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Abstract

This master thesis deals with the selection of a lunar water simulant based on the results
of dissolution experiments and the system control via LabVIEW of a related lunar water
purification system. The research questions are: What is the required composition for
a lunar water simulant using lunar regolith simulant? How can the related lunar water
purification system be controlled using a LabVIEW program?

Dissolution experiments are conducted to investigate possible contaminants of extracted
water from the lunar surface. To determine a lunar water simulant, the methodology of the
dissolution experiments and the results are described. For the dissolution experiments,
ultrapure water or buffer solution with a pH of 5.6 are tested with the lunar regolith
simulants LHS-1 and LMS-1 by Exolith Lab. This further includes lunar regolith simulant
LHS-1D in an ambient and in a nitrogen atmosphere. These results provide new insights
into the influences of pH, simulant to aqueous solution ratio, bulk chemistry, and simulant
particle size on dissolution experiments. A lunar water simulant is selected, portraying
the worst-case regarding released ions with a chosen lunar regolith simulant, simulant to
aqueous solution ratio, and aqueous solution from all conducted dissolution experiments
within the Synergetic Material Utilization (SMU) research group of the German Aerospace
Center (DLR) Bremen.

It is further investigated how to control a related lunar water purification system via a
LabVIEW program. For the lunar water purification system, the methodology, including
control technology, selected measuring instruments, and sedimentation experiments, is
explained. The results of the sedimentation experiments, the LabVIEW program and the
first test of the lunar water purification system lead to estimates of the purification ability
and optimisations of the lunar water purification system and the LabVIEW program.
These results can be used to test the lunar water purification system on Earth and to

adapt the purification system to a fully automatic application with extracted lunar water.

IT
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Chapter 1. Introduction

1 Introduction

The existence of water molecules on the Moon was explored with Stratospheric Obser-
vatory For Infrared Astronomy (SOFIA) [1]. The existence of water was then con rmed
with Lunar Crater Observation and Sensing Satellite (LCROSS) [2]. This has researchers
determined to look into further uses for lunar water as the resources brought along with
spacecrafts to the Moon are limited. The overall goal for long-duration missions, like
with the Artemis program, is to generate a sustainable infrastructure using the celestial
body's materials - in other words: In-Situ Resource Utilization (ISRU) [3]. Local ma-
terials are used for the three main tasks of ISRU: generating propellant, sustaining life
support and generating construction materials. The decomposition of wateH{O) into
hydrogen H;) and oxygen ©,) via water electrolysis provides breathable oxygen for the
life support systems, as well as hydrogen and oxygen as propellant for space vehicles [4].

Dust is still a principal limiting factor in returning to the lunar surface for missions of
any extended duration. However, viable technology solutions have been identi ed, but
need maturation to be available to support both lunar and Mars missions [5, p.1]. In the
context of ISRU the lunar dust is a critical problem for the feasibility of the water elec-
trolysis [5]. Current technologies require ultrapure water [4], while dust can contaminate
extracted water [5]. Therefore, a lItration of the extracted water is required before con-
version [5]. A ltration system for the extracted lunar water is consequently a necessary
contribution to the lunar ISRU e ort.

The SMU research group of the DLR Bremen focusses on the lunar water extraction
and water puri cation for a H,O H, O, system. It shall combine the treatment of
extracted lunar water with the recycling of water brought along a mission. The lunar
water extraction and water puri cation shall enable water electrolysis. The decomposi-
tion of water then provides hydrogen and oxygen. The project Validation of Lunar Water
Extraction and Puri cation Technologies for In-Situ Propellant and Consumables Pro-
duction (LUWEX) by the SMU research group targets this topic and has been selected
in the framework of a competition by the European Union (EU) for funding. This thesis
is part of the SMU research, which closely cooperates with LUWEX.

This master thesis deals with the selection of a lunar water simulant based on the results
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of dissolution experiments, and the system control via haboratory Virtual Instrument
Engineering Workbench (LabVIEW)program of a related lunar water puri cation system.
The research questions of this thesis are:

1. What is the required composition for a lunar water simulant using lunar regolith
simulant?

2. How can the related lunar water puri cation system be controlled using babVIEW
program?

The results can be used to test the lunar water puri cation system on Earth and adapt
the puri cation system to an fully automatic application with extracted lunar water.

To determine the possible contaminants in extracted lunar water, various dissolution
experiments with lunar regolith simulant LHS-1 and LMS-1 from theExolith Lab are
conducted. Using the results from further dissolution experiments done within the SMU
research group, a lunar water simulant is experimentally developed. This lunar water
simulant enables testing individual processes inside the ISRU process chain for water
extraction on the Moon, like the water puri cation. The lunar water simulant is then
exposed to the related lunar water puri cation system to investigate its contaminant
retention. For the system control of the lunar water puri cation system, alLabVIEW
program is presented. Lastly, possible optimisations regarding the lunar water puri cation
system structure and theLabVIEW program are given.
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2 Project Overview

This chapter gives an overview of the DLR as working environment, the SMU research
group of DLR Bremen and the LUWEX project.

2.1 DLR

The DLR consists of 55 research institutes and facilities. The DLR is present in 30
locations in Germany with over 10,000 employees. The Institute of Space Systems in
Bremen was found in 2006 and has around 140 employees. Recent, well-known missions of
the institute are the MASCOT asteroid lander and the EDEN ISS Antarctic Greenhouse.

[6]

2.2 Synergetic Material Utilization Research Group

The SMU research group is a DLR Bremen research group internally founded in 2021. It
researches and develops ISRU technologies for Moon and Mars exploration.

Figure 2.1: SMU Research Group Logo

The SMU group of the DLR is focussing explicitly on ISRU with one Ph.D. candidate
focussing on the lunar water extraction and another Ph.D. focussing on the lunar water
puri cation to develop an H,O H, O, system for the space habitats, e.g. on the
Moon. Additional support is provided by multiple students in the form of internships,
bachelor and master thesis. This thesis is written in the framework of the SMU research
group. A schematic of the shared infrastructure can be seen in gure 2.2. The shared
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H,O H, O, infrastructure combines water recycling and lunar water extraction to
minimise the water mass brought from Earth. Unpuri ed water consisting of extracted
lunar water and water from Environmental Control and Life Support System (ECLSS)

is given into the water treatment and the water recycling, which interact. Clean water

is then stored and supplies ISRU processes, ECLSS processes, and the electrolysis with
water. The products of the water electrolysis, hydrogen and oxygen, are stored and can be
used as propellant. Moreover, the products can be used for ISRU and ECLSS processes.

[7]

Figure 2.2: Schematic of theH,O H, O, Infrastructure [7, p.1]

Figure 2.3 explains the process chain of ISRU water extraction from water ice deposits
on the Moon for anH,O H, O, system. At rst the water from the water ice
deposits is extracted in the form of water vapour by heating the icy regolith. Afterwards,
the unpuri ed gaseous water with contaminants is undergoing a liquefaction process.
The liquid water is then puri ed, resulting in dirt residues and potable water for the
Life Support (LS) and puri ed water for the subsequential water electrolysis. After the
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electrolysis the hydrogen and oxygen are used for energy storage, propellant production
and life support. The hydrogen is used for energy storage and propellant production. The
oxygen is used for propellant production and for the life support.

This master thesis is part of the SMU research group and contributes information to the
puri cation and the liquefaction as highlighted with red boxes. As a water simulant with
known composition is developed it can be used to determine the functionality and quality
of a process, like the water puri cation and liquefaction by comparing results and the
Input water composition.

Figure 2.3: Process Chain of ISRU for Water Extraction on the Moon

2.3 LUWEX

LUWEX is a project by DLR, Technical university of BraunschweigLiquifer Systems
Group, Thales Alenia SpaceWroc2aw University of Science and Technologgnd Scanway
which is funded by the EU. The possibility using ISRU technology is to enable a long
stay on another celestial body for future space missions, e.g. on the Moon. This shall be
reached by extracting and purifying lunar water in preparation for hydrogen and oxygen
production via water electrolysis. Furthermore, it reaches for milestone technologies. It
is desired to design and manufacture technologies for the water extraction, liquefaction,
puri cation and storage. This can be seen on the project scope overview in gure 2.4.
The red boxes highlight to which parts of the project this master thesis is contributing
information to. The lunar water simulant which is experimentally developed in this
thesis supports developing the puri cation and the liquefaction technology. Since the
composition of the lunar water simulant is known the quality of the liquefaction and
puri cation can be determined for the technologies designed within the LUWEX project.

[6]
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Figure 2.4: LUWEX Project Scope [6, p.8]

The corresponding project schedule can be seen in gure 2.5. The project is started in
November 2022 and is funded until November 2024. It is divided into three phases: the
preliminary design, the critical design review, the validation of the design. During the
rst phase, which lasts a time period of four months, the requirements are de ned and
the preliminary design of subsystems and experiments is set. During the second phase a
detailed design is worked on, as well as manufacturing processes and the development of
icy regolith and a lunar water simulant. This critical design review phase has a duration
of 13 months. During the third phase, which lasts seven months, the technology validation
campaign and an evaluation of the experiments shall be nished. The design is validated
and an investigation regarding future terrestrial and space applications shall be done.
This master thesis is contributing information for the rst and second phase, highlighted

in red. [6]

Figure 2.5: Project Schedule of LUWEX [6, p.10, with additional text]
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3 Theoretical Background

Chapter 3 presents the theoretical background of the thesis. The properties of the lunar
environment are described rst, focussing on lunar regolith, lunar regolith simulant, and
the existence of water on the Moon. Next, each process of the process chain of ISRU water
extraction is explained. Additionally, the water electrolysis and state-of-the-art ISRU
electrolysis technologies are highlighted. The state-of-the-art of dissolution experiments
is presented lastly.

3.1 Lunar Environment

Within the following section the lunar environment is outlined regarding regolith and wa-
ter occurrence. The lunar regolith, its properties and its composition, and the properties
of lunar regolith simulant are described. Lastly, the existence of water on the moon is
described. This information helps to understand the possibilities of regolith simulant and
the di culties in simulating the lunar environment.

3.1.1 Lunar Regolith

Lunar regolith is the grey, clastic, ne-grained4 m to 15 m thick layer of unconsolidated
solid material covering the bedrock of the Moon. The lunar regolith particles have irreg-
ular and jagged shapes. The average particle size on the Moorbisn [8]. This makes
them a risk to human health and mechanical equipment. Concerning human health, the
particles are respirable and their sharp edges are dangerous. Those characteristics cause
damage to DNA of e.g. neuronal and lung cells, which may lead to cancer [9]. Concern-
ing mechanical equipment, they can cause clogging, scratching, and wear and tear. This
results in a hindrance of processes up to functional failure. On Earth particles are shaped
round naturally over time due to erosion of wind and water. The regolith is not exposed
to natural erosion processes wearing the particles down due to a lack of atmosphere. ([10];
[11])

The Moon can be divided into highland and mare regions. The mare regions are dark
grey areas on the lunar surface, mainly found on the side of the Moon facing the earth,
and make up20 % of the lunar surface. The mare regions consist of mostly volcanic
rocks and are consequently relatively young compared to the highland regions. During
impacts craters are formed and in a volcanic episode then lled with magma. Because
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the Moon's crust is thicker on the side facing the Earth, it is more di cult for magma to
permeate the lunar mantle there. The name "mare" comes from the fact that centuries
ago people saw the darker areas, which characterise the mare regions, and thought of
them being seas of water. Highland regions are light grey areas on the moon which are
cratered and mountainous and make up the remainin§0 % of the lunar surface. They
consist of calcium- and aluminium-rich feldspars, which is a mineral group also existing
on Earth. In the mare regions the regolith is generally aboud 5 m thick and in the
highland regions aboutl0 15m. In picture 3.1 an example of the highland and mare
region is given. ([12]; [13]; [10])

Figure 3.1: Picture of the Moon with Highlighted Highland and Mare Region, Image Credit:
NASA/GSFC/Arizona State University

Lunar regolith is clastic - lunar regolith particles are formed due to impacts melting and
crushing regolith particles. The types of particles are agglutinates, impact glasses, ropy
glasses, shocked minerals, and spherules. Agglutinates make up 60 to 70 % of the lu-
nar regolith. The impact of a micrometeorite melts regolith, which forms agglutinates.
They form irregular cluster and are particles bond together due to impact-melted glass.
A picture of an agglutinate can be seen in gure 3.2. Due to its forming process it can
only be found on planets without an atmosphere, like the Moon. Its diameter size is
millimeters down to sub-microns. Additionally, ne metallic iron droplets can be found
inside agglutinates. ([14]; [10])
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Figure 3.2: Scanning Electron Photomicrograph of Doughnut-Shaped Agglutinate (NASA Photo
S87-38812) [10, p.296, without picture numbering]

Impact glasses make up approximately 3-5% of lunar regolith. They can be characterised
as small beads or as irregular glass pieces. They are created during an impact melting
glasses together.

Ropy glasses are distributed throughout lunar regolith. They occur as twisted glasses and
are therefore distinctive. Regolith grains are enclosed inside them. A picture of a ropy

glass can be seen in gure 3.3. [10]

Figure 3.3: Scanning Electron Micrograph of Ropy Glass from Apollo 12 Sample 12033 (NASA
Photo S71-24593) [10, p.303, without picture humbering]

Shocked minerals are formed by mineral metamorphism. This conversion is caused by
shock waves during impacts [10].

Volcanic glasses can be recognised by their uniform chemical composition. Additionally,
the surface is coated by volatile elements, and siderophile elements are absent. The most
common volcanic glasses are green and orange glass spherules. A picture of an orange
spherule can be seen in gure 3.4. Spherules can be formed when melt, caused by an
impact, or lava is thrown up and solidi es before it hits the lunar surface. ([10]; [14])
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Figure 3.4: Scanning Electron Micrograph of Volcanic Glass from Apollo 17 core 74001/2 [10,
p.303, without picture humbering]

With a few exceptions, the minerals found on the Moon can be also found on Earth.
Minerals are de ned by four properties. A mineral occurs naturally and has a chemical
composition that does vary within a de ned range or not vary at all. It has a crystalline
structure and a mineral can be mechanically separated from other minerals. Glasses on
the other hand are solids but do not have a crystalline structure, but may have a similar
compositions to minerals. The lunar minerals can be divided into ve types: silicate
minerals, oxide minerals, sul de minerals, native iron, and phosphate minerals. For this
thesis pyroxene, plagioclase feldspar, olivine, glass-rich basalt, anorthosite, and ilmenite
are relevant, further minerals are not considered. [10]

Pyroxene, plagioclase feldspar, and olivine are silicate minerals. Pyroxene with the chem-
ical formula (Mg; Ca; Fe)SiO;z is the most chemically complex silicate within lunar re-
golith. Plagioclase feldspar is de ned adNaAlSi;Og to CaAl,Si,Og. Olivine with the
chemical formula(Mg; Fe),(SiO,) is a silicate mineral in an olive colour.

Glass-rich basalts contain mostly silicate minerals.

Anorthosite is described asCaAl,Si,Og and contains mainly plagioclase feldspar.

llImenite is an oxide mineral with the formulaFeTiO;. It makes up the largest part of
oxide minerals within lunar regolith and is a black, opaque mineral. [10]

3.1.2 Lunar Regolith Simulant

Since regolith samples from the Moon are rare while the demand is high for research
and testing, companies on Earth have made it their mission to provide materials with
similar properties as the regolith found on the Moon. These materials are called regolith
simulants. The regolith simulant preparation is done using materials of terrestrial origin.
To get the desired composition, crushing and mixing of minerals is varied depending on
the simulated surface region of the Moon. These simulants are generated for various
planets, as well as asteroids and comets.

The companyExolith Lab provides lunar regolith simulants for the mare and the highland

10
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region and a global lunar simulant. These vary in composition and particle size, from
larger particle sizes -1000 m - down to dust particles -< 0:04 m . For this thesis the
dissolution of ions is investigated with experiments with the lunar mare simulant LMS-
1, the lunar highland simulant LHS-1, and the lunar highland dust simulant LHS-1D.
According to a test of di erent lunar simulants done by theHopkins University, the lunar
regolith by Exolith Lab shows a good match to real lunar regolith [15]. The regolith
simulant test evaluated bulk chemistry, production and post-testing [15].

3.1.3 Water Occurence on the Moon

In 1961 the existence of water ice in the coldest places on the Moon was rst proposed
by Watson et al. ([16]; [17]). These coldest places on the lunar surface are found within
a Permanently Shadowed Region (PSR) which is characterised as an area where sunlight
never reaches ([16]; [18]). Consequently these areas are often found at the oor of a lunar
crater [18], which mainly occur on the south pole of the Moon. During the LCROSS
mission a rocket struck a PSR inside a south pole crater, ejecting debris, dust, and vapour
[2]. A second spacecraft analysed the debris and the vapour con rming the existence of
water vapour inside the ejected material with an estimated water concentration in lunar
regolith of 5:6  2:9 % by mass [2]. The existence of water was further supported by the
SOFIA mission detecting water ice at the polar PSR [1]. According to SOFIA's and the
Moon Mineralogy Mapper's M(3) observations, water can be found as structurally bound
as hydroxyls on the lunar surface, or trapped inside glasses on the lunar surface, or as
molecular water inside the lunar regolith inside a PSR ([19]; [20]; [21]; [17]). The water
ice detection results from the Moon Mineralogy Mapper comparing north and south pole
can be seen in gure 3.5.

11
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Figure 3.5: "Distribution of water-ice-bearing pixels (green and cyan dots) overlain on the Di-
viner annual maximum temperature for the (A) northern- and (B) southern polar
regions. lce detection results are further Itered by maximum temperature (<110 K),
LOLA albedo (>0.35) [22], and LAMP o and on band ratio (>1.2, only applicable
in the south) [23]. Each dot represents an M (3) pixel, 280 mO 280 m." [18, p.5]

The overall favoured hypothesis is that water is present as water ice in permanently
shadowed regions in craters on the Moon in relatively high quantities ([2]; [24]; [17]).
The structure of water ice and the lunar regolith is only partly investigated, possible
structures can be seen in gure 3.6. This artwork is done by th€olorado School of
Mines, a university dedicated to engineering and applied science, including the study of
terrestrial and extraterrestrial minerals. Prof. Angel Abbud-Madrid, the director of the
center of space recources of théolorado School of Mineds also part of the LUWEX
external advisory board.
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Figure 3.6: Possible Structures of Regolith and Water on the Moon [6]

Multiple laboratory-based studies have led to the hypothesis that the Moon contains water
under its surface, some even suggest underground water reservoirs ([25]; [26]; [27]; [17]).
The lower end of the estimated amount of water on the Moon is 600,000,000,000 kg [28].
This estimation was made by NASA with the radar data from Chandrayaan-1 [28]. Since
the Artemis mission started, the scienti c community hopes to gain knowledge about the
actual water composition of regolith on the Moon [29]. The suspected amount of water
is a reason for the Artemis mission's destination: thirteen landing sites are currently
candidates for the lunar landing of Artemis Ill, with each of them being located within
six degrees of latitude of the lunar south pole [29].

While the origin of water on the Moon is unclear, possible origins are asteroids, comets,
volcanism and solar wind ([30]; [31]).

3.2 Process Chain of ISRU Lunar Water Extraction

In this section the process chain of ISRU for water extraction on the Moon is explained
- including water extraction from the lunar surface, water capturing, water liquefaction,
water puri cation and water electrolysis, water classi cations and ISRU water electrolysis
technology.

13
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3.2.1 Water Extraction and Liquefaction

To extract liquid water from the icy lunar regolith, the water needs to be thermally
extracted, in the form of vapour from the regolith, captured and lique ed.

Liu et al. proposed a thermal method combined with a drill for water extraction from
icy lunar regolith. A drill apparatus was developed, where the hollow drill rod could be
heated and then guides water vapour from the icy regolith through its hollow interior
to a water capturing system. A test in a pilot-scale unit was done on Earth, including
all process steps of water extraction consisting of drilling, heating, water evapouration,
condensation and collection and was successfully performed on Earth. [32]

Kiewiet et al. simulated two methods of lunar water extraction, an in-situ extraction
and an excavated extraction. They were simulated with alternating parameters, like
heating power, water weight percentage in regolith, power density, in order to determine
the accessibility, lifetime, complexity, reliability, development cost, and robustness of the
extraction methods. A schematic of these methods can be seen in 3.7. The in-situ
extraction device was simulated to be put directly onto the regolith. It was designed with
a heated dome and a surface heater or heating rods which were designed to be placed into
the regolith. For the excavated extraction the regolith was simulated to be lled into a
crucible by an excavator and heated to evapourate the water. [33]

Figure 3.7: Schematic of Water Extraction Methods Proposed by Kiewiet et al. [33, p.2]

After the simulation and comparison of the methods the excavated method was stated
to perform best due to its closed and insulated system. Additionally, the losses of this
method were expected to be much lower than with the in-situ method. Even though the
excavated extraction was characterised as more complex and with a lower lifetime than
compared methods it had a better accessibility to the product, the water vapour. [33]
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