
!

m ¼Vpρp
�
χp � χf

�
H
!d B

!
dx

(15)

Magnetic susceptibility, χp, follows the Curie-Weiss Law and is
inversely proportional to temperature, as follows:

χp ¼
C

T � θC
(16)

The magnetic susceptibility will decrease with increasing tempera-
tures, adversely affecting magnetic separations (Dahlin and Rule, 1993).

As there are no minerals in the lunar regolith that produce a magnetic
field themselves (such as magnetite), inter-particle magnetic attraction is
disregarded.

4. Lunar mineral beneficiation studies

Following the physics that governs dry separations, this section re-
views the application of separation techniques to lunar minerals.

4.1. Electrostatic separations

Three techniques have been demonstrated in the literature for lunar
mineral beneficiation through manipulating electrostatic forces:
conductive induction with slide separators, tribocharging with parallel
plate separators, and the electrostatic travelling wave.

4.1.1. Conductive induction with slide separators
Agosto, 1983, 1984, 1985, 1992 has produced the largest body of

work on the use of conductive induction for lunar SRU.
Following a comparison of slide-type and roller-type separators on

binary mixtures of minerals in air (ilmenite/olivine, anorthite/pyroxene,
and olivine/anorthite), Agosto found that the slide-type was superior in
performance (Agosto, 1983). Using a mixture of ilmenite and olivine in a
ratio of 10:90 by mass in four size fractions, the slide separator was found
to produce higher grades of ilmenite after one pass compared to the drum
type, albeit with lower recovery (see Table 4). If the gangue were to be
reprocessed subsequently, the overall recovery would be expected to
Table 4
Comparison of drum- and slide-type electrostatic separators on a binary mixture
of ilmenite and olivine after one run. Starting ilmenite concentration: 10 wt:%
(Agosto, 1983).

Size Fraction
[μm]

Drum Slide

Grade
[wt:%]

Recovery
[wt:%]

Grade
[wt:%]

Recovery
[wt:%]

45–90 29 29 98 29
90–150 53 64 90 38
150–250 78 91 95 68
250–500 80 87 79 82
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increase (Agosto, 1983). All further testing performed by Agosto
employed the slide-type separator for its stronger performance and for its
ease of use under vacuum conditions (Agosto, 1984).

Agosto found the separation efficiency was improved by elutriation of
each sample in isopropyl alcohol or TP-35 (amixtureof Freon and isopropyl
alcohol). Cleaning the samples in this fashion allowed for the removal of the
<45 μm fraction and drove off any adsorbed water (Agosto, 1983). All
subsequent testing ((Agosto, 1984; Agosto, 1985)) employed the same
process on all fabricated simulants. It is not clear whether this cleaning
processwas performed on the Apollo samples used in subsequent tests, or if
it was only meant for simulants (Agosto, 1984, 1985).

The binary mixtures were tested both at room temperature and at 180
�C. It was found that the higher temperature greatly improved both the
grade and recovery, as shown in Table 5 (Agosto, 1983). The higher
temperature was found in all cases to improve the separation of the
pre-treated samples; for semi-conductors, the increase in temperature
results in an increase in conductivity, and for all minerals, temperatures
exceeding 100 �C prevented water adsorption. All tests therefore main-
tained the feedstock, vibratory feeder and slide between 100 and 200 �C
with infrared heaters (Agosto, 1983, 1984, 1985).

The feeds were passed into the separator at a rate of approximately
6 g=s (7 g=s for the binary mixtures), with 1–5 g of material used in air
and a few hundred milligrams in the nitrogen and vacuum arrange-
ments (Agosto, 1983, 1985).

When studying the binary mixtures, twomaximum field strengths,þ7
and þ 4.7 kV=cm were used; recovery was found to be most strongly
affected by this, improving by over 100% in some cases (Agosto, 1983),
and is in agreement with testing performed by Inculet et al. (1972). In
subsequent testing, the induction charging electrode was maintained
nominally at þ5 kV, but ranged between 2.5 and 7 kV (Agosto, 1984,
1985). While the semi-conductors were charged via induction, they also
gained charge through contact with the aluminium slide (tribocharging);
stochastic differences in conductivity between particles of the same type
could therefore result in either tribocharging or induction charging
imparting the dominant charge.

For example, semi-conductive pyroxene was found to gain a negative
contact charge through contact with the slide. When a negative polarity
was applied to the separating electrode (thus inducing a positive charge
in conductive particles), less conductive pyroxene particles would gain a
net negative charge from the slide, whereas more conductive ones would
attain a net positive charge through induction. The negatively charged
pyroxene would either adhere to the slide or end up in the non-conductor
hopper, whereas the conductive particles reported to the conductor
hopper.

When a positive polarity was used, 81% of the pyroxene reported to
the middlings and conductor hoppers with an average grade of 95%
(Agosto, 1983). A comparison of the results is found in Fig. 4. In subse-
quent tests, a positive polarity was chosen for the separating electrode to
augment the negative tribocharge gained by ilmenite via contact with
aluminium (Agosto, 1984, 1985).

Following his work on binary mixtures, Agosto, 1984, 1985 used a
custom simulant composed of anorthite, ilmenite, olivine, and augite
pyroxene in a ratio of 4:1:1:4 by mass (also known as simulant KSC-1),
Table 5
Effect of heating the feed and air on grade and recovery (Agosto, 1983).

Sample Size
Fraction
[μm]

28 �C 180–190 �C

Grade
[wt-%]

Recovery
[wt-%]

Grade
[wt-%]

Recovery
[wt-%]

Anorthite/
Pyroxene
[50/50]

90–150 60 <1 73 54

Olivine/
Anorthite
[10/90]

150–250 66 1 94 34



Fig. 4. Grade distribution of pyroxene after separating a 50/50 pyroxene/olivine mixture using positive and negative polarties on the high-voltage electrode.
Reproduced from (Agosto, 1983).

Fig. 5. Agosto's slide separators (Agosto, 1985).
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sized to 90–150, 150–250 and 250–500 μm fractions. Additionally, the
90–150 μm fraction Apollo 11 sample 10084,853 was tested for com-
parison (Agosto, 1984, 1985, 1992). These tests were performed in air at
atmospheric pressure, as well as under nitrogen at 1 torr and under
vacuum at 10�5 torr. The slide configurations used are shown in Fig. 5a
and b.

Ilmenite was enriched under atmospheric conditions from 8.8 wt% to
89� 6wt% with a recovery of 51� 9wt%. This was improved under
nitrogen, where the ilmenite was enriched from 7.9 to 90� 7wt% with a
recovery of 67� 5%. Under vacuum, however, there was an improve-
ment over air, but not as strong as under nitrogen: 9.8 wt% was enriched
to 78�8wt% with a recovery of 56%. The Apollo sample was enriched
from 7.3 to 51wt%with a recovery of 35% under nitrogen and 7 to 29 wt
% with a recovery of 55% under vacuum (Agosto, 1985).

Agosto has attributed the higher success rate of the experiments
conducted in air and nitrogen to 5 factors: 1) ionised gas may have
contributed to particle charging; 2) the lack of vibratory feeder in the
vacuum tests may have reduced contact and induction charging
8

efficiency; 3) fluid drag may have contributed to partial density segre-
gation of ilmenite; 4) fluid drag would have increased the transit time of
material in the electrostatic field resulting in greater charge; and 5) the
experimental apparatus used was not designed to accommodate the
changes in particle motion in the absence of fluid drag (Agosto, 1985).

Whilst Agosto's work has demonstrated the feasibility of conductive
induction and slide separators for lunar mineral beneficiation, two
outstanding points were not addressed, nor have they been considered
through subsequent study. The electrostatic enrichment of mineral fines
(i.e., <45 μm) has not been explored for space applications, although
both Agosto (1983) and Inculet et al. (Inculet, 1979) suggest that oper-
ating under vacuum conditions should make it feasible. Considering that
this fraction accounts for approximately 40% of the regolith, fines
enrichment is an important area for further study. The natural charge
possessed by the regolith has also not been considered, and may ulti-
mately require design adaptations to be made to account for it; however,
since this has never been quantified, subsequent designs should consider
a wide range of feedstock charges.



Fig. 6. The free fall triboelectric separator employed by Quinn et al. Regolith
simulant is fed into the separator through a series of baffled channels. Different
baffle materials are used to impart differing magnitudes of charge on the par-
ticles (Quinn et al., 2012).

Table 6
Surface composition of the unbeneficiated JSC-1 stimulant compared to the
measured surface composition of the material collected at each electrode as
determined by XPS analysis (Captain et al., 2007).

Surface Composition [%]

Al Na Fe Ca Ti

Raw
JSC-1

6.4 4.4 2.5 1.8 0.6

¡15 kV 6.6 (þ3%) 3.0 (�31%) 5.4 (þ8.6%) 2.9 (þ13%) Not
Detected

þ15 kV 5.7 (�11%) 4.7 (þ5.7%) 2.1 (�18%) 1.9 (þ4%) Not
Detected
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4.1.2. Tribocharging and plate separation
Plate separators employ pairs of electrodes oriented parallel to one

another (for the generation of uniform electrostatic fields) or on an angle
relative to the central plane (for non-uniform fields). The plates are
typically oriented vertically so that gravity draws particles through the
field; pneumatically- or mechanically-assisted systems, however, have
been developed with horizontal electrodes (see (Gupta et al., 1993;
Bittner et al., 2014)). The use of plate separators for lunar applications
has been explored by Li et al. (1999), as well as by Trigwell and col-
leagues at NASA's Kennedy Space Center (Trigwell et al. (2009; 2012;
2006), Quinn et al. (2012), Captain et al. (2007)).

Li et al. (1999) employed a pneumatically-driven vertical parallel
plate separator with a copper tribocharger. The group performed tests on
individual minerals (ilmenite, albite, augite, fosterite and quartz), on
binary and ternary mixtures, and on a custom regolith simulant. All tests
were on material sized to 75–106 μm (Li et al., 1999). Testing individual
minerals allowed the authors to qualitatively predict the triboelectric
series for their chosen minerals by measuring charge magnitude and
polarity. They found that the series progressed as follows (from highest
work function to lowest): quartz> augite> albite> ilmenite> cop-
per> fosterite. This data was then used to predict the interactions be-
tween particles in the more complex mixtures with reasonable accuracy.
For example, they were able to predict that the presence of fosterite in the
simulant caused ilmenite to attain little, if any, charge. When measured,
they found that the majority of the ilmenite was captured in the central
collection zone (Li et al., 1999). Importantly, the authors note that
particle-particle interactions more strongly influence the charging
behaviour than particle-wall interactions, however it is unclear to what
9

extent pneumatic mixing influences this.
Trigwell et al. (2006) initially employed a pneumatically-driven plate

separator with vertical electrodes angled away from the central plane by
4� charged to �15 kV. Horizontal static mixers (tribochargers) made of
aluminium and PTFE were used to charge MLS-1 samples in two size
fractions (<25 μm and>100 μm). Material was collected on both the
surface of the electrode and in a collector directly below it. The larger
fraction was found to charge more successfully than the smaller fraction.
The <25 μm sample was split 52%–48% positive to negative with the
PTFE charger, whereas the larger fraction was split 14%–86% (Trigwell
et al., 2006). This was likely due to the larger particles not adhering to
the charger (Trigwell et al., 2006).

Experiments performed on the 50–75 μm fraction of JSC-1 are re-
ported by Captain et al. (2007) (of Trigwell's group at NASA). In this
iteration, the pneumatic conveyor was replaced with a free-fall set-up.
The samples were tribocharged by falling through an aluminium block
with a zig-zag path machined into it. The tests were conducted under
vacuum as well as in air. Otherwise, the electrodes and collectors
remained the same.

The initial sample and the material collected at each electrode was
analysed with XPS and Raman spectroscopy; modal mineralogy was not
assessed. The minerals detected in the control and separated fractions
were ilmenite (FeTiO3), anatase (TiO2), magnetite (Fe3O4), hematite (α�
Fe2O3), ferrite (M2þFe2O3), olivine (ðMg; FeÞ2SiO4), plagioclase
(NaAlSi3O8/CaAl2Si2O8), and pseudobrookite (Fe2TiO5). The initial XPS
findindings, and the post-beneficiation measurements are presented in
Table 6. The results indicate that: 1) minerals with higher amounts of
iron (namely magnetite and pseudobrookite) tended to charge positively,
although ferrite was predominantly observed to charge negatively; 2) a
marked increase at the negative electrode in the concentration of calcium
and decrease in sodium indicates that the plagioclase was composed of
both plagioclase albite (NaAlSi3O8), which charges negatively, and
anorthite (CaAl2Si2O8), which charges positively.

Trigwell et al. (2009) compared the performance of copper,
aluminium and PTFE for the tribocharging of the 50–75 μm fraction of
JSC-1, JSC-1A and KSC-1. Parallel electrodes charged to �15 kV were
employed, and the tribochargers used were machined in the same
manner as those used by Captain et al. (2007). Again, XPS was used to
evaluate the surface composition of the materials before and after
beneficiation; measurements were taken for five runs and averaged. The
results of these experiments, found in Table 7, show that the tri-
bocharging and plate separation apparatus was able to successfully
enrich titanium-rich ilmenite from the KSC-1 simulant. The results for the
JSC-1 and -1A simulants show some notable variations in particle surface
composition following beneficiation, but without either the Raman
spectroscopy measurements or some other type of modal mineralogy
assessment, it is challenging to draw detailed conclusions with respect to
the equipment's capacity for mineral enrichment.

Trigwell et al. (2012) go on to modify their experimental apparatus to
improve its flexibility: a series of aluminium, copper and PTFE tubes with
internal baffles replace the machined charging blocks; up to 7 collection
bins can be used; and, the electrode voltage can be increased to �30 kV



Table 7
XPS measurements for raw and beneficiation JSC-1, JSC-1A and KSC-1; percentage change from unbeneficiated in brackets (Trigwell et al., 2009).

Simultant Charger Fraction Practice Surface Composition [%]

Si Al Na Fe Ca Ti

JSC-1 Raw n/a 13.8 6.4 4.4 2.5 1.8 0.6
Al Positive Electrode 13.8 (�) 5.2 (�19%) 4.4 (�) 1.9 (�25%) 1.8 (�) 0.6 (�)

Negative Electrode 12.0 (�13%) 5.6 (�12%) 2.6 (�41%) 2.3 (�7%) 1.8 (�) 0.6 (�)
Middlings 13.8 (�) 6.4 (�) 2.9 (�34%) 1.7 (�32%) 1.8 (�) 0.6 (�)

JSC-1A Raw n/a 18.8 6.8 3.2 3.3 3.4 0.5
Al Positive Electrode 18.8 (�) 6.8 (�) 2.8 (�11%) 3.5 (þ7%) 3.2 (�7%) 0.5 (�)

Negative Electrode 18.8 (�) 6.8 (�) 3.2 (�) 3.3 (�) 3.4 (�) 0.44 (�12%)
Middlings 18.8 (�) 6.8 (�) 3.2 (�) 3.3 (�) 3.4 (�) 0.44 (�12%)

Cu Positive Electrode 19.9 (þ6%) 6.8 (�) 2.8 (�11%) 3.3 (�) 3.4 (�) 0.44 (�12%)
Negative Electrode 18.8 (�) 5.5 (�19%) 4.2 (þ30%) 3.07 (�7%) 3.2 (�7%) 0.44 (�12%)
Middlings 18.8 (�) 6.8 (�) 3.2 (�) 3.5 (þ7%) 3.4 (�) 0.63 (þ25%)

PTFE Positive Electrode 18.8 (�) 7.4 (þ9%) 2.7 (�15%) 3.10 (�6%) 3.2 (�7%) 0.38 (�12%)
Negative Electrode 18.8 (�) 6.8 (�) 3.8 (þ18%) 3.3 (�) 3.4 (�) 0.5 (�)
Middlings 18.8 (�) 6.8 (�) 3.0 (�6%) 3.3 (�) 3.4 (�) 0.63 (þ25%)

KSC-1 Raw n/a 12.3 5.2 3.1 1.1 – 2.8
Al Positive Electrode 13.7 (þ11%) 4.0 (�23%) 4.1 (þ31%) 1.1 (�) – 3.9 (þ40%)

Negative Electrode 14.1 (þ15%) 5.2 (�) 3.1 (�) 0.6 (�43%) – 1.7 (�38%)
Middlings 14.4 (þ17%) 5.5 (þ6%) 2.8 (�9%) 0.3 (�69%) – 1.5 (�48%)

Cu Positive Electrode 13.7 (þ11%) 5.2 (�) 2.3 (�27%) 1.1 (�) – 1.90 (�32%)
Negative Electrode 12.3 (�) 4.8 (�8%) 2.9 (�7%) 2.0 (þ86%) – 3.2 (þ14%)
Middlings 14.8 (þ20%) 5.9 (þ13%) 2.8 (�10%) 1.2 (þ11%) – 1.8 (�34%)

PTFE Positive Electrode 11.4 (�7%) 6.8 (þ30%) 3.1 (�) 1.4 (þ27%) – 4.1 (þ46%)
Negative Electrode 12.3 (�) 5.2 (�) 3.5 (þ13%) 0.75 (�32%) – 2.1 (�26%)
Middlings 15.1 (þ23%) 6.1 (þ18%) 3.1 (�) 0.70 (�36%) – 1.93 (�31%)
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per plate. This arrangement is then used to further analyse JSC-1A
(although the published results are, surprisingly, identical to those re-
ported in (Trigwell et al., 2009)), as well as NU-LHT-2M (with 5 wt:%
added ilmenite), Apollo 14 14163 regolith and Apollo 17 70051 regolith.

For the NU-LHT-2M tests, the authors report XPS data supporting ti-
tanium and iron enrichment (þ67% and þ33%, respectively, for all
particle sizes; þ31% and þ6% for the 75–100 μm fraction, respectively)
(Trigwell et al., 2012). The Apollo 14 regolith was found to separate
optimally with �15 kV applied to the electrodes in combination with the
aluminium tribocharger (Trigwell et al., 2012). The data from the XPS
analysis of the material from each collection hopper indicates that tita-
nium and iron enrichment of up to þ164% and þ12%, respectively, are
possible (Trigwell et al., 2012). Considering that the Apollo 14 regolith
contains only around 1.3% ilmenite by volume (French et al., 1991),
these results suggest that tribocharging and parallel plate separation is a
viable approach for lunar mineral beneficiation.
Fig. 7. Kawamoto et al.'s electrostatic travelling wave. Staggered, alternating
voltages are sent by the microcontroller to the embedded electrodes (red and
blue). The resulting non-uniform field interacts with the charged and neutral
particles causing motion (Kawamoto et al., 2011).
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Details regarding the mass of material collected in each hopper are
not reported for these tests, making it impossible to evaluate the grade
and recovery performance of the separator. Further, the experimental
parameters (electrode potential, tribocharger material) are not reported,
nor are the XPS measurements of the unbeneficiated material.

The Apollo 17 regolith was processed using multiple passes through
the separator in an attempt to maximise the ilmenite collected; the bins
with the highest ilmenite concentration were re-processed. The first pass
was conducted with �12 kV on the electrodes; the second and third
passes were performedwith�24 kV (Trigwell et al., 2012). Trigwell et al.
report the results of the first and third pass in vol:% per bin, but fail to
report any details of the mass of material collected, preventing analysis of
the grade and recovery. The authors state that “after the third run, the
ilmenite concentration [had] significantly increased to 11.5% [vol:%] …
[compared] with the feedstock, this represents a 311% increase [from 2.8
vol:%] after three passes” (Trigwell et al., 2012). This analysis, however,
is invalid, as volumetric data alone is insufficient for evaluating the grade
of the concentrate.

Quinn and colleagues (Quinn et al., 2012) adapted the apparatus as
used by Trigwell et al., 2006, 2009, 2012 and Captain et al. (2007) for
testing on low-gravity parabolic flights (see Fig. 6). The main differences
in the set-up were that: aluminium was the only material used for tri-
bocharging; testing was no longer performed under vacuum; and, the
collector bin design was optimised following lab testing to maximise
separation efficiency (Quinn et al., 2012). Experiments were performed
over two flights, and aimed to test the effects of lunar gravity as well as
the electrostatic field strength on the efficacy of the separator. The first
flight applied �8, �10 and� 12 kV to the electrodes, and the second
used�13,�15 and� 20 kV. The first battery of tests used as-received<1
mm NU-LHT-2M. The second battery used the same simulant as a base,
however it had 10wt:% ilmenite added to ensure that it could be detected
in significant quantities during analysis, and was dried for 24 h prior to
testing to drive off any adsorbed moisture (Quinn et al., 2012).

Analysis of the data from the first flight resulted in a statistically-
significant difference between the amount of ilmenite found in the cen-
tral and positive electrode bins compared to the negative bin; this was
true across all three voltages (Quinn et al., 2012). Further, in agreement
with Li et al. (1999), this indicates that ilmenite attains either no charge



Fig. 8. Measured (a) and predicted (b) volume distribution of particles in each of three collector boxes at different heights (Adachi et al., 2017a).

J.N. Rasera et al. Planetary and Space Science 186 (2020) 104879
or a minimal positive charge. The enrichment of ilmenite was found to be
as high as 60.3% with 69.4% recovery following a single pass under
nominal testing conditions (Quinn et al., 2012). The second flight, using
the amended simulant, found that ilmenite could be enriched by up to
106% following a single pass (approximately 10 wt:% to 20.6 wt:%),
although only 23.9% of the original ilmenite was recovered (Quinn et al.,
2012). It appears, however, that the authors have not accounted for the
pre-existing ilmenite in NU-LHT-2M in their calculations. Employing the
same method that they used earlier for determining grade, we find a
more modest increase of 69.6%. The statistical significance of these data
are not reported.

Across both flights, the data indicate that higher voltages result in
higher-grade ilmenite. The recovery, however, was superior for the
lower-voltage tests (69.4% at �12 kV vs 23.9% at �20 kV) (Quinn et al.,
2012). Given the differences between the testing parameters of the two
flights, it is not possible to conclude definitively that electrode voltage
alone is responsible for either the upgrading or rate of recovery.

Considered together, the data from these studies indicate that tri-
bocharging in conjunction with free-fall parallel plate separators are
suited to mineral enrichment for lunar SRU. Further, it employs simple,
light-weight and low-mass components, and has been tested in more
environmental conditions than any other method. There are, however,
gaps and inconsistencies in the data that detract from the successes that
are reported.

4.1.3. Electrostatic Travelling Wave
Kawamoto, Adachi and their colleagues at Waseda University

(Kawamoto and Seki, 2004; Adachi et al., 2016, 2017a, 2017b; Kawa-
moto, 2008, 2011, 2012; Kawamoto and Miwa, 2011; Kawamoto et al.,
2011; Kawamoto and Shibata, 2015; Kawamoto and Guo, 2018; Kawa-
moto and Hashime, 2018; Adachi and Kawamoto, 2017) have demon-
strated particle sizing and transport using to the so-called Electrostatic
Fig. 9. Modelling of particle travel height (a) and (b) volum
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Travelling Wave (ETW), shown in Fig. 7. The ETW uses alternating
voltages sent by the microcontroller to embedded electrodes, thereby
generating a non-uniform electrostatic field. Particles are charged tri-
bostatically between themselves and through contact with the conveyor
surface. The charged particles are then impelled through their in-
teractions with the moving field.

Starting with uncharged carrier particles used in the electrophotog-
raphy industry, Kawamoto et al. (Kawamoto and Seki, 2004) found that
as they settled on the acetate rayon surface of the conveyor, a charge
�0.01 and �0.03 μC=g was gained through tribocharging (Kawamoto
and Seki, 2004). When the travelling wave was initialised, this charge
was enough for the Coulomb force to become dominant and drive their
motion. As they moved, they gained additional charge through tri-
bocharging as they collided with other particles and the insulation,
augmenting the Coulomb force (Kawamoto and Seki, 2004).

Kawamoto, Adachi and colleagues have successfully used this tech-
nology in a number of novel ways for space applications, such as the
removal of lunar regolith simulants FJS-1 (a simulant of Japanese origin
similar to JSC-1A), JSC-1A and terrestrial desert sand from solar panels
(Kawamoto et al., 2011; Kawamoto and Shibata, 2015; Kawamoto and
Guo, 2018; Kawamoto and Hashime, 2018) and a fluidless vacuum-like
spacesuit cleaner (Kawamoto, 2008, 2011). For lunar mineral benefici-
ation, this technique has been successfully demonstrated for use in
mineral size sorting by Adachi et al. (2017a).

Adachi et al. (2017a) investigated the use of the ETW for size-sorting
FJS-1 particles from the <106 μm fraction in both air and vacuum. Nu-
merical modelling and experimental results demonstrated the impracti-
cality of this process in air, as fluid drag strongly influenced particle
motion. Under vacuum, the authors were able to demonstrate experi-
mentally that particles could be transported to collection hoppers posi-
tioned 100, 150 and 200 mm above the conveyor (Fig. 8a). These results
agreed reasonably well with their theoretical model (Fig. 8b), and
e distribution collected material (Adachi et al., 2017a).
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suggest that this method would be ideal for the size sorting of small
particles.

The authors go on to model the operation of this size sorter under
lunar gravity. By assuming the same charge distribution, they predicted
the maximum height that particles could theoretically be transported
(Fig. 9a), and used this information to determine appropriate collection
box heights (100, 500, 1000 and 1500 mm). By adapting the volume
distribution model to lunar gravity, the authors found that particles could
be collected in relatively discreet size fractions (Fig. 9b), and could even
effectively separate very fine (around 10 μm) particles (Adachi et al.,
2017a).

4.2. Magnetic separation

Magnetic separation is commonly used in terrestrial mineral pro-
cessing, particularly for the removal of tramp iron from mineral streams,
and for the separation of magnetite and roasted hematite and siderite
from silica (Wills and Finch, 2015). As the lunar regolith contains both
ferromagnetic and paramagnetic components, several beneficiation
Table 8
Summary of previous work on lunar dry beneficiation.

Category Process Target
Mineral

Fraction (μm)

Gravitational Size Sorting n/a 75–150

Enrichment n/a n/a

Magnetic Size Sorting n/a n/a

Enrichment Ilmenite 20–200

Anorthite >150
45–150

Ilmenite 90–150
45–90

Ilmenite
Iron Oxide

150–425

Electrostatic Size Sorting n/a <106

Size Sorting &
Enrichment

Ilmenite 90–150

Ilmenite 20–200

Enrichment Ilmenite <45
45–90
90–150
150–250
250–500

Ilmenite 90–150
150–200

n/a 50–75

Ilmenite 75–106

Ilmenite <1000

n/a <25
>100

Ilmenite 50–75

Ilmenite 50–75
75–100

n/a 210–420
104–420
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techniques have been presented in the literature for both early-stage
sizing and gangue removal as well as for the enrichment of specific
minerals.

In the lunar regolith, metallic nano-phase iron (np-Fe0) is the domi-
nant ferromagnetic phase (Runcorn et al., 1970). Early studies of Apollo
samples found Fe0 concentrations in the lunar soil to be an order of
magnitude higher than within the rocks from which the soil formed
(Taylor et al., 2005). It has been shown that this np-Fe0 is
vapour-deposited upon individual soil grains, forming iron-rich patinas
(Keller and McKay, 1993, 1997; Pieters et al., 2000; Sasaki et al., 2001).
In mature soils, this patina has been found on >90% of particles in the
<10 μm fraction (Pieters et al., 2000; Keller et al., 1999). Further,
np-Fe0-bearing agglutinates comprise up to 80% of the <20 μm (dust)
fraction, representing around 20% of the regolith (McKay et al., 1991; Liu
et al., 2007).

Oder & Taylor (Oder and Taylor, 1990), using a Frantz isodynamic
separator, found moderate success with magnetic separation of iron
oxide and ilmenite from pyroxene (also paramagnetic). From immature
lunar highland soil sample 67511, they recovered 22 wt:% of the sample
Feed Testing
Conditions

Ref.

JSC-1A
NU-LHT-2M
OB-1

Vacuum
Lunar-g

Wilkinson (2011)

n/a n/a None.

n/a n/a None.

n/a n/a Williams et al. (1979)

Apollo 64421 No data Oder et al. (1989)

Apollo 10058
Apollo 71055

No data Taylor et al. (1992)

Custom
JSC-1A
NU-LHT-2M

Vacuum Berggren et al. (2011)

FJS-1 Air, Vacuum Adachi et al. (2017a)

KSC-1
Apollo 10084

Air Agosto (1984)

n/a n/a Williams et al. (1979)

Custom Air, N2, Vacuum
Heated: 100–200 �C
Washed Samples

Agosto (1983)

KSC-1 Apollo 10084 Air, N2, Vacuum
Heated: 100–200 �C
Washed Samples

Agosto (1985)

JSC-1 Vacuum Captain et al. (2007)

Custom Air Li et al. (1999)

NU-LHT-2M (þilmenite) Air
Lunar-g

Quinn et al. (2012)

JSC-1
MLS-1

Air Trigwell et al. (2006)

JSC-1
JSC-1A
KSC-1

Air, Vacuum Trigwell et al. (2009)

JSC-1A
NU-LHT-2M
Apollo 14163
Apollo 70051

Vacuum Trigwell et al. (2012)

Custom Vacuum
Heated: 100–104 �C

Fraas (1970)
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having a native FeO content of 0.6 vol:% (Oder and Taylor, 1990), and
from an immature mare sample, 71061, they removed 57% of the
ilmenite (Oder and Taylor, 1990) (initially 5.6 vol:% of the 90–150 μm
fraction (Heiken and McKay, 1974)). Taylor et al. (1992) demonstrated
that ilmenite from the 90–150 μm fraction of sample 10058 could be
upgraded from 16% to a maximum of around 52%. In the 45–90 μm
fraction of Apollo samples 10058 and 71055, they were able to achieve
ilmenite concentrations of 62% and 72%, respectively. Further, Oder
(1991) notes that as soil maturity increases, the proportion of magnetic
constituents in the regolith increases as well, making it more challenging
to separate out ilmenite from iron-rich pyroxene and agglutinates. The
authors reported that the efficiency decreased with particles below 45 μm
(Taylor et al., 2005).

Given the large fraction of ferromagnetic material in both the lunar
dust and agglutinates, Taylor et al. (2005) suggest that hand-held per-
manent magnets could be a relatively simple way to remove the prob-
lematic dust fraction and agglutinates from the feed prior to subsequent
enrichment stages. Reflecting on the work of Oder & Taylor (Oder and
Taylor, 1990), the authors explain that the decrease in efficiency expe-
rienced in magnetically separating regolith fines was due to the higher
magnetic susceptibility of the np-Fe0-rich <50 μm fraction compared to
that of coarser fractions (Taylor et al., 2005).

Separately, Kawamoto & Inoue (Kawamoto and Inoue, 2012) have
demonstrated the use of permanent magnets for removing <53 μm FJS-1
particles embedded in spacesuit fabric. The authors successfully removed
between 50 and 70% of the simulant from the fabric (Kawamoto and
Inoue, 2012). They expect this to be higher with real regolith, however,
as FJS-1 has both a lower relative magnetic permeability compared to the
lunar regolith (1.073 for FJS-1 (Kawamoto and Inoue, 2012) versus
1.311 for regolith (Liu et al., 2007)) and higher a proportion of
non-magnetic components.

Berggren et al. (2011) have explored the use of grade N-50
neodymium-iron-boron permanent magnets for enriching magnetic and
paramagnetic materials from binary mixtures and lunar simulants. The
authors report successfully enriching iron oxide from quartz sand (10 wt:
% to 87 wt:%, two passes) and ilmenite from quartz sand (10 wt:% to 75
wt:%, three passes) (Berggren et al., 2011). Themasses of the concentrate
and tailings are not published, so it is not possible to evaluate recovery.
Success with the simulants, however, was more modest. Effectively no
upgrading was realised with JSC-1A. With NU-LHT-2M, iron oxide-rich
minerals were upgraded from 4 wt:% in the feed to 10.5 wt:% in the
concentrate stream (Berggren et al., 2011). Again, the mass of material
collected was not published, making it impossible to properly evaluate
the effectiveness.

Magnetic separation at scale for metal and oxygen production has
been studied conceptually. Agosto (1981) calculated that magnetic sep-
aration could produce of up to 500 t of lunar iron-nickel alloy per annum,
largely from the ferromagnetic fines. Oder (1991) has detailed a mag-
netic separation system for mare ilmenite concentration that could
theoretically be used produce 1 kt of O2 by hydrogen reduction; this
design, however, assumes a 100% efficient hydrogen reduction step, and
would require the magnetic scalping system to treat up to 11.2 t= h.

4.3. Summary

Table 8 summarises the experimental investigations described in this
review on dry beneficiation of lunar regolith and simulants.

From this table, four key themes emerge:

1. Electrostatic methods have been studied the most;
2. Ilmenite has been the main mineral of interest for enrichment;
3. Size separation has been largely overlooked; and,
4. The fine (<50m) size fraction is not investigated often.
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5. Conclusions

The future of long-duration deep-space exploration will be dependent
on the ability to produce commodities, specifically oxygen, in space.
Regardless of the reduction technique used, oxygen production on the
Moon will require a beneficiated feedstock. In this review, the main dry
beneficiation processes for lunar applications have been presented, and
the results of those studies compared. The majority of research to date
has focused on electrostatic separation.

The development of beneficiation and reduction technologies has
been done independently. The feedstock requirements (namely miner-
alogy and size fraction) for the various reduction steps are often not
specified, and as a result, most beneficiation research has focused on
upgrading minerals without any specific targets beyond maximising
grade. Beneficiation and reduction are, by nature and necessity, coupled,
and must be developed as such.

To assist the lunar beneficiation research community, this review
highlights several gaps that must be considered moving forward:

1. Whilst ilmenite is necessary for hydrogen reduction, optimisation by
feed mineralogy has yet to be determined for alternative reduction
methods such as molten salt electrolysis. Optimising beneficiation
methods for one mineral may be short-sighted.

2. Standard methods for data reporting and evaluation have not been
adopted by the SRU community. Terrestrial mineral processing em-
ploys standardised methods for evaluating processes based on mass
balancing. Hadler et al. (2019) provide a set of standard language for
reporting process parameters and experimental results. The adoption
of this language will allow for meaningful comparisons to be drawn
between works, and will facilitate the communication of up- and
down-stream equipment requirements.

3. Size separation of regolith particles has been largely overlooked,
however most reduction processes have yet to be optimised with
respect to particle size.

4. Many of the electromagnetic properties for lunar minerals have not
been determined empirically. Further, these values need be deter-
mined for samples of lunar origin, given the fundamental chemical
differences between lunar and terrestrial minerals.

5. The fine (<50μm) size fraction often is not used for experimental
trials, despite comprising over 40% of the regolith itself.
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