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Abstract

Water is one of the most vital resources requioeduture space exploration. By obtaining water
from lunar regolith, humans are one step closebdmg independent of Earth’s resources
enabling longer term exploration missions. Hydrogegtuction of ilmenite is often proposed as a
technique for producing water on the Moon. ProSBAniniature analytical laboratory, will
perform reduction of lunar soils as an In-Situ Rese Utilization (ISRU) demonstration on the
lunar surface. The technique used by ProSPA willubeful for prospecting payloads with
limited mass and power resources. This work consittee development and optimization of an
ilmenite (FeTiQ) reduction procedure for use with the ProSPA umsnt. It is shown that the
reaction can be performed in a static (non-flowisgdtem, by utilizing a cold finger to collect
the water produced from the reaction. Among thestigated parameters an initia}:FeTiO;
ratio of 1, in this case equating to a hydrogerssuwee of 418 mbar, proved to be best for
providing maximum vyields over 4 hours when opegatat 1000°C. Results indicate that a

maximum yield of 3.40+£0.17 wt. % LQcan be obtained at 1000°C (with a maximum possible
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yield of 10.5 wt. % Q). When operating at higher temperatures of 1100%Cilmenite grains
undergo a subsolidus reaction resulting in the &tiom of ferropseudobrookite and higher yields

of 4.42+0.18 wt. % @can be obtained.

Keywords

#ISRU #llmenite #Hydrogen Reduction #Static #Pro$MR#foon

Highlights

» Demonstration of reduction of ilmenite by i a non-flowing system
» Proof of principle for an ISRU demonstration on Meon

* Yields of up to 4.4 wt.% ©which is reasonable considering the constraints

1 Introduction

The availability of water poses a significant cbafie for long-term crewed missions to the
Moon and beyond. Each crew member requires ~4.1@algof water, whilst its constituent
oxygen is also vital for crew support at 0.93 kg/{izones & Kliss, 2010). Oxygen and hydrogen
can also be used for rocket propellant to laungplses to crews on their way to Mars (Lewis,
1993). The cost of supplying all of the water andstituent oxygen and hydrogen required for
such long term exploration missions can becomeibpitore. By obtaining the resources required
from local materials, known as In-Situ Resourcdit#iion (ISRU), the costs could be lowered.
The Moon was once thought to be bone-dry (e.g. dmattet al., 1970; Maxwell et al., 1970;
Papike et al., 1991). However, more recent evideuggests the presence of water in lunar
samples (McCubbin et al., 2015; Barnes et al., 2854l et al., 2008) and water-ice at the lunar

poles (Colaprete et al., 2010; Li et al., 2018).e§é polar regions provide numerous
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technological challenges in accessing potentiaenowater deposits in terms of extreme low
temperatures, lack of solar energy, and relativglignown regolith properties (Burke, 2012).

Therefore, other sources of water are being coraideo meet the needs of future missions
(Taylor & Carrier, 1993), such as hydrogen reductd iimenite, carbothermal reactions, high
temperature pyrolysis, and melt regolith extracti@f these, ilmenite reduction requires the
lowest temperature and has the highest TRL (TeogydReadiness Level) but it has the lowest
potential yield which is strongly influenced by fistock composition (Sanders & Larson, 2011).
Hydrogen reduction of ilmenite is a commonly coesetl water production technique for

operation on the lunar surface because of itsivelgtlow temperature (e.g. Christiansen et al.,
1988; Gibson & Knudsen, 1985; Ness Jr et al., 199@)enite is a common lunar mineral

(Papike et al., 1991) that can be reduced in thd pbase to produce water as in Eqn. 1. The

state of each reactant and product is denoted asl{d or (g) gas:

FeTi03(s) + HZ(g) = Fe(s) + TlOZ(s) + Hzo(g) Eqn 1

The ilmenite reduction reaction is an equilibriueaction and therefore requires the removal of
the product water from the reaction site in oradecdéntinue to produce water. Altenberg et al.
(1993) modelled how the equilibrium constant fais theaction varies with hydrogen pressure
and temperature. The results showed that the bguith constant increases with lower pressures
of hydrogen and higher temperatures, resultingighdr yields. Generally, a flow of hydrogen

gas is used to reduce the ilmenite which carrieayathe produced water to a condenser.
Dynamic systems that utilize a flow of hydrogen éanéheen theorized for large scale water

production on the Moon (Christiansen et al.,, 198Bfore recently, ilmenite reduction
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demonstrators have been built that utilize a fkedi bed or a rotating drum to ensure maximum
contact between the regolith and reductant gasiduhie reaction (Sanders & Larson, 2011).
The yield of oxygen from ilmenite reduction is dedent on the feedstock composition. limenite
can readily be reduced, thanks to its high*Eentent, but other E&bearing minerals can also
reduce, albeit generating lower yields (Allen et #094). Prospecting will therefore be required
to evaluate a wide range of potential regions sghigh titanium mare and iron rich pyroclastic
flows, requiring sample return missions or as atfstep sample analysis in-situ. With the
intention of national space agencies using commkiumar landers it is likely that payloads will
initially have severely constrained mass and pdwelgets. Prospecting with small instruments
(~10 kg) will be required before committing to adge-scale demonstration plant at a single
favorable location. ProSPA is an analytical instemtrwhich has the goal of performing the first
ISRU demonstration on the Moon (Barber et al.,, 20I&he instrument, which is being
developed at The Open University, is part of th©OBRECT package that will be on board the
Luna-27 mission to a high latitude region of thedddn 2025. ProSPA will perform in situ
analyses on samples of lunar regolith, potentidditect and characterize lunar volatiles, and also
attempt to reduce lunar minerals, including ilmenito produce water. As ProSPA is an
analytical instrument with mass budget limited @ Kg, it does not have the resources for a
complete ilmenite reduction system, including fleet/rotating, recirculating hydrogen
plumbing, and condenser. Instead a different aggfrdnas been taken adapting to the available
hardware and the natural environment to evaluaeadgolith at the landing site as a feedstock
for oxygen production by reduction with hydrogen.s#atic process is considered where the
ilmenite is exposed to hydrogen (in a closed syjtemhile a cold finger condenses any

produced water as trialled by Williams (1985), timesnoving it from the reaction site and
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enabling the reaction to continue to the right aten, preventing the reverse reaction taking
place.

Previous work by the authors (Sargeant et al., @Dh8s shown that a static approach is viable
and water can be produced from the reduction oénite when a cold finger is implemented.
The breadboard system used in Sargeant et al. 201&s not able to quantify the yields of
water produced accurately, as it lacked the nepedk&rmal control to prevent unwanted
condensation of water in cooler sections of theéesys

A new breadboard model (ISRU-BDM) has been develogbich provides increased thermal
control to allow quantification of yields of watesing the static system approach. This work
discusses the design and build of the ISRU-BDM, @ experimental determination of the

optimum temperature and hydrogen concentrationitiond, and the associated yields.

2 Materialsand M ethods

The ISRU-BDM is designed to represent certain aspacthe ProSPA design; the sample oven,
hydrogen supply, cold finger, mass spectrometed, iaterconnecting pipework with pressure

Sensors.
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2.1 System Design

The ISRU breadboard utilizes a heated box, whémabr components that can withstand high
temperatures, are placed. As the mass spectroroaterot be placed inside the oven, it is

connected instead via a heated capillary. A schierafithe ISRU-BDM is shown in Figure 1.

T Vacuum pump

I
I
I
5 6 7 2 :
Mass -’ __é_--__ ____\‘ urnacel
Spectrometer : 3 || ] ) l
|
I\ p2 il |
______________ 7 Cold Finger |
| W |
| |
| | I
Key: =) [ cas cylinder : |
® 1]
E | Pressure Sensor I
T
53—
r=—= _| Heating Wire
O I_ _ | Wrapped

Figure 1. ISRU breadboard schematic.

The heated box is made from vermiculite sheets A&0Gx65x75 cm aluminum frame, and is
heated to ~120°C by two 2 kW oven heating elemeéusgelok® VCR fittings of 1/4 inch ID
are used throughout. High temperature (up to 315Wagelok® actuator valves with stainless

steel spherical tips are used inside the oven tatraothe movement of gases. A high
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temperature Kulite® diaphragm pressure sensor &l ue monitor the gas pressure in the
system. A compact furnace which utilizes a cerath@mber with embedded resistance wires is
used to heat samples up to 1100°C. It should bedrtbiat a K-type thermocouple located within
the furnace experienced multiple failures when atpeg at temperatures >1000°C. As a result,
the furnace can shut down early resulting in lowieftds. This was not identified in previous
work by the authors causing incorrect interpretegiof the data in Sargeant et al. (2019b). The
thermocouple is closely monitored in the followistgdies to ensure all reactions are completed.
The 200 mm length, 4 mm ID ceramic sample tubelasqal inside the furnace before each
experiment. The system is connected to an outerfoddnwhere the mass spectrometer is
located, via an exhaust pipe and a capillary tétleouter components of the manifold, except
for the mass spectrometer, are heated to 100°Cresiktance heating wire. The outer manifold
hosts the Hiden HPR-20 quadrupole mass spectromigtea crimped stainless steel capillary
inlet. A novel cold finger design was developed pivide increased thermal control, as
compared to the design used in Sargeant et al9&@0When trapping and releasing gases (See

supplementary material Figure S1). The finishedesyss shown in Figure 2.
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Mass
Spectrometer

|

I
|

Water injection
septum

{ coery |
2]

Figure 2. a.) Front image of the ISRU breadboard with therodoor removed. b.) Front image
of the ISRU breadboard with the oven door attacfide entire system is ~2 m wide and 1 m

tall.

2.2 Experimental Procedure
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The evening before each experiment, the oven irclwthe system is placed is set to heat to
120°C. This guarantees the manifold is at 120°@reefn experiment can begin, minimizing the
condensation of any water onto the pipework. Theeidite used in this work is ~95% pure with
an average particle diameter of ~14#@ (Sargeant et al., 2019a). The ~45 mg ilmenitepbauns
placed into a ceramic tube and sealed onto themsyst valve 7 using an O-ring tube fitting
(Figure 1). The ilmenite mass was selected as thésapproximate sample size for ProSPA
ovens. Each experiment is controlled using LabVeaftware which allows a high level of

automation and therefore consistency between esch r

A summary of the operational conditions of the ISBDM during the experiment is shown in
Table 1, whilst a graphical representation of thecedure is outlined in the supplementary
material Figure S2. The following procedure is perfed for each experiment. A 1 hour bake-
out procedure is performed at the start of eacgrara where the furnace is heated to 500°C and
open to the vacuum pump in order to remove anytledafrom the sample as in Sargeant et al.
(2019a). Meanwhile the cold finger is isolated frima pumping system and set to -80°C chosen
because >99.99% of any water produced in the fallgweactions should condense at this
temperature (calculated assuming a saturation apiarof < 0.0044 mbar, which is 0.01% of
the potential water produced during the followingeriments). Next, the furnace is isolated and
set to a pre-defined reaction temperature. At ploisit, the program pauses until the hydrogen
supply is manually opened and hydrogen fills thinée volume until the required pressure is
reached. The system is then closed and the furmadeold finger are opened to the rest of the
system. The ilmenite in the furnace is then ableetzt with the hydrogen, where any produced
water diffuses through the system before condenainthe cold finger. The pressure in the

system is monitored every minute during the reacéis the samples are left to react for 4 hours.



162

163

164

165

166

167

168

169

170

171

172

173

174

Confidential manuscript submitted Rdanetary and Space Science

A reaction time of 4 hours was selected as a redertime frame for such experiments to be
performed on the Luna-27 mission. After the reaxtibe system is evacuated of any remaining
gases and the furnace is left to cool for 2 hooneach 120°C. Finally, the cold finger is heated

to 120°C and the condensed water sublimates ietsythtem where the pressure is monitored.

Experimental System conditions
stage - -
Operational volumeg Cold finger Furnace Heated box External
(m) temperature| temperature | temperature manifold
(°C) (°C) (°C) temperature
°C)
Bake-out 4.73E-05+1.93E-0f -80 500 120 100
H, addition 1.19E-05+9.93E-08 -80 500 120 100
Reduction | 2.19E-05+1.49E-07 -80 Reaction 120 100
reaction temperature
Water release| 2.19E-05+1.49E-07 120 120 120 100

Table 1. Operational conditions of the ISRU-BDM during eastperimental stage.

To confirm that water has been produced duringrélaetion, the mass spectrometer is used to
sample the released volatiles from the cold fingjlee mass spectrometer requires at least 1 hour
for the baseline readings to normalize without c¢jiragy the operational volume. Therefore the
mass spectrometer cannot be used to monitor tlsioedecause there are operational volume
changes that occur just before the reaction phlage will affect the baseline spectra. The
capillary between valve 2 and the mass spectronpeteed to be most effective at sampling the

vapor for analysis at the mass spectrometer. Afteimenite reduction reaction is performed
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and the volatiles are released from the cold fintjez volatiles are re-condensed at the cold
finger. The mass spectrometer is used to scan saends values of 1-50 and the operational
volume is expanded to include the capillary at g&#v The cold finger is then heated to 120°C to

sublimate the volatiles which are then sampledheymass spectrometer.

2.3 Calculating Yields
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The pressure changes measured for each experimembaected for system temperature by

multiplying by the relevant; factor (see supplementary material S1), and tioerected further

by subtracting the corrected blank pressure chahlge pressure changes are converted into the

guantity of hydrogen that has reacteg,and the quantity of water produceg, by applying the

ideal gas law as follows:

|4
Npw = Z_T (Eqn 2)

where the corrected pressupgjs multiplied by the volume of the syste¥f,which is defined in
Table 1, then dividing by the ideal gas constBnand the temperature of the systdniK), also

defined in Table 1.

The rate of water productioR,, is considered as a way to compare each experiaght

determine the optimum reaction procedure, and eacalrulated as follows:

<

t  put  put

(Egn. 3)

whereV,, is the volume of water producetis the time over which the rate of production is
being measuredn, is the mass of water produced,is the density of water under S.T.P
(Standard Temperature and Pressure, 273.15 K ah@28) kPa respectively) conditions, i$
the quantity of water produced as calculated fromwater release phase, avig is the molar

mass of water.
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The vyield of the reduction reaction is describedthiy wt. % of oxygen extracted compared to
the total sample mass and is therefore the ratvwdss the mass of oxygen produced, and

the mass of ilmeniten,, in the sample. Yield can therefore be calculateébliows:

m, _ myM, _ ny,M,

(Eqgn. 4)

Mijim miMy Miim

whereM, is the molar mass of oxygen.

The maximum theoretical yield of oxygen (in thenfoof water) from the ilmenite reduction
process is 10.5 wt. % 0Owhilst up to 31.6 wt.% @©can be produced from ilmenite reduction and
the complete reduction of the rutile product. losld be noted that yields are generally
calculated using the,nvalue calculated from the pressure rise measwadglthe water release
phase (Egn. 2). The pressure change during thettedueaction has the potential to be affected
by the production of other reaction products, whsrthe pressure rise during the water release
phase should solely represent the release of \irater the cold finger. However, in order to
understand how the yield varies during the reacpbase, the quantity of water produced is
equated to the amount of hydrogen removed fronsyseem, as hydrogen converts to water in a
1:1 reaction. Therefore thg value, calculated from the change in hydrogensomes is used as

a proxy forn, when analyzing the rate of water production duthregreaction phase.

Another way to understand the efficiency of thectiems performed is to calculate the extent of
the reduction reactioni (%). The reduction extent is derived from the aatf the mass of
oxygen removed in the reactiamg, w.r.t. the mass of oxygen that could be extracteg.xand

is calculated as follows:
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F=—"Tt - MoMum (Eqn. 5)

Mo, max Mompy

3 Resaults

3.1 Temperature Studies

The ilmenite reduction reaction temperature wasedafrom 850 to 1100°C. The amount of
hydrogen used in each reaction was selected to3o@fol which is equivalent to the amount of
ilmenite in each sample. The amount of hydrogetheaistart of the reaction should therefore be
420 mbar, however, the operational procedure isepible to an ‘overshoot’ in the addition of
hydrogen and therefore the hydrogen pressure cdmngber than 420 mbar by as much as 50
mbar (an extra 0.036 mmol of hydrogen). The pressuas recorded during the reduction
reaction and water release phases of each experifiea pressure drop recorded during the
reaction phase is recorded and correlates to tlouathof water trapped at the cold finger. The
pressure rise is then recorded during the wateasel phase, and correlates with the amount of
water retrieved by the trap and release procedsiadk reading was run for comparison where

an empty sample tube was reacted at 1000°C.

3.1.2 Reaction Pressures

During the 4 hour reaction phase, the change isspre is greater for higher temperatures,
indicating the reaction proceeds at a faster rd&tgufe 3a). A small drop in pressure
(temperature corrected to 6.1 mbar) is recordethenblank reading which is from the flow
through the capillary to the mass spectrometer.r€kalting pressure rise from the sublimation
of water from the cold finger is shown in Figure 3lhe pressure data and calculated amount of

hydrogen used in the reactiam, is shown in supplementary material Table S2. fihealue is
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calculated using Eqn. 2 where the pressure readiags been corrected by tke factor and

have subtracted the equivalent blank reading ofrtbar.

The pressure rise from the water release phasmversin Figure 3b. The results show that more
water is released form the cold finger for reacidhat occurred at higher temperatures. The
pressure changes recorded in the water release phass much as 10% less than that measured
during the reaction phase. The pressure data fer vilater release phase is shown in

supplementary material Table S3.

a b.

0 Blank (1000°C) 200 " i : 1100°C
= = 1050°C
3 3
€ -50f 150 @ @ je———————— 11000°C
qé')’ qé'_)) _______________________ 950 °C
& -100f 1850 °C S 100} 1900°C
S 900 °C S 850°C
(O] (O]

5 950 °C 5
[} [}
@ 150 11000 °C 8 50T
a a
3 1050 °C
200 . L L . 41100 °C 0 e L L L L) Blank (1000°C)
0 50 100 150 200 250 0 40
Reaction time (min) Release time (min)

Figure 3. Pressure change during a.) the ilmenite reductieaction, and b.) the volatile release
phase, for reaction temperatures of 850°C to 110(R€sults shown are not corrected for the

blank reading.

The breakdown of water production rates during réection phase, and the total amount of
water produced as calculated from the water relphase are shown in Table 2. The amount of
hydrogen removed from the system during each hgurs used in Eqn. 3 as a substituterigr

to calculate the water production rate for eachrhdhe total water production rate for the entire
reaction (0-4 hrs) is calculated fromg obtained from the water release phase pressuae idat

can be seen that water production rate increaststemperature where the maximum rate is
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257 achieved at 1100°C with a peak of 0.65+0,08hr*. The reaction rate does not appear to

258 significantly change across the 4 hour reactioretaheach temperature suggesting the reaction

259 is not near completion. Uncertainties are calcdlaiging the propagation of uncertainties from

260 the manifold temperature (£5°C), volume (Table 4nd pressure values (6.2 mbar). The

261 temperature uncertainty is derived from the vasiain manifold temperature in the heated box,

262 the volume uncertainty is derived from the standbediation in volume calculations performed

263 from the expansion of gases in the system, andptbssure uncertainty is derived from the

264 standard deviation of pressures calculated froreatspof ilmenite reduction experiments carried

265 out at 1000°C.

266
Reduction reaction phase Water release phase
Reaction
temperature Water production rateu( hr?) Total corrected| Total calculated| Total calculated
(°C) pressure change water produced| water produced
0-1h 1-2h 2-3h 3-4h (mbar) (umol) (ul)
850+5 0.31+0.07| 0.2940.07 0.30+0.07  0.30+0.07 +90 60+5 1.08+0.08
900 +5 0.37+0.07| 0.32+0.07 0.32+0.07  0.33+0.07 401 6815 1.22+0.08
950+5 0.40+0.07| 0.4040.07 0.4040.07 0.41+0.07 172 82+5 1.47+0.08
1000 £ 5 0.46+0.07| 0.47+0.07Y 0.47+0.07  0.48+0.07 344 9645 1.72+0.09
1050 +5 0.45+0.07| 0.59+0.08 0.62+0.08 0.61+0.08 547 11745 2.1140.09
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1100+5 | 0.53+0.08 0.65+0.08 0.62+0.08 0.63+0/08 648 12445 2.24+0.09
267 Table 2. Water production rates for reduction of ~45 mg imte in ~420 mbar hydrogen as a
268 function of temperature between 850 to 1100°C. &%&lare calculated for each hour of
269 reduction from the reaction phase data. The totatew production rate over 4 hours is
270 calculated from the water release phase data. Tdtal tcorrected pressure change is also
271 included.
272 To confirm that water is being produced and condérduring the reaction, a mass spectrum of
273  the produced volatiles was obtained. The volatiteee condensed at the cold finger and released
274 into the system and through the capillary attachedialve 2 (Figure 1) upon heating. An
275 example spectra of the m/z values of interest/tlsbssving a distinct change is shown in Figure
276 4.
a b.
Key: 0.7
pressure | w2 | 90
= | mre 505
z 2wk = | 5o
% g ;:q/:zs::m— :; 0.3
£ g 5 0.2
Q. o 0.1
S e B
1 2 16 17 18 28 32 44
277 Time (min) m/z
278 Figure 4. a.)Mass spectrum with time during the heating of thid &inger to sublimate trapped
279  water. The pressure increase during the releasdss shown, along with data for m/z 1, 2, 16,
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17, 18, 32, and 44.. Background data has been rethdv.) Relative abundance of each m/z

value as determined from the change in intensityR8F factor.

It can be seen that there is a distinct increaslednntensity of certain m/z values as the pressur
rises in the system (Figure 4a). Applying the rate\sensitivity factors, RSF (Hiden Analytical),
to the change in intensity enables the determindtiaelative abundance of each species (Figure
4b). The gas released upon heating the cold fiagpears to be predominantly water, on account
of its characteristic mass spectrum (m/z 16, 17(l83T). There is also some residual hydrogen

(m/z 1 & 2), and some carbon dioxide and carbonorme detected (m/z 44 & 32 respectively).

3.1.2Yields

The yield in terms of oxygen wt. % and the reducextent are calculated as in Section 2.3 and
summarized in Figure 5. These outputs are calaifaden the reaction phase data and are shown
for each hour of the reaction. The final yield atcalated from the water release phase is also
shown. Uncertainties are derived from the propagatif uncertainties of the quantity of water

produced (Table 1), and the uncertainty in sam@esi+0.5 mg).
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Figure 5. The yield and reduction extent as calculated ftbenreaction phase for each hour of

the reaction. The final yield/reduction extentadculated from the water release phase data.

The yields/reduction extent increases with tempeeatvith the greatest yield at 1100°C. Final
yields for the sample reacted at 1100°C as caledlitbm the release of water is 4.42+0.18 wit.

% oxygen. Meanwhile the maximum extent of the rédaaeactions after 4 hrs is 42.0+1.7%.
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3.1.3 Sample Analysis

A ~15 mg sample of reacted ilmenite grains fromheagperiment is set in epoxy resin and
polished for analysis. The samples are imaged @tQpen University using the Scanning
Electron Microscope (SEM) providing electron Backaer Electron (BSE) imaging. BSE
images highlight differences in atomic mass of #ements in the sample and are used to

identify the minerals present.

Example grains from the samples reacted at 1000060°C, and 1100°C as imaged with BSD
are shown in Figure 6. The grayscale contrast shdvwese the light gray ilmenite has reduced to
form the darker gray rutile and the bright whitenir For the 1000°C sample it can be seen that
voids have formed, a consequence of mass lossyaeixs removed from the sample, as the
reaction proceeds towards the middle of the gr&ih4050°C, the melting point of ilmenite, the
reaction proceeds further into the grain and thiéerproducts appears to form vein-like features.
Meanwhile, at 1100°C a titanium enriched solid soluforms within the grain (later identified
as ferrospeudobrookite), often with a small unre@atore of ilmenite. Rutile is rare or absent,
whilst the presence of metallic iron is clearlyrs@s bright features on the exterior grain surface
as well as within the grain. The grains shown iguFe¢ 6 were selected as they represent the

majority of grains imaged in each sample.
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limenite Iron limenite Iron limenite  Iron

Rutile Ferropseudobrookite Rutile

Figure 6. BSE images of ilmenite grains reduced in the presef hydrogen for 4 hours at a.)
1000°C, b.) 1050°C, c.) 1100°C. The reduction exteneach grain has been calculated as

32.3£1.6%, 39.7£1.7%, and 42.0+1.7% respectively.

X-ray diffraction (XRD) was carried at out at thatNral History Museum, UK, and performed
on ~5mg (~11%) of the 1000°C, 1050°C, and 1100°Queton temperature samples to
understand the phase of the mineral compositioth@freacted grains (supplementary material
Figure S4). The XRD analysis was performed usingmaf-Nonius Powder Diffraction System
120 utilizing a CoKal radiation source. For the Q@ sample all peaks can be explained by the
presence of ilmenite, and the reduction products and rutile, indicating the sample is partially
reduced. Meanwhile the 1100°C sample produced XRBK® that indicate the presence of
ferropseudobrookite (FeXds), along with the iron, rutile, and ilmenite. Th85D°C sample is
mostly comprised of ilmenite and its standard réidacproducts, rutile and iron, however there

is also evidence to suggest that ferropseudobmakitarting to form.
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3.2 Hydrogen Concentration Studies

The following ilmenite reduction experiments wersfprmed at 1000°C with varying hydrogen
concentrations. The concentrations are defined amti@ of n:ny,. Varying hydrogen
concentrations from 0.28 up to 1.38 are trialledhis work, which equates to starting pressures
of 118 mbar up to 584 mbar (when calculated foramifold temperature of 120°C). With each
experiment reacting 45 mg of ilmenite (0.3 mmobe tquantity of hydrogen required is
calculated as a ratio of 0.3 mmol. The pressure iwasrded during the reaction and release
phase of each experiment. A blank reading was dédaior comparison by reacting an ilmenite

sample at 1000°C with no hydrogen.

3.1.2 Reaction Pressures

The pressure changes during the 4 hour reactiosepdteow that initially, the lower the hydrogen
concentration, the more water produced and condefiSgure 7a). However, as the hydrogen
supply is depleted, the reaction rate slows dowhen\Vthe initial hydrogen concentration was
lower, the reaction rate slows earlier. For examplehe first hour, the greatest pressure drop,
and therefore the greatest production of watert®fiom a 0.28:1.0 ratio of £FeTiO; (nn:Nim).
However, as the reaction proceeds past 80 minbigiser pressures of hydrogen are required to
sustain faster reaction rates. As thenjg, concentration exceeds 1, the reaction rate is not
improved after 4 hours. The pressure data is shavaupplementary material Table S5, along

with the calculated quantity of hydrogen reactgdusing Eqn. 2.

The pressure change as a result of the water ecfgamse shows that after 4 hours, the greatest
production of water occurs as a result of a 0.@@idcentration of ginym, which equates to a

pressure of 418 mbar (Figure 7b). It does not Igghithe variation in reaction rate across the 4



355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

Confidential manuscript submitted Bdanetary and Space Science

hr period as in Figure 7a. The pressure data fer whater release phase is shown in

supplementary material Table S6.

a b.
0.00 H,FeTiO, 150 0.99 H,:FeTiO,
1.38 H:FeTiO,
0.83 H_:FeTiO,
— = 0.50 H2FeTiO;
© ©
o e}
£ £100F 1
) w 0.28 H_:FeTiO
o)) (o)) 2 3
c c
© ©
e e
v 0.28 H_:FeTiO v
g- 1 g sorp
=} =}
a a
() . (V]
£ “x. | 050 HFeTiO, &
\ 0.83 H,:FeTiO,
| ) . ) . 1.38 H:FeTiO . X . X FeTi
-150 099 Hi:FeTiOi 0 0.00 H,:FeTiO,
0 50 100 150 200 0 10 20 30 40
Reaction time (min) Release time (min)

Figure 7. Pressure change during a.) the ilmenite reductieaction, and b.) the water release
phase, for varying initial HIFeTiO; concentrations. Results shown are not correctedtte

blank reading.

The breakdown of water production rates during rémction phase, and the total amount of
water produced as calculated form the water relpasse are shown in Table 3. The water
production rate varies throughout the reaction,cWhis indicated in the estimates for the
changing reaction rate throughout the reactiornhénfirst hour, lower pressures of hydrogen are
desirable providing water produciton rates of up0t64+0.08ul hr' when the iimenite was
exposed to an initial pressure of 118 mbar of hgdno As the reaction proceeds into the fourth
hour, the studies in which higher intial hydrogeagsures were used result in the highest water
production rates of 0.49+0.07 hr™ for the studies using both 418 mbar and 584 milbar o

hydrogen (0.99:1 and 1.39:%:m, respectively). The water production rate as cateal from
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371 the water release phase indicate that in a 4 heaction, the optimum initial pressure of

372 hydrogen is 418 mbar which equates to a 0.99:& odtiy,: Njm.

373

Initial H, conditions

Reduction reaction phase

Water release phase

Water production rate.( hr™)

Total corrected

pressure changg

Total calculated

> water produced

Total calculated

water produced

H,:limenite H, Pressure o1t Loh . aah (mbar) (umol) ()
Concentration (mbar)
0.28:1.00 118+1 0.54+0.08 0.28+0.07 0.21+0.p7 00G# 877 59+5 1.05+0.08
0.50:1.00 210+1 0.52+0.0¢ 0.40+0.07 0.36x0.07  00B6G% 123+7 8245 1.48+0.08
0.83:1.00 345+1 0.49+0.07 0.46+0.07 0.42+0.p7  0M@% 131+7 8815 1.58+0.08
0.99:1.00 418+1 0.47+0.07 0.50+0.08 0.49+0.p8  0M@% 148+7 9915 1.78+0.09
1.38:1.0 584+1 0.37+0.07 0.50+0.08 0.49+0.08  0.48%0 14047 9415 1.69+0.09

374 Table 3. Water production rates for reduction of ~45 mglofenite performed under variable

375 hydrogen concentration conditions at 1000°C. Valaescalculated for each hour of reduction

376 from the reaction phase data. The total water patun rate over 4 hours is calculated from the

377 water release phase data.

378 3.2.2Yidds
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379 The yield in terms of oxygen wt. % and the reductxtent are calculated as in Eqn. 4 and 5

380 respectively and the results are shown in Figure 8.
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381

382 Figure 8. The yield and reduction extent as calculated ftbenreaction phase for each hour of

383 the reaction. The final yield/reduction extentadctlated from the water release phase data.

384

385 The yield/reduction extent is initially higher witbwer quantities of hydrogen. However, the
386 maximum yield after 4 hours occurs when the initiahj, ratio is 0.99:1.0 which equates to a
387 hydrogen pressure of 418 mbar. The maximum firelbyfor this setup at a reaction temperature
388 of 1000°C and a hydrogen pressure of 418 mbar5%+8.17 wt.% oxygen. Meanwhile the

389 maximum extent of the reduction reaction after drhas 33.4+1.7 %.
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4 Discussion

The setup of the ISRU-BDM is functionally identical parts of ProSPA. Both systems are
heated entirely along the lengths of the experiaigntelevant sections and both systems will
operate at similar temperatures, both for the IR8&kttions and subsequent processing of the
resultant gas. However, the ISRU-BDM has been cocigtd using commercial components in
order to test a specific reaction and is therefooe completely representative of the flight
system. While most of the hardware is functionalgntical, there are some differences that are
significant. The ISRU-BDM is significantly largehdn the ProSPA flight model and has more
power available, allowing for the use of pneumadlycactuated metal-tipped values as opposed
to the electronically actuated polymer tipped valtleat will ultimately be used. The use of these
valves and the availability of appropriately sizedmponents requires the use of pipes
approximately twice the diameter of those that via# used in ProSPA. As a result, the
conductance of the pipework, and therefore theditfission rate, will be much lower in the
ProSPA flight model than in the ISRU-BDM. This ikdly to cause a decrease in reaction rate,
although this will be partially offset by shorteiffdsion pathways as a result of the overall
smaller dimensions of ProSPA. The reaction ratadge likely to be affected by a difference in
cooling mechanism between the two systems. The BRWM uses an active system based on
liquid nitrogen to cool a cold finger, whereas FPASwill rely on radiative losses to space in
order to cool its cold fingers. The liquid nitrogkased system requires cooling a large metal
mass within the ISRU-BDM heated box, making theliogoprocess somewhat inefficient. At
present, the performance of the radiative cooliysfesn is not known so the differences in
efficiency cannot be categorically stated. It i$ @ovisioned that any of these variations from the

ProSPA flight model will affect the viability of hISRU experiments, although the reaction
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rates are likely to differ. Other nominally sige#int hardware differences, such as the valves,

are unlikely to materially affect the experiments.

The ISRU-BDM is more capable than the BDM used amg8ant et al. (2019a) in efficiently
trapping and releasing water for quantificationisTis a consequence of the uniformly heated
ISRU-BDM system of ~120°C which limits the condema of the produced water onto the
pipework. However, the pipework still appears tes@t water and so higher temperatures
and/or hydrophobic surface coatings would be reguio improve the efficiency of the system
in retrieving more of the water produced during thaction. Providing the retrievable water
results in measurable pressures, and a water atdibris performed on the final ProSPA system
to determine how much water adsorption will ocabe adsorption effects will not limit the

guantification of yields.

It is often stated that ilmenite reduction can leefgrmed at temperatures of up to 1000°C,
particularly in work relating to ISRU applicatiofe.g. Gibson & Knudsen, 1985; Li et al., 2012;
Taylor & Carrier, 1993). The temperature studiesgreed using a static setup in this work, and
those in the wider literature which utilize gasaflog systems (Li et al., 2012; Zhao & Shadman,
1993), show that with increasing temperature fr&@@ ® 1100°C the reaction rate increases and
yields higher quantities of water. Altenberg et(aP93) also modelled how higher temperatures

increase the equilibrium constant and ultimateéyyteld.

SEM and XRD analysis of the 1100°C sample showsfdinmation of ferropseudobrookite,
FeTpOs, indicating a different reaction has taken place eompared to Eqgn. 1.
Ferropseudobrookite is isostructural to Armalcol{feeMg)TiOs, and is known to form at low

pressures and oxygen fugacities (Lindsley et &74), which are also the conditions of the
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experiments in this study. The following process haen considered to explain the production
of ferropseudobrookite as part of the reductiormction:

3FeTlO3(S) + 2H2(g) = ZFe(S) + TlOZ(s) + 2H20(g) + FeTi205(S) Eqn 6

This process is a subsolidus reaction occurringg@peratures of at least 1050°C (Lindsley et
al., 1974) and was demonstrated by Si et al. (20&re the production of a §@s-type solid
solution was recorded, where M represents the eltsMg, Ti, and Fe. A higher ratio of:nim

is required for the reaction to proceed to the trigh written as compared to Eqn. 1, meaning
more ilmenite is required to produce the equivasénbunt of water. However, the trend in yield
with reaction temperature does not appear to chaigeficantly (Figure 5). There was no
indication of a secondary reduction step wherderugduces to a less oxidized state such as
TisOs (Bardi et al., 1987) supporting the literature evhistates that TiOwill only begin to

reduce when all the ilmenite present has reduckdq& Shadman, 1993).

Hydrogen pressures in the system appear to haveo-dotd effect on the reaction. Initially,
lower pressures produce the highest rates of vgatetuction at 0.54+0.08l hr? for a starting
pressure of 118 mbar. Altenberg et al.’s (1993) ehahowed that lower hydrogen pressures
equated to an increase in the equilibrium constadttherefore greater yields. However, after 1
hour, the highest rates of water production aresonea at higher pressures where the starting
pressure was 418 mbar. A model suggesting how bgdr@ressure affects reaction rate is
shown in Figure 9. There are various pathways &seg to diffuse through minerals to enable
the reduction reaction to continue to the rightvasten. Such pathways include the movement of
vacancies within the mineral structure or via moegatrthrough the interstitial structure (Watson
& Baxter, 2007). However, when reduction of theesufmenite grain occurs, the mineral

structure loses mass and voids form which facdifatrther movement of gases into and out of
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the grain (Figure 5a) as seen in Dang et al. (2@hs) Li et al. (2012). The slowing of the
reaction rate as the reaction proceeds to theiontef the grain suggests that the diffusion of
gases through the grain is the rate controlling.séebatch mode process which implements low
pressures at the start of the reaction and higtesspres as the reaction proceeds would be worth

further investigation.

Key: limenite . Rutile \/ \/ Iron O Hydrogen @ Water Low H, High H,

Pressure Pressure

Figure 9. The effects of hydrogen pressure on the reacata during the reduction of ilmenite.
a.) low hydrogen pressures initially is sufficiéatreduce the readily available surficial ilmenite,
whilst the produced water can easily diffuse awaynfthe reaction site to the cold finger. b.) as
the reaction proceeds, the low hydrogen pressuraois sufficient to penetrate through the
reaction products to react with the internal ilminic.) when the outer grain has reacted, higher

pressures are needed to penetrate through theimeaptoducts. d.) the reaction is then able to
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proceed further into the grain, however, it wilk&longer for the produced water to diffuse

away from the reaction site compared to the stathe reaction.

The ilmenite used in this work is of terrestrialgim. Terrestrial ilmenite contains ~6% e

whereas lunar ilmenite contains none and wouldefoee require more hydrogen in order to
produce equivalent quantities of water to lunareitrite. However, terrestrial ilmenite has ~2%
magnesium, compared to ~6% for lunar ilmenite & thineral structure and would therefore
react to produce more water per unit weight comgpdecelunar ilmenite (Deer et al., 1992).
Considering the small quantities of ilmenite expdcin the bulk lunar material and the
counteracting factors effecting the yield of wdtem terrestrial ilmenite to lunar ilmenite, it is

assumed that terrestrial ilmenite is a suitablexpfor lunar ilmenite in this study.

This study was performed to understand if and hatatic system of the ProSPA design could
be used to reduce lunar minerals with hydrogereiite was selected for use with the study as it
is a common lunar mineral that can be readily redubowever, this process is not expected to
produce equivalent yields with lunar regolith.H&texperimental procedure outlined in this study
were to be applied on the Moon, the yields wouldskificantly reduced. Although lunar
regolith is thought to contain as much as 20% Hyme ilmenite (Warner et al. 1978, Chambers
et al. 1995, Papike et al. 1998, Hallis et al. 20&4s thought that in the lunar highland regipns
ilmenite concentrations can be <1% by volume (Tiagloal., 2010). Other lunar minerals that
contain FeO can also be reduced, such as pyrogéume, and iron-rich volcanic glass (Allen
et al., 1994). Therefore, even if ProSPA samplghland material it should be possible to

reduce lunar minerals to produce water on the Moothe first time.

5 Conclusions
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A breadboard model of the ProSPA instrument has lseastructed and used to optimize the
ISRU experiments planned to be performed on tharlwsurface. Such experiments would
include the reduction of lunar simulants, metesritand Apollo samples, in preparation for
application on the Moon. In this study ilmeniteg@nmon lunar mineral, is used to optimize the
reaction procedure. Increasing reaction temperateselts in greater yields, where reaction
temperatures 0£1500°C result in an alternative reaction processh whe formation of
ferropseudobrookite. The results have shown thatrédduction reaction does not complete
within 4 hours at temperatures between 850 and°I10bhe samples reduced at 1000°C show a
reduction extent of 32.3+1.6 % in 4 hours with axmmum yield of 3.40+0.17 wt. % £from
~45 mg ilmenite, producing a total of 1.72+0,d%f water. The highest yields were recorded at
1100°C where the ilmenite grains undergo a subssligétaction forming ferropseudobrookite
resulting in a reduction extent of 42.0£1.7% incufs with a maximum yield of 4.42+0.18 wt.

% O,, producing a total of 2.24+0.Q8 of water.

Hydrogen concentration has varying effects on #akiction reaction when reducing ~45 mg of
ilmenite at 1000°C. Lower hydrogen pressures (1b&mequating to a ratio of 0.28:1.00my,)
showed greater reaction rates in the first houthef reaction producing water at a rate of
0.54+0.08ul hr. However, as the reaction proceeds, higher pressare required, equating to a
starting pressure of 418 mbar (equivalent to aorafi 0.99:1.00 gpnyy) resulting in a water
production rate of 0.49+0.07 hr in the fourth hour of the reaction. A ‘batch modeaction

will be considered in future work where higher grages of hydrogen are added to the system

throughout the reaction to increase the reactite ra
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Highlights:
» Demonstration of reduction of ilmenite by H, in a non-flowing system
* Proof of principle for an ISRU demonstration on the Moon

* Yieldsof upto 4.4 wt.% O, which is reasonable considering the constraints
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