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A B S T R A C T

In situ resource utilisation (ISRU) refers to the extraction and use of local materials, and numerous ISRU tech-
niques have been proposed for use on the Moon. Hydrogen reduction of iron oxide-bearing minerals in the lunar
regolith, such as ilmenite, has long been suggested as a potential method for producing water on the Moon to
support exploration. Generally, reduction of lunar regolith has been proposed and tested in gas-flowing systems
which utilise pumps to re-circulate gases (herein described as dynamic systems), and have been trialled in
terrestrial laboratory and simulated environments. However, such technologies have yet to be validated on the
lunar surface. An alternative to the dynamic reactor is a static system which utilises a cold finger to condense
water from the vapour phase, negating the need for a more complex system where gases are continuously pumped
away. The PROSPECT Sample Processing and Analysis (ProSPA) instrument is one such static system that is to be
used to measure volatiles in the lunar regolith as a payload onboard the Luna-27 lander. Previous work using a
breadboard model of ProSPA led to the development and optimisation of a procedure for extracting water from
ilmenite. The present work describes the application of these procedures to the reduction of a lunar simulant (NU-
LHT-2M), a lunar meteorite (NWA 12592), and two Apollo soils (10084 and 60500). Three 45 mg samples of each
material type were reacted in a furnace at 1000 �C for 4 h in the presence of approximately 420 mbar of hydrogen.
All samples reduced to some extent, with the Apollo mare soil (10084) producing the highest average yield of
0.94 wt % O2; this compares favourably to the yields of ~3–4 wt % O2 by other more optimised demonstrations of
O2 extraction from Apollo soils. Samples with higher ilmenite content produced higher yields, however, pyroxene
and olivine within the samples also showed some minor reduction. The results demonstrate that a static system
such as ProSPA is capable of reducing lunar regolith of various compositions and producing measurable yields of
water. The technique is therefore appropriate for performing in situ resource utilisation experiments at the lunar
surface. The simple and small scale technique is also appropriate for use in evaluating the grade of potential
feedstock for the production of water by hydrogen reduction on the lunar surface.

1. Introduction

Water, and its constituents hydrogen and oxygen, are arguably the
most imminently required resources on the lunar surface for long-
duration missions on the Moon, and onward missions deeper into the
solar system. Water and oxygen are critical for the life support needs of
humans, while hydrogen and oxygen can be used for rocket propellant
(Kornuta et al., 2019). Termed in situ resource utilisation (ISRU),
extracting and making use of resources from the local environment, such
as producing rocket propellant in situ on the Moon for return or onward

journeys, will significantly reduce the initial launch mass from Earth.

1.1. An ISRU opportunity

The European Space Agency (ESA) ISRU roadmap comprises four
steps as follows: “1) prospecting to characterize resource deposits; 2)
technology verification and demonstration; 3) an ISRU pilot plant inte-
grated with human missions; 4) full implementation" (Carpenter et al.,
2016, 2018). The Package for Resource Observation and in Situ Pro-
specting for Exploration, Commercial exploitation and Transportation
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(PROSPECT) addresses the first two steps of the roadmap and is currently
in development. The PROSPECT package will be flown on the Luna-27
lander, currently scheduled for launch in 2025, and consists of the
PROSPECT Sample Excavation and Extraction Drill (ProSEED), and the
PROSPECT Sample Processing and Analysis (ProSPA) suite (Sefton-Nash
et al., 2018, 2020). Its aim is to extract samples, determine their volatile
inventory, and assess resource potential of the Moon through ISRU ex-
periments (Barber et al., 2018). ProSPA was not originally conceived
with an ISRU focus, but previous work has assessed the opportunity that
the package presents for performing an ISRU demonstration to produce
water/oxygen from lunar regolith (Sargeant et al., 2020a). The ProSPA
design contains a range of on-board gases (H2, CO, CO2, CH4, N2 and
noble gases), a gas control system, pressure sensors, two cold fingers, two
mass spectrometers, and a carousel of furnaces capable of heating sam-
ples up to 1000 �C. Of the multiple different techniques that could be
used to extract oxygen from regolith (Schlüter and Cowley, 2020; Taylor
& Carrier III, 1993), reduction by hydrogen was determined to be most
suitable for implementation within ProSPA because it is feasible at
temperatures of <1000 �C and because hydrogen is already available as
part of the reference gas system.

1.2. Hydrogen reduction of regolith

The hydrogen reduction of regolith process is one of the most studied
oxygen extraction processes for use on lunar materials, and has the
highest Technology Readiness Level (TRL) of 5 indicating breadboard
validation in a relevant environment (Sanders and Larson, 2012). The
relative simplicity of the reduction process lends itself to the limited
available hardware on ProSPA, however, the process results in the lowest
potential yield of oxygen (in terms of water) as compared to other
extraction processes because only iron oxides are reduced and the process
is strongly influenced by ilmenite (FeTiO3) content of the regolith
(Schlüter and Cowley, 2020). Ilmenite comprises just a fraction of lunar
soils which contain many other minerals of mostly basaltic and anor-
thositic origin (McKay et al., 1991a), however, ilmenite is the most easily
reduced iron oxide-bearing mineral found in the lunar regolith (Allen

et al., 1994).
Hydrogen reduction of regolith is an equilibrium reaction as shown in

Eq. (1), where the reducing agent, H2, loses electrons to the metal in the
metal oxide, MO, within the regolith, and gains an oxygen.

MOþH2 ↔M þ H2O (1)

Ilmenite reduction can be described more specifically in Eq. (2),
where the hydrogen reduces the iron oxide, leaving a titanium dioxide
product as well as the iron and water. At sufficiently high temperatures,
TiO2 (rutile) can be further reduced, but only after the ilmenite has been
completely consumed (Zhao and Shadman, 1993).

FeTiO3 þH2 ↔Feþ TiO2 þ H2O (2)

The equilibrium constant for the reaction is determined by the partial
pressure of hydrogen and water (Sabat et al., 2014). In order to sustain
the reduction process, the water vapour produced by the reactionmust be
constantly removed from the gas phase, e.g. flowing the gas mix to a
condenser. Taylor et al. (1993) suggested that the ratio of H2O vapour to
H2 at the reaction site must remain below 10% for the reaction to
continue when operating at 1000 �C (gas pressures were not reported).
Whereas work by Altenberg et al. (1993) suggests that in systems oper-
ating at 1000 �C with pressures of 1–100 mbar, the reaction would
continue with >30% H2O. Altenberg et al. (1993) also show that as the
pressure increases beyond 1 bar, the permissible amount of water
required for the reaction to continue reduces, which may explain the
difference in values obtained by the two studies.

Iron oxides are the most easily reducible oxides (Lu et al., 2010; Sabat
et al., 2014) and aside from ilmenite, evidence of reduction of iron
oxide-bearing pyroxenes and olivines has also been demonstrated pre-
viously in fluidised (dynamic) systems (Britt, 1993; Massieon et al., 1992,
1993), including the reduction of Apollo soils (Allen et al., 1994, 1996,
1996; Gibson et al., 1994). Reduction reaction demonstrator concepts
such as the Regolith and Environment Science, Oxygen and Lunar Vol-
atiles Extraction (RESOLVE) payload, the Precursor ISRU Lunar Oxygen
Testbed (PILOT) project, and the ROxygen project successfully reduced

Fig. 1. A schematic of ISRU-BDM used in this study.

H.M. Sargeant et al. Planetary and Space Science 205 (2021) 105287

2



iron oxide-bearing minerals in terrestrial field tests (Sanders and Larson,
2012). Each demonstration utilised a flow of hydrogen gas in dynamic
reactor systems (Keller et al., 2009; Kleinhenz et al., 2009; Lee et al.,
2013). In dynamic reactors there is a bulk flow of hydrogen gas over the
regolith which carries the produced water away from the reaction site.
Meanwhile static reactors are reliant on the diffusion of water molecules
from higher concentrations at the reaction site through hydrogen gas to
low concentrations of water vapour at a cold finger (where water con-
denses). Therefore, the rate of reaction will be slower in static reactors
assuming the diffusion of water away from the reaction site is the rate
controlling step. It is of interest to consider whether a ProSPA-like static
system is able to demonstrate measurable reduction of lunar-like material
which includes the reduction of other minerals as well as ilmenite.

A static system approach: ProSPA is primarily an analytical instrument
for volatiles prospecting and its mass budget of 10 kg precludes the in-
clusion of fluidised/rotating ovens or a recirculating gas pump as within
conventional reduction demonstrators. Instead, a different approach has
been developed, utilising the available hardware to evaluate the regolith
at the Luna-27 landing site as a feedstock for oxygen production by
reduction with hydrogen. The iron oxide-bearing regolith is exposed to
hydrogen (in a closed system), while a cold finger condenses any pro-
duced water (Williams, 1985), thus removing water from the reaction
site and enabling the reaction to continue. This we term a ‘static’ process
as distinct from the conventional dynamically pumped systems. A static
system has not yet been used to reduce lunar simulants or samples. In this
work we investigate whether a ProSPA-like system can demonstrate
measurable reduction of lunar material which includes the reduction of
other minerals as well as ilmenite.

A breadboard model comprising commercial off the shelf (COTS)
versions of the relevant ProSPA hardware was developed at The Open
University (Sargeant et al., 2020b). Termed the ISRU-BDM, it includes a
furnace, a cold finger, a hydrogen supply, and a mass spectrometer
(Fig. 1). The furnace, cold finger, and interconnecting manifold are
contained within a heated box so that the pipework between the key
components that may be exposed to water vapour is at a uniform tem-
perature (within �2.5 �C, the resolution of the thermocouples). The
heated box is made from vermiculite sheets on a 100 � 65 � 75 cm
aluminium frame and is heated to ~120 �C by two 2 kW oven heating
elements. Swagelok® 4-VCR pipe and fittings are used throughout. High
temperature (up to 315 �C) Swagelok® actuator valves (SS-4BG-V51-3C)
with stainless steel spherical tips are used inside the heated box to control
the movement of gases. A high temperature (temperature rated up to 120
�C) Kulite® diaphragm pressure sensor (ETL-641-375M-1.6BARA) is
used to monitor the gas pressure in the system. The sensor has a sensi-
tivity of 2.524 mV mbar�1 which equates to a resolution of 0.06 mbar.
When the heating elements are activated, the internal manifold heats
uniformly to 114 � 2.5 �C ensuring water contained within remains in
the vapour phase up to pressures of 1.6 bar. The furnace utilises a ceramic
chamber wrapped in resistance wires to heat samples up to 1100 �C. The
ceramic (99.7% Al2O3 purity) sample tube is closed at one end and has
dimensions of 200 mm length, 4 mm ID, and 6 mm OD. Before each
experiment was performed a 45 mg sample was placed inside the sample
tube which was then attached to the manifold within the heated box. The
system is connected to an outer manifold, where the Hiden HPR-20
quadrupole mass spectrometer is located, via an exhaust pipe and
capillary tubes. Of the outer manifold, all but the mass spectrometer are
heated to 100 �C with Omega™ resistance heating wire. The vacuum
pump is capable of achieving pressures of <10�6 mbar inside the mani-
fold. K-type thermocouples are used to record temperatures in the
furnace, cold finger, heated box, and outer manifold. The ISRU-BDM
valves and heaters are controlled by LabVIEW™ software enabling
automated time-sequenced experiments.

A pathfinder study with the ISRU-BDM (Sargeant et al., 2020b)
showed that 45mg samples of 95% pure ilmenite grains could be reduced
to produce yields of 3.51 � 0.05 wt % O2 (in terms of the water pro-
duced) over a reaction time of 4 h (the estimated time frame for ISRU

experiments with ProSPA). The highest yield was obtained with an initial
hydrogen pressure of ~420 mbar, and a furnace temperature of 1000 �C.
Temperatures higher than 1000 �C resulted in higher yields but are
beyond the capabilities of ProSPA, and therefore, not discussed in this
paper.

2. Materials

In this work, reduction experiments were performed on a lunar sim-
ulant and actual lunar samples. The samples selected include a highland
lunar simulant, a lunar meteorite, and two Apollo lunar soils.

2.1. Lunar simulant

The lunar highland simulant NU-LHT-2M was selected because it
provides a ’worst-case-scenario' for reduction with hydrogen. If the
reduction reaction is feasible in highland-like materials, which are
thought to have the lowest ilmenite contents, it should be feasible at all
lunar locations. As well as using pure NU-LHT-2M, experiments were
conducted on admixtures doped with increasing quantities of ilmenite to
determine the effect on the yield of water, thus simulating the benefici-
ation of feedstock (Williams et al., 1979).

The simulant approximates the average bulk chemical composition of
Apollo 16 regolith, and was created by Zybek Advanced Products Inc.
using materials mostly sourced from Stillwater Mine in Nye, Montana
(Manick et al., 2018). The simulant is designated ’M' (medium) as it has a
grain size of <1 mm. A particular benefit of the Stillwater Mine material
is that it contains high-calcium plagioclase which is abundant on the
Moon yet rarely found in bulk on Earth (Rickman et al., 2014). The
NU-LHT-2M simulant generally approximates lunar highlands soils in
terms of the bulk mineralogy, presence of agglutinates, and grain size
(Rickman and Lowers, 2012; Zeng et al., 2010). The main differences
between NU-LHT-2M and lunar regolith are the geotechnical properties
which are related to weathering processes (e.g. space weathering) on the
Moon that are difficult to replicate on Earth. Consequently, like most
simulants, NU-LHT-2M does not replicate the highly angular particle
shapes found in lunar soils which affect cohesion and specific gravity
(Zeng et al., 2010).

A bulk analysis of NU-LHT-2M was performed using inductively
coupled plasma-mass spectrometry (ICP-MS) (Table 1). The bulk analysis
shows that the maximum amount of ilmenite that could be present in the
simulant is 0.7 wt % calculated stoichiometrically.

The NU-LHT-2M grains are mostly monomineralic (Rickman and
Lowers, 2012), i.e. formed of one mineral. A small fraction of the grains

Table 1
Chemical composition of NU-LHT-2M, NWA 12592, 10084, and 60500. The NU-
LHT-2M and EATG treated NWA 12592 data were collected by IC-PMS mea-
surements of three repeats, with uncertainty given as 1 SD. The 10084 and 60500
data are taken as the average of multiple analyses as compiled by Meyer (2009,
2010), with uncertainties given as 1 SD of all results. Values underlined are
recalculations from the given iron oxide measurements and not included in
totals.

Oxides Concentration (wt %)

NU-LHT-2M NWA 12592 10084 60500

Al2O3 23.62 � 0.34 26.18 � 0.38 13.67 � 0.27 26.43 � 0.64
CaO 13.33 � 0.42 16.13 � 0.66 12.1 � 0.45 15.59 � 0.28
Fe2O3 4.03 � 0.5 4.37 � 0.13 17.59 � 0.52 6.24 � 0.31
FeO 3.59 � 0.44 3.89 � 0.11 15.66 � 0.47 5.56 � 0.27
K2O 0.08 � 0.01 - 0.14 � 0.02 0.12 � 0.01
MgO 8.18 � 0.22 6.52 � 0.2 7.87 � 0.15 6.15 � 0.35
MnO 0.07 � 0.01 0.06 � 0.01 0.21 � 0.01 0.07 � 0.07
Na2O 1.44 � 0.01 0.3 � 0.05 0.44 � 0.04 0.44 � 0.04
P2O5 0.07 � 0.01 0.05 � 0.01 0.14 � 0.08 0.11 � 0.03
SiO2 48 � 0.64 44.6 � 0.96 42.48 � 0.2 45.2 � 0.2
TiO2 0.37 � 0.02 0.17 � 0.01 7.66 � 0.65 0.6 � 0.02
Total 99.2 98.4 100.4 100.3
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include multi-phase minerals which can include combinations of
plagioclase, pyroxene, and olivine. The simulant also contains synthetic
agglutinates, made from partially and fully melted material (Zeng et al.,
2010). The ilmenite grains in the simulant contain some pyrophanite
(MnTiO3), the manganiferous endmember of the ilmenite solid solution
series which is less susceptible to reduction. Although there is only minor
ilmenite content, NU-LHT-2M contains significant quantities of pyroxene
and olivine totalling 15.7 vol % (Rickman and Lowers, 2012) which are
other reducible FeO-bearing minerals (Massieon et al., 1992, 1993).
Similarly, the glass present in the simulant also contains some iron oxides
(Stoeser et al., 2010). Therefore, there are multiple components of the
simulant that could be reduced in the presence of hydrogen to produce
water, with ilmenite being the most easily reduced albeit present in low

abundances. It should be noted that the nature of the iron found in lunar
simulants can vary significantly from the iron found in lunar material.
Iron oxides of terrestrial origin contain Fe2þ and Fe3þ. The more oxidised
Fe3þ is found in Fe2O3 and therefore has more available oxygen than FeO
which contains Fe2þ. The low oxygen fugacity of the lunar environment
means that iron oxides are mostly Fe2þ. Therefore, there is less available
oxygen in lunar iron oxides than terrestrial iron oxides (Taylor and Liu,
2010). The distribution of FeO and Fe2O3 in NU-LHT-2M is unknown,
however, typical terrestrial rocks have a Fe2þ:Fe3þ ratio of 90:10.

2.2. Lunar meteorite

The lunar meteorite selected for analysis was North West Africa

Fig. 2. BSE images of unreacted (a) NU-LHT-2M, (b) NWA 12592, (c) 10084, and (d) 60500. Untreated meteorite grains are shown in (b.i), while EATG treated
meteorite grains are shown in (b.ii) and (b.iii).
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(NWA) 12592, which has been classified as a fragmental regolith breccia
(Meteoritical Bulletin Database, 2019). NWA 12592 was chosen because
sufficient mass (~2 g) was available and the meteorite was deemed a
suitable representative of a bulk lunar highlands regolith. The meteorite
comprises lithic clasts which are dominated by pyroxene and plagioclase
with minor olivine components, with the mineral clasts mainly
comprising olivine, plagioclase, chromite, troilite, and Fe–Ni phases
(Meteoritical Bulletin Database, 2019). Bulk-rock analysis of the mete-
orite was performed (Table 1). The analysed sample was crushed and had
weathering products removed prior to ICP-MS analysis (see below). The
TiO2 content is very low at 0.17 � 0.01 wt %, and there was no identi-
fiable ilmenite present, (although stoichiometrically there is potential for
0.32 wt % ilmenite to be present, which is ~50% of that calculated for
NU-LHT-2M). The iron oxide content is therefore attributed to the py-
roxene and olivine. NWA 12592 has experienced moderate terrestrial
weathering, a process leading to the formation of alteration products
such as secondary carbonates and iron hydroxides on the surface of
meteorites (Ali et al., 2016; Martins et al., 2007). If left untreated, these
secondary iron oxides could also be reduced in the reduction experiments
giving higher yields.

The powdering technique outlined in Mortimer (2016) was applied to
a 2.12 g chip of NWA 12592, with the aim of approximating a lunar
regolith-type consistency. Care was taken not to crush the meteorite into
too fine a powder as any fine fractions would later be removed before
experiments were performed to avoid damage to the ISRU-BDM. The
final mass of the crushed NWA 12592 sample was 1.96 g with 0.16 g lost
(a loss of 7.55%). The crushed meteorite contained a mixture of softer
(anorthositic i.e. lighter material) and harder (basaltic i.e. darker) min-
erals, which made it difficult to produce a homogeneous grain size. As a
consequence, the softer material would powder more quickly to a fine
grain size and would remain in greater quantities as residue on the
equipment during transfer, resulting in greater overall mass loss. It is
therefore assumed that the majority of mass loss can be attributed to the
loss of Fe-poor anothositic material, resulting in crushed meteorite
samples with an increased iron content.

To limit the effects of weathering products on the final yield, half of
the crushed meteorite samples were pre-treated with ethanolamine thi-
oglycolate (EATG) to remove secondary oxides (Cornish and Doyle,
1984; Greenwood et al., 2012). The EATG treatment protocol is outlined
in Appendix (A1). The EATG treatment had minimal effect on the mass of
the crushed meteorite sample with just 2% mass loss as opposed to
~40–50% as often found using this technique (Personal Communication,
R. Greenwood, November 19th, 2019). It was therefore assumed that
there were minimal weathering products in the crushed sample (not
treated by EATG) used for this study. Generally, meteorites contain a
larger proportion of weathering products, and in such cases EATG
treatment may be useful to ensure weathering products do not provide
false-positive yields from the reduction of secondary oxides. The mete-
orite samples are herein denoted as untreated or treated.

2.3. Apollo soils

Two Apollo soils were selected for hydrogen reduction experiments.
First an Apollo 11 mare soil, 10084, was selected as it is relatively rich in
iron oxide-bearing minerals (Meyer, 2009). As a comparison, Apollo 16
highland soil, 60500, was selected for its relatively low iron
oxide-bearing mineral content (Meyer, 2010). Together, the mare and
highlands soils provide a range for the possible mineral composition
expected on the lunar surface. Soil 10084 is the<1mm sieve fraction of a
contingency sample collected during Apollo 11. It was formed through
impacts of meteorites on fine-grained basalt and breccia (Carrier III,
1973; Heiken, 1975), resulting in agglutinates, multi-phase grains and
glassy particles. The mature soil mostly comprises glass, plagioclase,
pyroxene, olivine and ilmenite. Based on the bulk TiO2 content, the
ilmenite present would be found in concentrations of up to 14.55 wt %
(Table 1). The Apollo 11 soil should therefore be highly suitable for

reduction with hydrogen to produce water.
In comparison, 60500 is a �1 cm sieve fraction of a rake sample

collected during Apollo 16. Like 10084, the soil samples obtained during
the Apollo 16 mission mostly comprise glassy agglutinates and multi-
phase grains with plagioclase, pyroxenes, and olivine (The Lunar Sam-
ple Preliminary Science Team, 1972). The relatively low TiO2 content
(Table 1) indicates relatively low levels of potential ilmenite (up to 1.14
wt %) in the soil as compared to other lunar soil samples, and is expected
to produce significantly lower yields than the 10084 soil.

2.4. Sample preparation

It is imperative that the grain size distribution of samples used in this
work are representative of the expected grain size distribution of soils
found on the lunar surface. The grain size influences reaction rate as it
directly relates to the surface area of the reactant. However, there is a
practical concern that the fine fractions may penetrate through the 2 μm
filter and damage valves. Therefore, for this study the fines were
removed. The simulant, meteorite, and Apollo soils were each sieved to
remove the finer soil fractions (<38 μm). A smaller sieve mesh would be
unsuitable for dry sieving (Retsch, 2004), while a larger sieve mesh
would result in as much as 25% of the material being removed. Each
sieved sample of �38 μm was used to prepare three 45 mg samples of
each of the four material types for reaction.

2.4.1. NU-LHT-2M
The highlands simulant has a grain size distribution between 0.9 μm

and 3 mm (Zeng et al., 2010). A single sample of 2.113 g of NU-LHT-2M
was sieved to remove fines. Scanning electron microscope (SEM) analysis
of unreacted NU-LHT-2M grains was performed and example backscatter
electron (BSE) images are shown in Fig. 2. Energy dispersive spectros-
copy (EDS) was used to identify the minerals present.

Sieved simulant was also used to prepare ilmenite-doped samples
using 95% pure ilmenite powder with an average grain size of ~170 μm
which was used in previous work (Sargeant et al., 2020a, 2020b). The
ilmenite feedstock was supplied by A. Cowley from the European
Astronaut Centre (EAC), who sourced the material from the Mineral
Trade Company (GmD Mineral Trade Company, 2020). The samples
were combined in different ratios of NU-LHT-2M to FeTiO3 (100:0,
90:10, 75:25, 50:50, and 25:75). Mixtures of up to 75% ilmenite were
analysed to represent a range of beneficiation grades (Williams et al.,
1979).

2.4.2. NWA 12592
Each of the three untreated and treated meteorite samples were

sieved separately to evaluate any heterogeneity within the samples. The
grain size of the sieved meteorite samples was measured using a Nikon
SMZ1500 microscope and images taken with infinity capture software at
a magnification of 10 � before being analysed in Image J open source
software. Assuming that the grains are spherical, the grain diameters
were determined to be between 28 and 429 μmwith an average diameter
of 70 μm across the randomly selected grains analysed (n ¼ 295). Each
sieved sample of �38 μm was used to prepare a 45 mg sample for reac-
tion. SEM images show how most grains produced from the crushing of
the meteorite resulted in mostly composite grains, with some mono-
mineralic grains (Fig. 2). There was no noticeable difference in the
appearance of grains between the untreated and treated samples, sug-
gesting there are minimal weathering products present in the crushed
meteorite. EDS analysis with the SEM identified most composite grains as
containing olivine and pyroxene inclusions set within a fine-grained
regolith matrix.

2.4.3. 10084 & 60500
The Apollo soils each contain a high proportion of fines (Graf, 1993)

that must be removed before use in the ISRU-BDM. Apollo soils are
known to be electrostatic (Carrier III et al., 1991), and so an additional
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measure was applied to the protocol where a grounding cable was
attached to the sieve to minimize any build-up of charge and additional
sticking of the soil to the sieve. The �38 μm fractions were then used to

prepare the 45 mg samples which were to be used in the reduction ex-
periments. Example grains from each soil sample were imaged with the
SEM and are shown in Fig. 2. The imaged grains are representative of the
bulk sample which mostly contain multiphase grains and agglutinates.
EDS analysis identified significant quantities of ilmenite and olivine with
plagioclase and pyroxene in the multiphase grains in the 10084 soil.
Meanwhile, olivine was scarce and ilmenite was not identified in the
selection of imaged 60500 grains.

3. Methodology

Each material (simulant, meteorite, and lunar soils) was prepared,
reacted, and analysed in triplicate. Each prepared sample, with a mass of
45 � 0.5 mg, was placed into a ceramic sample holder which was
attached to the ISRU-BDM manifold and held at an initial pressure of

Table 2
Operational conditions of the ISRU-BDM during each experimental stage.

Experimental
stage

System conditions

Operational volume
(10�6 m3)

Cold finger
temperature (�C)

Furnace
temperature (�C)

Bake-out 47.3 � 0.2 �80 500
H2 addition 11.9 � 0.2 �80 500
Reduction
reaction

21.9 � 0.1 �80 1000

Water release 21.9 � 0.1 120 500

Fig. 3. Pressure change during the hydrogen reduction of (a) NU-LHT-2M, (b) ilmenite-doped NU-LHT-2M, (c) NWA 12592, (d) 10084, and (e) 60500.
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<10�5 mbar. They were baked for 2 h at 800 �C to account for any
terrestrial hydration or mineral decomposition and the evolved gases
were removed via the vacuum pump. Mass spectrometer readings were
recorded during the bake-out of each sample and can be seen in Appendix
A2. Most volatiles were removed from the samples within the first 30
min, with water (m/z 18) the slowest to be removed from the sample/
vacuum system. The vacuum pump recorded a pressure reading of
�10�6 mbar after 2 h, which was deemed sufficient for starting the
ilmenite reduction experiments as it is significantly below the uncer-
tainty in pressure readings in the ISRU-BDM (�0.5 mbar).

The same experimental procedure was followed as in Sargeant et al.
(2020b), and applying the optimum reaction conditions determined
therein (Table 2). First, ~0.3 mmol of H2 (a target of ~420 mbar) was
inserted into the operational volume where it reacted with the sample at
1000 �C. During the reaction any water produced diffused to the cold
finger which was maintained at �80 �C and condensed. After 4 h the
remaining gases were evacuated from the system before the system was
sealed under vacuum and the cold finger was heated to 120 �C. The
released water was then recondensed at the cold finger before a final
release so that the volatiles could be analysed by the mass spectrometer.

4. Results

4.1. Reaction phase

During the reaction the gas pressure drops as hydrogen is consumed
and the resultant water is condensed at the cold finger. The pressure
change during the reaction for each material type is shown in Fig. 3.
Three samples of each material were reacted, except for the doped sim-
ulant, for which only one experiment was performed for each respective
ratio of simulant to ilmenite. The results are summarised in Table 3,

where the initial hydrogen pressure, PH2i, the total corrected pressure
change, ΔPcr, and the amount of hydrogen used in the reaction, nh, are
shown. Where repeat measurements were taken the average result and 1
SD is provided; for the complete results see Appendix A3. Uncertainty in
individual pressure readings is expressed as the variability of pressure
readings as determined when air was held in the manifold for 1 h (�0.5
mbar). The total corrected pressure change during the reaction phase is
calculated by first subtracting the associated blank reading (6.1 mbar),
obtained when an empty sample tube was reacted under the same con-
ditions. The pressure values are then calibrated to be representative of a
uniform 120 �C system by multiplying by the temperature calibration
factor (1.048) obtained from Sargeant et al. (2020b). The corrected
pressure change is then used to estimate the quantity of hydrogen used in
the reaction using the ideal gas equation: n ¼ PV/RT, where V is the
system volume (Table 2), R is the ideal gas constant, and T is 120 �C (393
K).

4.2. Water release phase

After the reaction phase, the cold finger is heated and the condensed
water released as a vapour. The associated pressure change in the system,
ΔPcw, is recorded in Table 4, along with the calculated amount of water
released, nw, and the equivalent yield in terms of wt % O2 (Hadler et al.,
2019). The associated pressure change during the water release phase is
corrected by subtracting the corresponding blank value (5.2 mbar for the
water release phase). The blank value was obtained by recording the
pressure change when an empty sample tube was reacted under the same
conditions. Subtracting this value from those obtained from reacted
samples ensures that the calculated yields are a result of the reduction of
the samples only. The amount of water produced is calculated using the
ideal gas equation as for nh. The yield is calculated using Eq. (3), where
Mo is the molar mass of oxygen, and m is the mass of sample. The un-
certainty in water production rate, total water produced, and oxygen
yield, was calculated from the propagation of uncertainties in the
measured pressure, operational volume, and manifold temperature
values (�0.5 mbar, �1.49 � 10�7 m3, and �2.5 �C respectively). The
uncertainty in average values was calculated as a 1 SD uncertainty in the
three repeats.

wt % O2 ¼ nwMo

m
(3)

4.3. Reacted sample analysis

SEM analyses were performed on each material type (Fig. 4). BSE
imaging and EDS analysis of polished reacted grains were used to identify
the presence of the reaction product iron, and identify in which minerals
the reaction had occurred. The bright white streaks and blebs in BSE
images are indicative of iron deposits, and show that ilmenite grains
generally react to completion, while olivine, pyroxene, and even some
plagioclase, show partial reduction.

5. Discussion

The results show that each sample reduced to some extent, with the
doped simulant and 10084 soil producing the highest yields (excluding
the results obtained in (Sargeant et al. (2020b) with pure ilmenite). The
meteorite samples produced the lowest yields, followed by the iron oxide
poor 60500 lunar soil. It would be reasonable to assume that the un-
treated meteorite samples would have more iron oxides present from
weathering products and therefore produce higher yields than the treated
samples. The untreated samples did result in slightly higher (3.4 � 0.3
mbar) calculated yields compared to the treated sample (2.8� 0.7 mbar)
in the water release phase, but not in the reaction phase (5.3 � 0.2 mbar
to 5.8 � 0.5 mbar respectively). It should also be noted that the resultant
yields for the untreated and treated samples are within error of each

Table 3
Results from the reduction reaction phase. Ilmenite results are obtained from raw
data in Sargeant et al. (2020) and processed in the same way as results obtained
in this work.

Sample PH2i (mbar) ΔPcr (mbar) nh (μmol)

NU-LHT-2M 436 � 11 �14.5 � 1.1 9.7 � 0.7
90%:10% (NU-LHT-2M:ilmenite) 428.6 � 0.5 �41.4 � 0.5 27.7 � 0.5
75%:25% (NU-LHT-2M:ilmenite) 460.4 � 0.5 �84.4 � 0.5 56.5 � 0.9
50%:50% (NU-LHT-2M:ilmenite) 424.4 � 0.5 �114.5 � 1.1 76.7 � 1.2
25%:75% (NU-LHT-2M:ilmenite) 431.0 � 0.5 �123.2 � 0.5 82.9 � 1.2
Ilmenite 418.4 � 0.5 �156.0 � 0.5 104.5 � 0.8
NWA 12592 (untreated) 439 � 23 �5.3 � 0.2 3.5 � 0.1
NWA 12592 (treated) 424.0 � 0.9 �5.8 � 0.5 3.9 � 0.3
10084 426.9 � 5.7 �43.1 � 0.5 28.9 � 0.3
60500 424.1 � 0.5 �8.9 � 0.4 6.0 � 0.2

Table 4
Results from the water release phase. Ilmenite results are obtained from raw data
in Sargeant et al. (2020) and processed in the same way as results obtained in this
work.

Sample ΔPcw
(mbar)

nw (μmol) O2 yield (wt % O2)

NU-LHT-2M 12.0 � 1.5 8.0 � 0.1 0.28 � 0.04
90%:10% (NU-LHT-
2M:ilmenite)

37.2 � 0.5 24.9 � 0.5 0.89 � 0.02

75%:25% (NU-LHT-
2M:ilmenite)

79.5 � 0.5 53.2 � 0.6 1.89 � 0.03

50%:50% (NU-LHT-
2M:ilmenite)

106.2 � 0.5 71.1 � 0.7 2.50 � 0.04

25%:75% (NU-LHT-
2M:ilmenite)

115.7 � 0.5 77.5 � 0.8 2.75 � 0.04

Ilmenite 147.4 � 0.5 98.7 � 1.0 3.51 � 0.05
NWA 12592 (untreated) 3.4 � 0.3 2.3 � 0.3 0.08 � 0.01
NWA 12592 (treated) 2.8 � 0.7 1.8 � 0.3 0.07 � 0.02
10084 39.3 � 1.3 26.3 � 0.9 0.94 � 0.03
60500 7.6 � 0.8 5.1 � 0.5 0.18 � 0.02
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other. Considering also that the EATG treatment only resulted in a mass
loss of 2% it is concluded that the EATG treatment had a negligible effect
on the reaction, indicating that there were little if any weathering
products present in the samples that were reacted.

5.1. Water losses

With more ilmenite present in a sample, there was a greater
discrepancy in the amount of hydrogen used and the amount of water
produced (nh-nw). It is believed that residual water was trapped within
the grains when the reaction was halted before completion. If there is a
larger amount of reducible material within the sample, then there will be
more water molecules retained when the reaction is terminated (Fig. 5).

A plot of nh-nw against yield for all samples reacted in the ISRU-BDM is
shown in Fig. 6. It can be seen that there is a clear correlation, with higher
yields recorded when nh-nw is higher. Somewater will always adsorb onto
the stainless steel manifold, hence there will always be a non-zero value
for nh-nw, even for samples which are assumed to have reacted to
completion (or near completion) including the meteorite samples and the
Apollo 16 soil.

5.2. Estimating yields

The results of hydrogen reduction of samples used in this work and of
other materials reacted at 1000 �C are shown in Fig. 7 (Allen et al., 1994;
Gibson et al., 1994; McKay et al., 1991b; Sueyoshi et al., 2008). It should

Fig. 4. BSE images of reacted (a) NU-LHT-2M, (b) NWA 12592, (c) 10084, and (d) 60500.
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Fig. 5. A cartoon showing samples with increasing reducible mineral content. When the reaction is halted before completion, the samples with more reducible
minerals contain more water molecules within the grains.

Fig. 6. Plot showing the discrepancy between the amount of hydrogen used in the reaction and the amount of water released from the cold finger (nh-nw) against the
calculated yields. Results are shown for all samples reacted in the ISRU-BDM under the same conditions (1000 �C for 4 h with 0.3 mmol of hydrogen).

Fig. 7. Experimental yields from lunar soils and simulants reduced by hydrogen at 1000 �C and reacted to completion. Squares represent lunar soils, crosses represent
synthetic glass, circles represent volcanic glasses, diamonds represent simulants, and triangles represent meteorites. Results are shown with respect to maximum
possible ilmenite content.
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be noted that the results from literature were obtained from fluidised
systems with various hydrogen pressures, and that all of the samples were
reacted to completion. It can be seen that ilmenite concentration strongly
dictates yield of oxygen, with a non-zero yet relatively small yield pro-
duced by samples with no ilmenite but with other iron-oxide bearing
minerals present. Higher than expected yields can be caused by reduction
of the product rutile as seen in Gibson et al. (1994). Meanwhile, lower
than expected yields are likely a result of either incomplete reaction
and/or overestimated ilmenite contents.

The ilmenite contents plotted refer to stoichiometrically calculated
values. Assuming all the TiO2 present in each sample is found in ilmenite,
a maximum possible ilmenite concentration is calculated (it should be
noted that pyroxene does also have significant TiO2 contents). The
ilmenite estimations based on TiO2 are upper limits and are more accu-
rate in immature soils and terrestrial simulants as ilmenite is converted to
impact glasses in mature soils, lowering the ilmenite content, while
preserving the bulk TiO2 content (Chambers et al., 1995). The two Apollo
soils studied in this work are mature soils and therefore the ilmenite
estimations are likely to be higher than the true values.

Other techniques can be used to estimate ilmenite content, including
grain counting and X-ray digital imaging. Chambers et al. (1995) showed
how these techniques can give vastly different contents. For example, the
ilmenite content in Apollo soil 10084 can be calculated as 4.2 wt %, 10.2
wt %, and 14.3 wt % when using grain counting, X-ray digital imaging,
and stoichiometry respectively. It is thought that the commonly used
grain counting technique will often underestimate the ilmenite content
because it omits ilmenite that is found in multiphase grains that are
commonly found in Apollo soils. When using X-ray digital imaging to
determine the ilmenite content of the Apollo 11 sample, the ilmenite
content of 10084 more closely resembles the ilmenite content of the
doped simulant (90% NU-LHT-2M: 10% ilmenite) as 10.2 wt % and 10.1
wt % respectively. Both the Apollo sample and doped simulant also have
similar yields (0.94 � 0.03 wt % and 0.89 � 0.02 wt % O2 respectively)
suggesting that accurately determined ilmenite content can be used to
infer yields, and vice versa. It is postulated that when applying a
consistent operating procedure, samples of lunar simulant and/or lunar
soil could be reacted with a ProSPA flight model to produce a similar plot
of ilmenite content vs yield. The resulting trendline could be used to infer
ilmenite content of lunar soil at the Luna-27 landing site.

The high-latitude regions of the Moon where the Luna-27 mission is
targeted to land (King et al., 2020) are known to have relatively low iron
abundances (Lawrence et al., 2002; Spudis et al., 2013) indicating they
comprise highland-type regolith and may be expected to contain low
ilmenite contents. Ilmenite contents in lunar highland soils have been
recorded as low as <1 wt % (Simon et al., 1982). In order for the ex-
periments outlined in this work to be successful in producing and
measuring water yields with the ProSPA instrument, the resultant pres-
sures must exceed 0.25 mbar which is the minimum required resolution
of ProSPA pressure sensors. When reducing a lunar soil sample with
relatively low ilmenite content (60500) the pressure change recorded
with the ISRU-BDM was 7.6 � 0.8 mbar. It is expected that ProSPA will
have a smaller volume than the ISRU-BDM, and therefore the equivalent
pressures in the system would be even higher than those recorded in the
ISRU-BDM. It is therefore expected that ProSPA could be used to produce
measurable yields of water from samples at any landing site location.

5.3. Implications

The technique outlined in this work could be used on lunar soils
obtained at various localities on the lunar surface as a proof-of-concept of
water production from regolith. The experiments could follow on from
evolved gas analysis experiments (Verchovsky et al., 2020) that are also
planned to be performed with ProSPA, which would be equivalent to a
bake-out of the samples. However, if considering a design to produce
water in useable quantities to support a lunar base then adaptations
would be required. For example, a fluidised bed would be recommended

to improve the reaction rate (Hegde et al., 2011). Also, other products
such as hydrogen sulfide would be produced in larger quantities from the
reduction of sulfur-bearing minerals present in lunar samples. Such
products could prove damaging to the system, and purification of the
produced water would be required before it could be used (Sanders and
Larson, 2012). Other techniques are likely more suitable to produce the
large scale quantities of oxygen from lunar rocks and soils that are needed
to support lunar bases, such as those that can reduce all oxides through
electrolysis (Lomax et al., 2020). However, these techniques are more
energy intensive and require substantial infrastructure. In comparison,
the technique outlined in this work is relatively simple and can be
applied with small instruments on the lunar surface in the very near
future. Such an instrument could be used as a prospecting tool to measure
the reducibility of regolith as well as performing other experiments such
as evolved gas analyses to determine volatile inventory at multiple lo-
cations across the lunar surface. The results obtained from these in situ
analyses could inform the development of larger scale reactors to pro-
duce sufficient supplies to support a lunar base.

6. Conclusion

Lunar soil simulants, lunar meteorites, and Apollo soils that contain
iron oxide-bearing minerals can be reduced in a static system to produce
water. Although ilmenite abundance strongly influences the yield, other
minerals such as pyroxene and olivine will also reduce to some extent but
make only minor contributions to yields. The highest yields were ob-
tained for the mare Apollo soil (10084), producing on average 0.94 wt %
O2. Meanwhile, lower yields were obtained for the highlands Apollo soil
(60500) producing an average of 0.18 wt%O2. The technique outlined in
this work is therefore recommended for use on small scale prospecting
instruments as a proof-of-concept for early water production experiments
on the Moon. The strong correlation between ilmenite content and yield
means that a ProSPA-like instrument could be used to estimate the
amount of reducible material in the lunar regolith, informing the location
and requirements of future large scale reduction reactors.
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