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Triboelectric charging and free-fall separation are attractive technologies for lunar mineral beneficiation. Here, an
optimised tribocharger design was built and evaluated under terrestrial conditions. The charging behaviour of
pure silica and ilmenite were tested using the optimised design, as were mixtures of silica and ilmenite, and
samples of lunar regolith simulant JSC-1. Pure silica and ilmenite acquired negative and positive charge,
respectively, through contact with the tribocharger. The tribocharger affected significantly the movement of the
pure minerals in the electrostatic field. Results from the binary mixtures indicate that ilmenite recovery is in-
dependent of initial ilmenite concentration, and can be predicted from the mass distribution of pure ilmenite

samples. For JSC-1, the tribocharger was found to increase the density of the material in certain collectors,
indicating an upgrading of denser constituents. The optimised tribocharger design has a significant effect on the
charging and separation performance.

1. Introduction

Long-term human missions on the Moon or Mars are aspirations for
both space agencies and private corporations. These missions will face
long-term sustainability challenges if they are dependent on materials
supplied from the Earth. Technologies that will enable the utilisation of
locally-available resources are under development. This approach is
often referred to as In Situ Resource Utilisation (ISRU), or more generally
as Space Resource Utilisation (SRU).

Broadly, SRU technologies can be subdivided into the three key stages
of the mineral processing flowsheet (Fig. 1). The SRU community has
focused historically on excavation and extraction (Rasera et al., 2020).
The critical linking stage of beneficiation, however, has received less
research attention in comparison (Rasera et al., 2020).

Beneficiation is paramount to the economical operation of mines on
Earth. The objective of beneficiation is to produce an optimal, consistent
feedstock from the as-mined material for subsequent processing. Bene-
ficiation has significant impact on mining rate, as well as on product yield
and energy efficiency (Cilliers et al., 2020). The concentration of the
target mineral, referred to as the grade (measured in wt.%), is increased
by raising the quantity of the target mineral and through the removal of

waste (gangue). The concentration of the target mineral at the process
inlet is referred to as the head grade. The high-grade output stream is
known as the concentrate, and the low-grade stream as the tailings. The
proportion of the original target mineral retained after beneficiation is
referred to as the recovery. Beneficiation processes aim to achieve a high
rejection of waste (increasing grade) whilst minimising losses of desired
material to the tailings stream (maximising recovery).

The grade of the as-mined material is often too low to produce metals
economically. The target ore can be upgraded to the necessary level for
downstream processes through the implementation of beneficiation
technologies in the mineral processing flowsheet. These principles will
apply equally on the Moon.

All beneficiation technologies separate minerals from waste using
differences in physical properties such as density, surface chemistry, or
electromagnetic characteristics (Rasera et al., 2020; Wills and Finch,
2015). Gravity-driven beneficiation techniques exploit differences in the
mass, density, and/or volume of minerals relative to other ore constitu-
ents or process fluids (typically water) to elicit separations. On Earth,
mineral processing is largely water-based. For example, technologies
such as froth flotation, spiral concentrators, Knelson and Falcon con-
centrators, and jigs are all dependent on the availability of significant
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Fig. 1. Mineral processing flowsheet. Adapted from Hadler et al. (Hadler et al., 2020).

quantities of water (Wills and Finch, 2015).

Dry mineral processing technologies have been considered previously
(e.g., (Wills and Finch, 2015; Kelly and Spottiswood, 1989a; Kelly and
Spottiwood, 1989; Kelly and Spottiswood, 1989b; Manouchehri et al.,
2000a; Manouchehri et al., 2000b; Trigwell et al., 2003; Dwari et al.,
2009; Bittner et al., 2014; Bilici et al., 2011; Brands et al., 2001; Bal-
lantyne and Holtham, 2010; Ballantyne and Holtham, 2014; Ireland,
2010a; Ireland, 2010b; Ireland and Nicholson, 2011; Ireland, 2012;
Lawver and Dyrenforth, 1973; Dwari and Rao, 2007)). The use of dry
methods at industrial scale is limited to ilmenite/rutile enrichment from
beach sands, iron ore processing, and fly ash cleaning from coal (Wills
and Finch, 2015; Bittner et al., 2014; Lawver and Dyrenforth, 1973;
Dwari and Rao, 2007).

On the Moon, large-scale, water-intensive methods are not viable:
liquid water is not readily available, and costs would be prohibitive to
transport any process fluid to the lunar surface. Out of necessity, novel
dry processing technologies are required.

Of the dry processing methods explored for SRU in the literature,
electrostatic separation techniques have received the greatest attention
(Rasera et al., 2020). Electrostatic separators are distinguished by the
method of imparting charge on particles. Tribocharging, or tribo-
electrification, is a method of imparting electrostatic charge on an object
by frictional contact. Tribocharging has been observed for thousands of
years (Lacks, 2012), however the underlying physical drivers are poorly
understood (Lacks and Levandovsky, 2007; Waitukaitis et al., 2014; Zhao
et al., 2003). Tribocharging has been demonstrated with success for SRU
applications previously (e.g., (Trigwell et al., 2007; Trigwell et al., 2009;
Trigwell et al., 2012; Captain et al., 2007; Quinn et al., 2012; Li et al.,
1999)).

For separation applications, it is necessary to optimise the design of
the tribocharger to maximise the charge transferred to particles of each
mineral type. Rasera et al. (2023) demonstrated recently the use of the
discrete element method (DEM) for the purposes of tribocharger design
optimisation. In their investigation, an optimised design of a tri-
bocharging apparatus was identified based on the relative proportion of
particle-wall and particle-particle contacts for single-species PTFE par-
ticles with radii of 3.18 mm. The experimental validation presented in
their study, however, was limited to relatively large, synthetic polymers,
and did not consider granular materials.

The aim of this work is to present an experimental campaign to
investigate the suitability of an optimised tribocharger design identified
by Rasera et al. (2023) to separating electrostatically dissimilar granular
materials. The separation of mixtures of minerals (silica, ilmenite, and
lunar soil simulant JSC-1) under laboratory conditions is investigated.
Additionally, this work aims to quantify the impacts of both the tri-
bocharger and the inlet feed grade on the separation performance of a
free-fall electrostatic separator.

This article is divided into five sections. Following the introduction,
Section 2 outlines the theory and development of the electrostatic
separator and tribocharger. Section 3 describes the materials and
methods. Section 4 presents the results of the investigation and discusses
the suitability of the proposed tribocharger design. Finally, Section 5
summarises the main conclusions from this work.

2. Experimental apparatus
2.1. Free-fall separator

In a free-fall separator, charged particles pass through an electrostatic
field. Depending on the magnitude and polarity of a particle's charge,
they will be attracted towards the electrode of opposing polarity. Because
the magnitude and polarity of the charge on any given particle is a ma-
terial dependent surface property, it is possible to separate different
minerals based on how strongly they interact with the electrostatic field.

The theoretical underpinning and final design of the free-fall sepa-
rator used in this study has been presented by Rasera et al., 2019, 2020. A
summary of the underlying theory and its implementation in the design
of the free-fall separator is presented here for completeness.

2.1.1. Force balance
The forces acting on particles in a free-fall electrostatic separator are
as follows:
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where F is the gravitational force; F4 is the drag force; F,q is the
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force; and, F 4 is the dielectrophoresis force.

Viscous drag would not be considered for lunar conditions, however it
is included here as the experimental campaign described in the subse-

quent sections was performed under terrestrial atmospheric conditions.
Expanded, Equation (1) becomes:
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where m; is the mass of the particle in kg; g is the acceleration due to
gravity in m/s?; pris the density of the fluid (here, air) in kg/m; V' is the
particle velocity in m/s; Cq is the drag coefficient; A is the cross sectional
area in m% r; and rj are the radii of particles i and j in m; g; and g; are the
charges on particlesi and j in j in C; ¢ is the vacuum permittivity in F/m;
?i and ﬁj are the relative position vectors of particles i and j in m; Ay is
the Hamaker constant (4.3 x 1072°); S is the surface cleanliness; Q is the
diameter of an oxygen atom (1.32 x 10’1°m), considered to be the
minimum separation of two particles on the Moon (Perko et al., 2001);

and, F is the electrostatic field vector in V/m.

It should be noted that the third term in Equation (2) assumes that the
charge is located at a particle's centroid. Whilst this is not physically
realistic, it is considered a reasonable assumption for modelling purposes
(Laurentie et al., 2010, 2013; Kolehmainen et al., 2017a, 2017b; Sippola
et al, 2018). Furthermore, a planar electrostatic field geometry is
assumed in this work, however other geometries are possible.
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2.1.2. Separator design

The charge acquired by any given particle is material-dependent
(Cruise et al., 2022), and this property is leveraged by electrostatic
beneficiation methods to elicit separations by type. The operating prin-
ciple of an electrostatic separator, therefore, is to make the Coulomb
force from Equations (1) and (2) dominant, in order to affect significantly
the horizontal component a particle's motion.

The free-fall separator (Fig. 2) used in this study was based on the
designs employed by Trigwell et al., 2009, 2012, Captain et al. (2007),
and Quinn et al. (2012) for investigating free-fall separation of lunar
regolith simulants. The apparatus employed here used a programmable
FLS40 linear stage from Fuyu Technology to precisely control the posi-
tion of the two 320 by 150 mm (height and width, respectively) copper
electrodes. Each electrode is powered by an XP Glassman FJ60-series
high-voltage DC power supply. These features allow for detailed in-
vestigations into the effect of field strength, electrode voltage, and
electric field geometry.

For the purposes of this study, a quasi-planar electrostatic field is
preferable to a non-uniform field. This was chosen to minimise the
number of variables that could potentially impact the separation per-
formance beyond the contributions of the tribocharger itself.

A removable aluminium collector is mounted on a fixed frame at the
bottom of the separator box (Fig. 3). The collector has seventeen 2-cm-
wide by 3.5-cm-deep channels, eight positive collectors, (left to right:
P8 to P1), a central collector (0), and negative collectors (N1-N8). This
design allows for high-fidelity analysis of the samples collected.

The separator is contained within a Faraday cage for electrical safety,
and to minimise inductive interference from external sources. Particles
are fed into the separator using a grounded Eriez FTOB linear vibratory
feeder. As the particles leave the feeder, they pass in front of a Simco-lon
MEB bar to neutralise as much residual charge as possible. The particles
are then guided into the separator via the tribocharger by a grounded
aluminium funnel (see Fig. 4).

2.2. Tribocharger design

A tribocharger design employed previously with success in the liter-
ature is described by Trigwell et al., 2009, 2012 and Quinn et al. (2012).
In these works, the authors looked to enrich the mineral ilmenite from
lunar regolith simulants using a static tribocharger and free-fall electro-
static separator. Their design consisted of an aluminium tube with a se-
ries of twisted aluminium baffles suspended inside, as shown in Fig. 5.
The design details of the baffles employed in these studies, however, are

Fig. 2. The free fall triboelectric separator built for this investigation, adapted
from the designs of Trigwell et al. (Trigwell et al., 2009, 2012), Captain et al.
(Captain et al., 2007) and Quinn et al. (Quinn et al., 2012).
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Fig. 3. The machined aluminium collector mounted in situ within the separator.
Positively charged particles report to the N bins, and negatively charged parti-
cles report to the P bins. Collectors are labelled from left to right: P8 to P1 — 0 —
N1 to N8.
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Fig. 4. The feeder arrangement employed in this study. The FTOB linear
vibratory feeder conveys particles to the injection point. Here, the Simco-Ion
MEB bar emits ions to neutralise any preexisting charge. The falling particles
are then guided into the separator by the aluminium funnel.

Fig. 5. The tribocharger design employed by Trigwell et al. (Trigwell et al.,
2009, 2012) and Quinn et al. (Quinn et al., 2012).
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not specified; the pitch angle appears to be ~90°, however the length of
each segment is unknown.

Rasera et al. (2023) identified two primary design criteria to optimise
the design of a tribocharger in order to maximise the charge acquired per
unit mass of the particles:

1. Particle-wall contacts should be maximised; and,
2. Flow density should be kept to a minimum.

Through their application of the discrete element method, Rasera
et al. (2023) identified a twisted baffle tribocharger with a pitch of 6 cm
(a pitch angle of 270°, compared to the ~90°design employed by Trig-
well et al. and Quinn et al.) as an optimal design. This design was found to
maximise the particle-wall contact area whilst ensuring good material
throughput at low inlet mass flow rates.

The design proposed by Rasera et al. (2023) was optimised for ideal,
relatively large, PTFE spheres, not granular materials. As a result, the
design is not necessarily the optimal one for charging silica, ilmenite, and
JSC-1, particularly for the 150-250 pm size fractions used here. The aim
of the present study is to evaluate the impact of the optimised design on
the separation performance of these granular materials, not to validate
the optimisation of the tribocharger design.

In this work, the same basic design used by Rasera et al. (2023) is
employed. The baffle has a diameter of 1.9 cm, however a longer charger
baffle and guide tube are employed (11.25 cm and 13.5 cm, respectively)
to provide greater internal surface area for contact charging. The tube
was made from 6063T6-grade aluminium, and the baffle from
1050A-grade aluminium. Tailored surface finishes were not used. The
dimensions were limited by internal geometry of the separator, and to
minimise the interaction of the charger with the electrostatic field.

The charger design used in this work cannot bring the particles to
their saturation limit. However, attaining saturation charge is not
necessary to perform separations successfully. Following Equations (1)
and (2), the Coulomb force is dependent on both the charge on the
particle as well as the strength of the electrostatic field. Highly charged
(i.e., saturated) particles can be separated by a relatively weak electro-
static field. Conversely, weakly-charged particles can be separated by a
strong field.

3. Materials and methods

This section summarises the preparation of the test samples, as well as
the experimental protocols used.

3.1. Sample preparation

Crushed, 99.8%-pure silica (quartz) sand from Fisher Scientific, and
pure ilmenite acquired from a mine in Guinea, were used in this study.
Both materials were dry sieved to isolate the 150-250 pm fraction using a
Retsch Sieve Shaker AS 200 Control. This size fraction was employed as it
was the smallest fraction shared by all of the materials used in this study.
The sieved samples were then analysed using a Malvern Panalytical
Mastersizer 3000E with the Hydro EV accessory. The size distribution
curves are found in Fig. 6. The silica was found to have a Ds of 242 pm;
the ilmenite was found to have a D5 of 226 pm. Three 15-g samples of
JSC-1 (McKay et al., 1994) lunar regolith simulant were studied. The
simulant was sieved to isolate the 150-250 pm fraction; the size distri-
bution for the sample can be found also in Fig. 6. The JSC-1 retained a
higher fraction of fine (<100 pm) particles compared to the silica and
ilmenite samples. The D5y was found to be 205 pm.

Binary mixtures comprising 5%, 10%, 15% and 20% ilmenite by mass
were also used. Prepared samples were stored in a desiccator with silica
gel desiccant to prevent the adsorption of water onto the particles. Each
samples had a total mass of 20 g. Each test was repeated three times with
a new samples.
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Fig. 6. Particle size distributions of sieved silica, ilmenite and JSC-1.

3.2. Separator parameters

The electrodes were separated by a distance of 150 mm, and the
electrode voltage was set to + 25 kV. This arrangement resulted in a
quasi-planar field geometry. These set points resulted in a field strength
of approximately 333 kV/m. For comparison, this field strength is
approximately 45% greater than the field used by Trigwell et al. (2012)
(£15 kV separated by 160 mm, or 187.5 kV/m), and around 25% greater
than the maximum field used by Quinn et al. (2012) (£20 kV separated
by 160 mm, or 250 kV/m).

The FTOB vibratory feeder was set up to produce an average feed rate
of 0.2 g/s; this was the lowest feed rate achievable across all samples with
the equipment employed in this study. The relative humidity within the
lab during testing ranged from 28% to 35%, and the ambient temperature
was between 20 and 22 °C. Temperature and humidity were monitored
using a Kane DTH10 thermohygrometer. The ambient humidity within
the lab was not controlled, however it was kept to a minimum through
the use of a portable dehumidifier. Testing was conducted over the
course of a week.

Prior to each test, the system was aligned. The alignment was per-
formed by passing the material using the vibratory feeder through both
the baffled and unbaffled tubes without the electrostatic field. In both
cases, the majority of particles reported to the central collector channel,
however some material reported to the P1 and N1 collectors. The system
was considered aligned once the mass reporting to the P1 and N1 col-
lectors was equal. For the baffled case, the end of twist was installed
perpendicular to the length of the collector channels to minimise the
effects of initial particle velocity on the separation performance.

3.3. Mineral separation procedure
Each test was performed using the same procedure as follows:

1. Shut the separator access panel and confirm safety interlocks are
engaged.

. Energise the electrodes.

. Place the test sample onto the conveyor for the vibratory feeder.

. Engage the feeder and Simco-Ion MEB bar.

. Power-down the equipment when the feeder was empty.

a b~ wN

Once the safety interlocks had released the access panel, the collec-
tion hopper was removed, and the samples from each channel were
collected individually in aluminium sample dishes for subsequent grade
and recovery analysis.

3.4. Charge measurement

Bulk charge is measured easily and is indicative of the charging
behaviour of the entire sample. However, bulk charge measurements do
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not provide any insight to the charging behaviour of individual particles
(Rasera et al., 2022, 2023). Only the bulk charge of the pure mineral
samples was measured in this study since it is not representative of
charger performance. This was done to enable comparisons of the
charging behaviour with previous works.

The bulk charge of each pure mineral sample was measured by
feeding particles through the tribocharger into a Faraday cup connected
to a Keithley 6517b electrometer. All measurements were repeated at
least three times.

As only one electrometer was employed in this study, the initial
charge was measured by passing the sample through the apparatus
without the tribocharging baffle. The overall change in charge, dq, was
found by taking the difference between the baffled and unbaffled
measurements.

3.5. Grade and recovery analysis

The grade, 7, of ilmenite in the binary mixture tests can be evaluated
from the bulk density. The bulk density of the material reporting to each
collector was evaluated using a Micrometrics AccuPyc II 1340 Helium
Pycnometer. The densities of the pure silica, psjjicq, and ilmenite, pimenite,
were measured to be 2.65 g/cm® and 4.57 g/cm®, respectively. These
densities were then used to evaluate the grade of ilmenite present in each
sample as follows:

Psili
Pitmenite X ( e — 1)

Psample
N=———>"m 3
Psitica — Pitmenite
Since the initial concentrations for each sample, Mimenite,in, are known,
the recovery is determined as follows:
Meottector X
rec(]very — collector ’77 (4)

Milmenite,in

where Megpecior 1S the total mass of material in any given collection
channel.

For the JSC-1 samples, it was not possible to evaluate the mineralogy
of the collected material by bulk density alone as it is not a binary
mixture. Instead, the bulk density was measured in order to infer what, if
any, mineral upgrading occurred. If the density is found to increase, this
would indicate an increase in the concentration of the denser constitu-
ents, and vice versa.

4. Results and discussion

This section presents and discusses the results of the experimental
campaign. All data were analysed statistically two-tailed Student's t-Test
assuming @ = 0.05. Insufficient material was collected in collectors
P8-P4 and N2-N8 for individual analysis. Any material reporting to
collectors beyond P3 were incorporated into that sample. Any material
reporting to collectors beyond N1 was incorporated similarly.

4.1. Pure minerals

Initial tests were performed on pure mineral samples. It is imperative
that the tribocharger maximise particle-wall contacts in order to elicit
horizontal motion within the electrostatic field, as there are effectively
no differences in the material properties of the particles in pure samples.

The mass distributions are presented in Fig. 7, and an example of the
separator results are found in Fig. 8. The presence of the tribocharger
baffle has a statistically significant impact on the distribution of material
for both silica and ilmenite. An appreciable change in the distribution of
material is apparent.

It is observed that silica particles tend to gain primarily negative
charge through contact with aluminium. In contrast, the ilmenite is found
to spread both towards the positive and negative electrodes. The more
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Fig. 7. Comparison of the no charger and charger mass distributions for pure
silica and ilmenite samples. Error bars indicate 95% confidence intervals. All
measurements found to be statistically significant.

limited spread of the ilmenite is explained partially by the its greater
density (and greater inertia) compared to silica (4.57 g/cm® vs 2.65 g/
cm®). The distribution of particles towards both the positive and negative
electrodes could be explained by high particle-particle contacts. How-
ever, as a similar effect is not seen with the silica samples, and since the
inlet feed rates were the same, it is unlikely that a substantial increase in
particle-particle contacts occurred. Furthermore, the presence of the
tribocharger would reduce the vertical component of the particle motion,
which may have been sufficient to enable a greater degree of horizontal
motion before reaching the collectors. This effect may be partially
responsible for the distribution of silica as well. Future studies should aim
to control the vertical component of particle velocity.

The bulk charge of both the silica and ilmenite samples are presented
in Fig. 9. In this plot, the silica samples gain clearly negative charge,
whereas the bulk charge of the ilmenite samples barely changes at all.
These findings are in agreement with those presented previously in
literature. Ferguson (2010) produced a triboelectric series of heavy
minerals by analysing inductive separation data. Here, silica was found to
be highly electronegative, and thus a strong collector of negative charge.
In contrast, ilmenite was found to be weakly electropositive, gaining a
small amount of positive charge. Gooding and Kaufman (2011) produced
a comprehensive triboelectric series showing similar behaviours of
ilmenite and silica.

In another study, Yang et al. (2018) measured the impact of different
charger materials on the tribocharging process, and found that ilmenite
tended to charge slightly positively on conductors (copper and steel).
These results are explained by the relative similarity of the work func-
tions of ilmenite (4.29 + 0.11 eV (Li et al., 2016)), copper (4.42 eV
(Wilson, 1966) to 4.65 eV (Trigwell et al., 2007)), aluminium (4.28 eV
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Fig. 8. Visual comparison of the impact of the charger on pure silica (a) and
ilmenite (b).

(Trigwell et al., 2007)), and stainless steel (4.34 eV (Wilson, 1966) to
5.01 (Trigwell et al., 2007)). Following Schein et al. (1992), Matsusaka
et al. (2000), Laurentie et al., 2010, 2013, and Kolehmainen et al., 2016,
2017a, 2017b charge transfer between conductors (or semiconductors) is
described by:

Aq = AAKCSO (40,‘5*

€

¢ = .
1 Econmct N nlj) b (5)

where AA is the change in contact area for a given interaction; . is the
empirically-derived charging efficiency; ¢ is the permittivity of free
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space; &, is the separation distance between two particles at which point
charge transfer ceases; e is the magnitude of the electron charge; ¢; and ¢;
are the effective work functions for conductors and semi-conductors

(including ilmenite); fcomct is the electrostatic field at the point of
contact; and, fi is the unit normal vector pointing from particle i to j at
the point of contact. In cases where the differences in work functions are
small or negligible, the net charge transfer measured in the bulk sample
would be minimal, as observed.

Finally, it is important to note that, despite the relatively minuscule
change in bulk charge for ilmenite, the change mass distribution is
appreciable and statistically significant. This adds further support to
Rasera et al.’s (Rasera et al., 2022, 2023) argument that bulk charge is, at
best, indicative only, and fails to capture the underlying distribution of
individual particle charges.

4.2. Binary mixtures

The grade-recovery relationships for the experiments conducted with
and without the tribocharger baffle are found in Fig. 10. For all of the
samples in the case without the charger baffle, the majority of material
reported to the centre collector (Fig. 11). This results in consistently high
ilmenite recovery in this channel, albeit at a relatively low grade. There is
some upgrading of ilmenite in the negative collector channels (N1+),
however the recovery is consistently low (~9%).

When the tribocharger baffle is introduced, significant changes in the
grade-recovery curve occur. High grades (65%-89%) of ilmenite re-
ported to the N1+ collectors with nearly double the recovery of the case
without the tribocharger baffle. These results suggest that a single pass
using the tribocharger arrangement would be sufficient to produce sig-
nificant upgrading of ilmenite in a bulk processing situation, assuming
low recovery is acceptable. This would likely be the case for early SRU
demonstrations on the Moon. For an early SRU demonstration, the main
priority would likely be attaining the necessary grade for the downstream
reduction step rather than minimising waste.

Nearly pure silica (average of ~ 1.3 wt% ilmenite) was found to report
to the P3+ collector in all tribocharger cases. Further, the net mass re-
covery of material in this channel is approximately 33% of the total
sample mass. For mineral processing flowsheets where recovery is a
driving factor (i.e., terrestrial mines), these results suggest that the in-
clusion of a reprocessing circuit could produce very high grade material
through gangue rejection whilst minimising ore loss.

The results for both cases indicate consistently that the recovery of
ilmenite across all collectors is largely independent of the head grade.
However, this is not the case for the concentrate grade: higher head grade
consistently results in higher concentrate grades.

Fig. 12 compares the recovery of both silica and ilmenite for each
mixture to the mass recovery of the pure mineral samples. There is
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Fig. 10. Comparison of the unbaffled and baffled grade-recovery curves for the binary mixtures of silica and ilmenite, arranged by collector channel. For each data set,
the head grade decreases from top (20 wt%) to bottom (5 wt%). All error bars indicate 95% confidence intervals.

excellent agreement between the overall recovery trends. There are also
relatively small absolute differences between the mass recoveries of the
pure minerals and the recoveries from the mixtures. This suggests that
the optimised tribocharger design is maximising successfully the desir-
able particle-wall interactions described by Rasera et al. (2022, 2023).
Had the recoveries not demonstrated such an agreement, it would indi-
cate that particle-particle contacts were contributing significantly to the
overall charging behaviour of the sample.

4.2.1. Reprocessing study

The data collected for each mixture can be used for an illustrative
tailings reprocessing study. This study is highly idealised, however it
demonstrates the possible impact of the reprocessing of the tailings

stream on the overall recovery of ilmenite. The grade and recovery
characteristics measured experimentally are assumed to be approxi-
mately linear, based on the data reported in Fig. 10b. Each reprocessing
step would see the total mass of the tailings fed into the system at a
constant flow rate of 0.2 g/s, per the experimental campaign.

With a starting grade of 20% ilmenite, the grade of the concentrate
following electrostatic separation is around 89%, recovering only 16% of
the total ilmenite available. The tailings stream, therefore, would have an
ilmenite grade of 17%, with 84% of the initial ilmenite. Interpolating
linearly from the experimental data, the grade and recovery for each
reprocessing step is calculated until the tailings grade falls below 5%, the
limit of the experimental data. The results of this analysis are presented
in Fig. 13.



J.N. Rasera et al.

P3 P2 P1_C N1 N2 N3 P3 P2 P1_C N1 N2 N3

A A A

No Charger Charger

(c) 15%.

Planetary and Space Science 228 (2023) 105651
P3 P2 P1 C N1 N2 N_ P3P2 P1 C N1 N2 N3

el

sl

A P 'S A . A
No Charger Charger

(d) 20%.

Fig. 11. Visual comparison of the impact of the charger on the mixtures of different initial concentrations.

These results indicate that following 10 rounds of reprocessing, the
concentrate grade of ilmenite would be around 75%, with a net ilmenite
recovery of 83%. In practice, the number of reprocessing steps would be
determined by factors such as the required grade for the subsequent
processing step, or the necessary level of ore recovery.

For complex mixtures, such as the lunar regolith or many naturally-
derived regolith simulants, grade and recovery would not be linear, as
factors such as particle size and mineral liberation would affect the
relationship. However, for this binary mixture, it is a reasonable way of
demonstrating the concept of staged processing. This is only one example
of a reprocessing scheme. The experimental data indicated that the P3+
collectors contained approximately 37% of the total silica in any given
sample, with a silica grade exceeding 98%. Another reprocessing scheme
could remove this high-grade silica, and enrich subsequently the
ilmenite-bearing streams.

4.3. JSC-1

The tribocharger employed in this study is optimised for an idealised
feedstock, and therefore it is not expected to have a significant effect on
simulant, which is a complex mix of sizes, shapes and mineral types.

The bulk densities of the unbeneficiated JSC-1 sample and for each

collector channel are reported in Fig. 14. In this case, the material was
tested with the tribocharger baffle only; the impact of the charger on the
binary mixtuers had already been established, and detailed mineralogical
analysis of the material was not possible. To evaluate the effect that
tribocharger was having on the JSC-1 samples, bulk densities are ana-
lysed to gain insight into the underlying behaviour of the sample.

The density of the unbeneficiated bulk sample was measured to be
2.95 g/cm®. JSC-1 is comprised predominantly (69%, modal area) of
lower-density plagioclase (35% (Schrader et al., 2010); 2.2 < p < 2.6
g/cm3 (King) and glass (34% (Schrader et al., 2010); 2.1 < p < 2.8 g/cm3
(Yamada and Shoji, 1990)), with the balance made up of higher-density
constituents, namely pyroxene (12% (Schrader et al., 2010); 3.0 < p <
4.0 g/cm3 (Kinga)) and olivine (14% (Schrader et al., 2010); 3.2 < p <
4.4 g/cm3 (Kingb)). If the bulk density of a collector channel is statisti-
cally lower or higher than the unbeneficiated sample, it implies that
upgrading of some form has occurred.

There were no statistically significant differences between the bulk
densities of the P3+ to centre collectors, nor between those channels and
the bulk sample density (Fig. 14). However, there was a statistically
significant increase to the bulk density of the material reporting to the
N1+ collector. An average of 5% of the total sample mass reported to
these collectors. Similar material movements for JSC-1 charged on
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Fig. 12. Comparison of the ilmenite and silica mass recovery by collector channel for both binary mixtures and pure samples. There are statistically significant
differences between the mass recovery of the pure minerals versus the different samples in most cases. However, the absolute differences between the mass recoveries
are relatively minor. The mass recoveries of the mixtures agree strongly with the trends set by the pure samples for both materials.
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Fig. 13. An example tailings reprocessing to increase the overall recovery of
ilmenite. As the recovery is increased through reprocessing, the concentrate
grade decreases.

aluminium were reported by Trigwell et al. (2007), albeit with a different
charger arrangement. This suggests that the optimised charger design is
concentrating successfully some combination of the higher-density con-
stituents of JCS-1 in the N1+ channels, despite being optimised for an
idealised feedstock. Further mineralogical characterisation is required to
confirm this.

5. Conclusions
In this work, the optimised tribocharger design identified by Rasera

et al. (2023) was built and tested under laboratory conditions using
granular materials.

Density [g/cm3]
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Fig. 14. Density measurements for the JSC-1 samples by channel. There was
insufficient material to accurately measure the P3+ density, so the three sam-
ples were combined and measured together. The horizontal line indicates the
density of the bulk sample. All error bars indicate 95% confidence intervals. A
statistically significant increase in the density was observed for the
N1+ channel.

Experimental results using the pure silica demonstrating a clear ten-
dency to acquire negative charge through contact with aluminium. The
pure ilmenite samples were found to gain both positive and negative
charge, enabling appreciable material movement in the electrostatic
field, whilst experiencing negligible change in bulk charge. Both of these
findings are in agreement with the material charging behaviours pre-
sented previously in the literature.

When the binary mixtures were charged using the optimised design,
statistically significant increases in the grade and recovery of the ilmenite
were found compared to the cases where the charger was not used. The
mass recovery of ilmenite was found to be largely independent of the
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sample initial concentration, while the concentrate grade was dependent
on it. The charger was found to decrease significantly the grade of
ilmenite in the P3+ collector to negligible levels whilst collecting around
1/3 of the total sample material. This indicates that reprocessing of the
material could result in significant upgrading through gangue rejection.
Further, an indicative reprocessing study shows that recovery can be
increased appreciably through the bulk reprocessing of the tailings
channels.

A notable finding from this study is that the mass recovery of both
silica and ilmenite from the binary mixtures was found to track closely
the mass recovery trends of the pure ilmenite and silica samples. This
suggests that the optimal design is maximising desirable particle-wall
contacts.

The tribocharger had been optimised for an idealised feedstock, and
so was not expected to have a significant impact on the JSC-1 sample. The
results for these tests were less clear than for the binary mixtures, how-
ever the N1+ channels recorded a modest, but statistically significant,
increase in density compared to the other collectors as well as to the
unbeneficiated sample. These data agree generally with previous findings
in the literature, however further modal and/or geochemical analysis is
required to confirm this.

The findings presented here indicate that the optimised design
identified previously by Rasera et al. (2023) is capable of producing
statistically significant increases in the grade of the target minerals.

This study was conducted under terrestrial laboratory conditions,
using a tribocharger optimised for synthetic, idealised materials. Future
studies should consider the optimisation of a tribocharger using data
from real minerals. Furthermore, it would be advantageous to study the
efficacy of such a charger under simulated lunar conditions (high vac-
uum, lower gravity, higher/lower temperatures, etc.), where possible.
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