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A B S T R A C T

The oxide-rich lunar surface regolith can be used to extract the oxygen needed for the future of lunar
exploration efforts as a consumable for life-support systems and spacecraft propulsion. Various techniques
for the extraction of oxygen have been developed already, with solar vapor-phase pyrolysis shown to be
a promising yet understudied approach. In contrast to other techniques, it requires only locally available
resources, such as unbeneficiated regolith, sunlight, and vacuum in order to liberate oxygen and oxygen-bearing
molecules. This study presents experimental work conducted in a purpose-built solar-vacuum furnace showing
the evaporation of sodium and iron from a regolith simulant sample and their deposition on the crucible
surface. This is matched by the thermochemical equilibrium modeling done in FactSage, which analyzes the
process at varying pressures down to ultra-high vacuum. It highlights the need for precise temperature and
pressure control, as well as the impact of regolith composition on oxygen dissociation for an efficient extraction
of molecular oxygen.
1. Introduction

The lunar surface environment can yield a wealth of resources suit-
able for lunar surface exploration and missions eventually progressing
beyond lunar orbit. In the context of human spaceflight, the focus of
ISRU (In-Situ Resource Utilization) has been on extracting oxygen, a
valuable product for life-support systems and an important consum-
able for spacecraft propulsion. Multiple oxygen extraction techniques
have been studied and developed to different levels of technological
readiness [1–3]. The focus of this study is solar vapor-phase pyrolysis
f lunar regolith simulant, which remains a promising if understudied
pproach, with a lower technology readiness level compared to other
echniques that have been developed in recent years. In principle, solar
yrolysis has the potential of using only locally available resources,
amely lunar environment vacuum, regolith, and sunlight for thermal
eduction of regolith constituents without requiring any consumables
r significant amounts of electricity. This study aims to show that
olar vacuum pyrolysis could be further developed as a viable oxygen
xtraction technique, as well as being a tool for vacuum distillation of
ther elements present in the regolith.

. State of the art

Pyrolysis requires regolith of any composition and a heat source,
hich can be provided by electric resistive, inductive, or microwave
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E-mail addresses: rok.sesko@tum.de (R. Šeško), aidan.cowley@esa.int (A. Cowley).

heating. In contrast to electric heating, which requires high-power
electricity generation on the Moon, regolith can also be heated di-
rectly by concentrated sunlight. Such a reactor would likely require
less infrastructure [4–7] while being able to reach temperatures on
the order of 2000 K [8,9]. These temperatures are sufficient for full
or partial reduction of regolith in a rough vacuum. The dissociation
temperature, where regolith oxides are reduced is known to fall with
lower pressures [10]. These lower process temperatures in the high
vacuum range present on the lunar surface should be beneficial for
lower energy consumption and thermal loads on a pyrolysis reactor.

Shaw et al. [11] proposed pyrolysis of regolith at even lower pres-
sures and temperatures, predicting thermal decomposition of regolith
in the range of 1100 K at pressures of 10−12 mbar. Shaw [12] also
demonstrated thermal decomposition by sublimation of Na and K from
the LMS-1 lunar regolith simulant [13]. The process at these conditions
lies in the sublimation regime, where evaporation and dissociation
of oxides occur from solid regolith, instead of a molten state. Py-
rolysis in this regime is too slow for industrial applications [11,12].
High throughput pyrolysis reactors should benefit from higher reaction
kinetics at higher pressures and temperatures (>1300 °C) [11,12].

Experimental studies of solar pyrolysis have previously been per-
formed at higher pressures and above the liquidus temperature to
vailable online 17 August 2024
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target the higher reaction kinetics in that region. Proof of principle
work was performed by Sauerborn [14] at the German Aerospace
Center’s (DLR) solar furnace [15], heating the regolith simulant JSC-
1A [16] and simple oxides to temperatures of 1300 °C to 1500 °C at
ressures of 10−5 mbar to 10−4 mbar. These activities have qualitatively
emonstrated oxide dissociation and oxygen production. A second
tudy was performed by Matchett [10] using a smaller Fresnel lens solar
oncentrator. It demonstrated the reduction of several simple oxides
nd Minnesota lunar simulant MLS-1 [17] with experiments performed
etween 10−4 mbar and 1mbar and temperatures of 900 °C to 1900 °C.
These past studies present proof that the underlying concept of solar

vapor-phase pyrolysis is feasible, but leave considerable pressure and
temperature ranges to be characterized in terms of process behavior
and, ultimately, engineering performance.

3. Methodology

Dissociation conditions throughout a more extensive pressure range
of 10−8 mbar to 103 mbar are studied in this work through thermochem-
ical equilibrium modeling. Initial experimental work on a dedicated
solar vacuum furnace is presented along with experimental results in
the pressure range between 10−5 mbar and 10−2 mbar.

3.1. Thermochemical modeling

Understanding the temperature–pressure dependence of pyrolysis
and its products is vital for its study, development, and optimization.
To calculate the amounts of oxygen produced from regolith at different
pyrolysis conditions, thermochemical equilibrium calculations were
performed at discrete constant temperature and constant pressure con-
ditions. A similar approach to Shaw et al. [11] was taken by using Gibbs
free energy minimization computation in the FactSage 8.1 software
package [18].

Computation of thermochemical equilibria in FactSage relies on
extensive databases of thermodynamic data for multicomponent sys-
tems. Properties of complex multicomponent systems are computed
in FactSage by evaluation of several two or three-component systems
through Gibbs free energy minimization [18–20].

The calculations presented in this work are in an assumed steady-
state condition and do not take the reaction kinetics of pyrolysis into
account, which are considerably slow relative to high-temperature
reactions, as noted previously in literature [6,11,12].

The following assumptions were made for the thermochemical cal-
culations:

• The system is assumed to be at chemical equilibrium. All reactions
with slow reaction kinetics have been completed.

• Material composition is homogeneous and has no local differ-
ences. All compounds, atoms, or molecules can interact with each
other and achieve the lowest possible energy state.

• The regolith sample does not contain any volatile material that
would outgas at modeled temperatures or change the thermal or
chemical behavior of the sample.

• The heating of the sample is homogeneous.
Even with these boundary constraints and assumptions, these calcu-

lations highlight the pressure and temperature regions, which have the
highest potential for oxygen extraction.

3.1.1. Modeled regolith compositions
Three regolith compositions and one regolith simulant composition

(Table 1) were used in thermochemical simulations. They were selected
to cover the most typical lunar regolith compositions. The Luna sample
24999, the Apollo sample 64501, and the Apollo sample 70051 were
selected as the regolith compositions. According to Papike et al. [21],
samples 24999 and 64501 are ‘‘pure’’ representations of a Mare and
216
Table 1
Regolith and regolith simulant geochemical compositions in % by weight used for
thermochemical simulations. Oxide fractions are taken from [21] for 24999 and 64501,
[22] for 70051, and [24] for EAC-1A.
Oxide 24999, Mare 64501, Highland 70051, High-Ti Mare EAC-1

SiO2 44.61 45.42 43.22 44.41
FeO 20.83 4.49 12.70 0.00
MgO 10.97 4.39 10.55 12.09
CaO 10.87 16.77 11.78 10.98
Al2O3 10.77 27.85 16.08 12.80
TiO2 0.99 0.45 5.21 2.44
Cr2O3 0.42 0.08 0.00 0.00
MnO 0.28 0.06 0.15 0.20
Na2O 0.23 0.40 0.25 2.95
K2O 0.02 0.09 0.07 1.32
Fe2O3 0.00 0.00 0.00 12.20
P2O5 0.00 0.00 0.00 0.61

Total 99.99 100.00 100.01 100.00

Highland regolith composition, respectively. These two samples have
also been used in the previous thermochemical simulations by Shaw
et al. [11]. The Apollo sample 70051 [22] was chosen as a high-
titanium regolith sample to compare its behavior to the low-titanium
Mare sample 24999. It is not the highest titanium-content sample, but
it is an overall interesting sample for ISRU investigations, as proposed
by Hill et al. [22] because it is a mixture of soils from a large area of
the Apollo 17 landing site. The final modeled composition is the EAC-
1A lunar regolith simulant [23] with chemical composition data from
Alvarez [24].

3.1.2. Range of modeled reactor conditions
The results given by FactSage are discrete equilibrium points on a

grid of pressures from 10−8 mbar to 103 mbar and temperatures from
298K to 3773K. Upper and lower pressure bounds were chosen be-
tween Earth’s atmospheric pressure of 103 mbar and 10−8 mbar which is
one order of magnitude less than the proposed pressure of 10−7 mbar for
lunar operations of a vapor-phase pyrolysis reactor by Cardiff et al. [25]
and two orders of magnitude less than the empirical experiments
presented in this work. This covers the range of interest for investi-
gating pyrolysis behavior in vaporization and sublimation ranges, as
well as the lowest initial pressures of 10−8 mbar to 10−7 mbar reached
in the presented experimental reactor before solar illumination. The
upper-temperature limit of 3773K was chosen to capture the complete
vapor phase transition of all modeled pressures with margin. At this
temperature only the highest modeled pressure of 103 mbar does not
reach full vaporization but only a gas fraction of 99%.

3.2. Experiment

To demonstrate the process and produce data for comparison with
the model results, vacuum pyrolysis experiments using EAC-1A re-
golith simulant [23] were performed in a purpose-built small-scale
high-vacuum solar furnace [26].

3.2.1. Experimental setup
The experimental setup (see Fig. 1) consists of a vacuum chamber

and an optical system, which is used for the concentration of sunlight
into the vacuum chamber to heat the regolith sample. The optical
system consists of two mirrors: a pivotable heliostat used to redirect
the solar rays horizontally and a fixed mirror at 45◦ that redirects
the horizontal rays along the vertical axis and into a Fresnel lens.
The optical system can rotate along the vertical axis to follow the
azimuth angle of the Sun. The horizontally positioned Fresnel lens
focuses the light through a quartz glass window (CF DN 100 window
with a 98.6mm aperture diameter) and onto the surface of the regolith
sample in an alumina crucible inside the vacuum chamber (see Fig. 2).

While the sunlight is heating the sample, the temperature of the regolith
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Fig. 1. Schematic of the experimental setup.

urface is measured using an IR camera looking through the quartz glass
indow. The pressure of the vacuum chamber is also monitored using
ressure sensors mounted on the chamber.
The pressure was monitored at the exit of the vacuum chamber (see

chematic in Fig. 1). The temperature measurements were performed
by an Optris PI 1M infrared camera placed on a tripod on the side of
the Fresnel lens and looking down in the chamber through the solar
window. This infrared image of the crucible was analyzed through the
Optris PIX Connect software and the maximum temperature with an
emissivity of 0.98 was extracted and used as a reference temperature
for the process.

3.2.2. Experimental procedure
A solar experiment campaign lasted for two full days. The first day

allowed the system to reach ultra-high vacuum (UHV) and the second
day was used for exposure of the sample to the concentrated sunlight.

During an experiment, a 10 g EAC-1A simulant sample was placed
in an alumina ceramic crucible and then moved inside the vacuum
chamber. The chamber top was then sealed with a copper gasket
and the quartz glass viewport. The vacuum pumps were turned on to
decrease the pressure down to approximately 10−5 mbar. Then, all the
217
vacuum channels (pipes and chamber) were heated externally through
electrical heating pads to around 180 °C. An internal heater heated
the bottom of the crucible directly, allowing the regolith simulant
to reach temperatures above 400 °C. This removed potential volatiles
accumulated due to adsorption under atmospheric conditions. After 5 h
under these conditions, the heaters were turned off while the pump was
left running until the next morning.

On the subsequent day, the vacuum pump was temporarily switched
off for the transport of the setup outside for the solar exposure. Mea-
sured total solar irradiance during the exposure was 860Wm−2 to
960Wm−2 using a local sensor and 825Wm−2 to 903Wm−2 based on
data from the German Meteorological Service (DWD) [27]. The Fresnel
lens’ cover was then removed and the solar tracking was performed
manually and adjusted every 5 min. The vacuum pumps were operating
during the total duration of the exposure.

During the exposure, vacuum pressure measurements oscillated
from 10−7 mbar to 10−2 mbar while the surface temperature of the
regolith sample reached in range of 1750K to 1900K. These combi-
nations of pressure–temperature can then be used as inputs for the
thermochemical modeling in order to predict the species that were
pyrolyzed during the experiment.

4. Results and discussion

4.1. Modeling

The results of the thermochemical calculations provide data on
solid, liquid, and gas compounds that exist at chosen equilibrium
conditions and their thermodynamic properties. This study focuses on
the produced oxygen, therefore, the amounts of oxygen and other gases
are analyzed in order to obtain an understanding of oxygen evolution
from regolith throughout a pressure range of 10−8 mbar to 103 mbar and
a temperature range of 273K to 3773K. Oxygen is produced mainly in
the vapor phase transition, which can be observed in Fig. 3. It shows
the fractions of solid, liquid, and gas phase at different equilibrium
points for the Mare (24999) composition. The other three regolith
compositions have also been computed and exhibit qualitatively similar
behavior with slight differences in melting and vaporization tempera-
ture. All figures in this work show the Mare composition unless noted
otherwise. The differences between compositions will be described in
the discussion of results.

To discuss regions of interest in the model data, it is valuable to
look at the fractions of solid, liquid, and gas components, as shown
in Fig. 3. The solid phase exists for the whole pressure range below
1350 K except for pressures below 10−5 mbar, where vaporization or
sublimation begins below 1300K. Vaporization is used in the following

text when referring to boiling and evaporation or sublimation.
Fig. 2. Optical system of two mirrors and a Fresnel lens on the left; window of the vacuum chamber on the right.
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Fig. 3. Fraction of solid (a), liquid (b), and gas (c) throughout the parameter space of FactSage calculations for the Mare (24999) composition.
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Above this pressure threshold of approximately 10−5 mbar and until
the top of the pressure range, a melting phase transition can be
observed between 1350K and 1530K. Subsequently, a liquid state
(Fig. 3b) can then be observed until we reach the large pressure-
ependent vaporization curve boundary spanning approximately 1500K
o 3500K. For instance, the onset of vaporization is seen at approxi-
ately 1800K for the pressure of 10−3 mbar and at 2100K at a pressure
f 10−1 mbar.
The vaporization temperature decreases as pressure decreases until

he vaporization regime crosses the melting temperature range between
400 K and 1500 K. Below that intersection on the pressure axis,
he sublimation of solid material directly to gas can be observed
ue to the lack of a liquid phase between solid and gaseous phase
ractions. Pyrolysis in this sublimation region was proposed previously
y Shaw et al. [28]. It might provide easier post-reduction handling of
olid particles instead of the solidified melts. Additionally, the lower
emperature requirements for the pyrolysis reactor would be advanta-
eous. These calculations indeed show pyrolysis occurring at relatively
ow temperatures just below the melting range for pressures below
0−5 mbar. Due to the abstraction level of this modeled regolith state,
ctual sublimation in a real reactor cannot be assumed. Shaw [12,
9] noted that the FactSage calculation results for vapor pressures of
sublimated material vary significantly from the measured data. Above
the vaporization temperature range, only the gas phase can still be
observed in Fig. 3c.

.1.1. Gas evolution
Different oxides present in regolith dissociate at distinct tempera-

ures, resulting in the production of specific gasses at particular temper-
tures during the vapor transition. To gain insight into the gas evolution
nd its dependency on temperature and pressure, the composition of
roduced gas is presented in Fig. 4. Fig. 4a shows gas evolution as
mass fraction of initial bulk regolith, and Fig. 4c shows the gas
volution as a mass fraction of total produced gas at 10−5 mbar for each
emperature.
Similar gas evolution can be observed at other pressures with a

hifted temperature range, where the shift follows the vapor phase
ransition as shown in Fig. 3b. Figs. 4b and 4d show the gas evolution
t 1mbar which is qualitatively similar to the evolution at 10−5 mbar,
nly shifted approximately 800 K higher. Notably, sodium and iron
epresent a larger fraction of the gas phase in the 10−5 mbar case at 1373
and 1563 K, respectively. The evaporation of sodium and potassium
ccurs at slightly higher temperatures, closer to those of iron and silicon
218

n the latter case. Therefore, it is not clearly visible in Fig. 4d since o
hey represent a smaller fraction of gas in comparison to other species
ith more initial mass, e.g. Fe, Si, Mg, and O. Some minor gas species
e.g. TiO2 and CrO) were left out of the figure for clarity since they do
ot contribute significantly to the gas quantity.
The oxides contained in regolith dissociate in the following order:

a2O, K2O, FeO, SiO2, MgO, CaO, CrO2, TiO2, and Al2O3. This order
ligns with results from the literature [10,28] and with results obtained
ith the experimental setup. High amounts of Na and K as well as traces
f Fe and Si are observed on the crucible surface (via EDX, Fig. 15),
hich are precisely the species expected to appear towards the lower
art of pyrolysis temperatures.

.1.2. Oxygen yield
Oxygen yield is the critical parameter for the development of the

rocess, defined as the mass of the product divided by the mass of
aw regolith feedstock [30]. It is important to define the yield for
olecular oxygen O2 and atomic oxygen production separately instead
f a combined O2 and O production since atomic oxygen can recombine
nto O2 or aggressively react with reactor hardware and other suboxide
pecies, which can be detrimental to the reactor or the final oxygen
ield [10]. Therefore, O2 and O yields are studied separately here. How
hese values are used further needs to be defined based on the gas
rocessing steps after pyrolysis and a real reactor design, which are not
part of this work. Molecular oxygen (O2) yield is shown in Fig. 5a. The
ighest values for each discrete pressure are called peak yields in the
ollowing sections. Peak yield drops off towards the higher pressures
here the peak yield only reaches up to 10% for a given temperature.
Atomic oxygen (O) yield, shown in Fig. 5b, increases from nearly

% at the temperatures where O2 yield peaks to values above 40%. At
ull vaporization and dissociation of oxides, all of the oxygen present
n the initial regolith is in an atomic state. The transition from 0%
o 25% O yield roughly follows the vapor phase transition. There is a
econd transition visible from approximately 25% to 40%. This can be
ttributed to the dissociation of gaseous SiO, which is the last suboxide
o dissociate to Si and O. This can be seen in Fig. 4a, which shows the
omposition of the gas phase for different temperatures at 10−5 mbar.
bove approximately 2700 K a decrease in the weight of SiO and
n increase in Si and O can be seen. This dissociation of suboxide
pecies that occurs in the gaseous state is likely not relevant for this
rocess because the gas in a real reactor is not heated at a rate that
ould increase its temperature significantly above the vaporization
emperature of the melt.
Three derived yield parameters are recognized as relevant for the
ptimization of the process with regard to pressure and temperature



Acta Astronautica 224 (2024) 215–225

219

R. Šeško et al.

Fig. 4. Mare (24999) regolith dissociation: gaseous species mass as a fraction of initial regolith mass at 10−5 mbar (a) and at 1mbar (b); gaseous species mass as a fraction of
total gas mass at 10−5 mbar (c) and at 1mbar (d). Major species visible in each plot are labeled for improved readability in addition to the legend. Minor species with a maximum
fraction below 2.5% in all of the plots are omitted from all for clarity.

Fig. 5. Oxygen yield from FactSage calculations for the Mare 24999 composition: (a) molecular oxygen, (b) atomic oxygen. Lines mark the full vaporization temperature (𝑇𝑣𝑎𝑝𝑜𝑟)
and the temperature of the maximum O2 yield (𝑇𝑂2 ,𝑚𝑎𝑥).
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Fig. 6. Molecular, atomic, and combined oxygen yield at the full vaporization temper-
ture (𝑇𝑣𝑎𝑝𝑜𝑟) and at the temperature of the maximum O2 yield (𝑇𝑂2 ,𝑚𝑎𝑥).

onditions. The first and most conservative is the peak O2 yield for
ach pressure. Additionally, the peak atomic oxygen (O) yield for each
ressure can also be considered on its own or combined with molecular
xygen as the combined peak oxygen (O2 + O) yield. Both these
arameters can be analyzed at two relevant temperature conditions
or each pressure. The first is the temperature where the peak O2
ield occurs (𝑇𝑂2 ,𝑚𝑎𝑥). The second is the temperature where 99% of the
elted material is in a gaseous state (𝑇𝑣𝑎𝑝𝑜𝑟).
A comparison of the described yield values of O and O2 is shown in

ig. 6 for all of the modeled pressures. The molecular oxygen yield can
e considered the conservative yield estimate, while the combined peak
xygen is the best-case estimate, which depends on the pathways for
he utilization of atomic oxygen. If further processing of atomic oxygen
s possible, pressures above 10−3 mbar show higher yield at lower
temperatures. The combined oxygen yield at 𝑇𝑂2 ,𝑚𝑎𝑥 nearly reaches the
alues of the combined yield at 𝑇𝑣𝑎𝑝𝑜𝑟. The lower temperature might
e attractive due to the lower temperature and power requirements for
he reactor. All yield data at 𝑇𝑣𝑎𝑝𝑜𝑟 in Figs. 6 and 7 is shown only up to
02 mbar due to incomplete vaporization of regolith in calculations at
he highest pressure data point of 103 mbar.

.1.3. Comparison of regolith compositions
Another consideration in this study is the difference in oxygen

ield across the four regolith compositions analyzed. Fig. 7 shows the
yields for the combined oxygen yield at 𝑇𝑣𝑎𝑝𝑜𝑟 and 𝑇𝑂2 ,𝑚𝑎𝑥, and the
peak molecular oxygen yield for each pressure (O2 yield at 𝑇𝑂2 ,𝑚𝑎𝑥).
In the case that both molecular and atomic oxygen are usable for
further processing steps, the highland regolith compositions show the
most potential at the vapor temperature (Fig. 7a), while Low-Titanium
Mare (24999) and High-Titanium Mare (70051) compositions show
lower yields. On the other hand, Mare compositions show better yield
across the analyzed pressure range in the case where only molecular
oxygen is of use for further processing (Fig. 7c). Low-Titanium Mare
is, in this case, superior to the High-Ti Mare since the Ti-bearing
minerals dissociate only at higher temperatures, while the oxides with
lower pyrolysis temperatures FeO, SiO2, and MgO are responsible for
molecular oxygen production in the low-temperature range.

4.1.4. Oxygen production in comparison to literature
The thermochemical modeling of the different gas species at dif-

ferent temperatures is consistent with a previously developed model
220

by Shaw et al. [28] with a comparison between the evolved gas C
Fig. 7. Oxygen yields for four different regolith compositions (Mare 24999; Highland
64501, High-Ti Mare 70051, EAC-1A): (a) combined O2 and O yield at full vaporization
temperature 𝑇𝑣𝑎𝑝𝑜𝑟; (b) combined O2 and O yield at full vaporization temperature 𝑇𝑣𝑎𝑝𝑜𝑟;
(b) O2 yield for temperature 𝑇𝑂2 ,𝑚𝑎𝑥 where O2 yield is maximized for each pressure.

compositions made in Šeško [26]. The dissociation behavior can also
be compared with the calculations done by Matchett [10]. The or-
der of dissociation of the species is very similar, with one slight
difference. MgO is shown to dissociate before SiO2, although the dis-
sociation ranges are heavily overlapping in both studies. This can
potentially stem from the use of a different regolith composition (av-
erage composition of the Apollo 15 samples) for the calculation in
Matchett [10].

A comparison of equilibrium oxygen yields with values from lit-
erature is given in Table 2 . Pyrolysis can be divided into two ma-
or categories: low-temperature pyrolysis (2000–2200 K), and high-
emperature pyrolysis (>2500 K), according to Senior [6]. In the low-
emperature range, O2 is produced mostly from FeO, SiO2, and MgO,
which is consistent with the stated pyrolysis behavior in Senior [6] and
Matchett [10]. Maximum O2 yields given in Senior [6] for the low-
emperature range are given as 16% and 20% for highland and mare
oils, respectively. Maximum yields calculated in this work lay between
% and 14% for highland and mare soils, respectively. These yields are
pproximately 30% lower compared to the values stated by Senior [6]
ut similar to the values from Matchett [10].
Based on this work and Shaw [28], the low-temperature range can

dditionally be separated into the sublimation regime and the melting
egime, where the first is shown to produce the highest peak yields
f 14% below 10−6 mbar (Fig. 7c). The highest yields in the melting
egime reach slightly lower peak yields on the order of 12% to 13% at
0−5 mbar.
The high-temperature range during the dissociation of Al, Ti, and

a oxides primarily shows production of atomic oxygen instead of
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Table 2
Equilibrium yield of molecular oxygen reported in the literature in comparison to values calculated in this work.
Source O2 yield Composition Temp. range Comments

[4,5] 20% unclear ∼3000 K O2 dissociation neglected
[6] 16% Highland 2000–2200 K

Lower estimate of atomic oxygen[6] 20% Mare 2000–2200 K
[6] 35% Highland >2500 K
[6] 25% Mare >2500 K
[10] 10%–15% Mare 1800–2100 ◦C /

1300–1400 ◦C
Separate yield values for the two
ranges not given

This work 9%–14% Mare, 24999 1500–3700 K Continuous data throughout the
range, including sublimation.
Yield decreases with temperature.

This work 7%–9% Highland, 64501 1500–3700 K
This work 8%–12% Mare, 70051 1500–3700 K
Fig. 8. Crucible with the regolith sample after concentrated solar exposure. Solidified
melt is marked (A), condensate on the crucible wall (B), and the rest of the non-melted
regolith (C).

molecular oxygen, as shown in Fig. 4a. This contradicts the higher
2 yield reported for high-temperature pyrolysis in Senior [6], which
oes not account for oxygen dissociation. Fig. 7c shows a tendency for
eak O2 yields to fall from high yields below 10−5 mbar towards higher
ressures and higher temperatures (see Table 2).

.2. Experimental results

The execution of the experimental protocol, results in a processed
ample, shown in Fig. 8. The image shows the alumina crucible and
he melted regolith simulant (A) on a base of unmelted regolith (C).
dditionally, on the inner surface of the crucible, a film of deposited
vaporate (B) can be observed. In our analysis, the regolith melt and
he crucible walls have been analyzed by scanning electron microscopy
SEM), energy-dispersive X-ray spectroscopy (EDX), and optical mi-
roscopy to identify the materials and understand the changes in their
aterial composition and structure arising from the pyrolysis reaction.
he melted material and crucible were analyzed using a Nova NanoSEM
50 with an EDAX detector.
SEM imagery of the surface of the melt region can be seen in

ig. 9. The imaged surface is relatively homogeneous and glassy, which
s consistent with our previous experience with melting regolith, for
xample when concentrated microwaves are used to melt the regolith
nto a glass phase [31]. Notably absent from the pyrolysis surface
are crystalline formations near the surface, which are caused by the
separation of Mg and Al-rich phases within the melt. Small residual
grains of regolith can sporadically be observed on the surface of the
first image, likely remnants of unmelted material or moved onto the
surface after the experiment from the regolith material below.

A cross-section of the melted sample is shown in Fig. 10, with a
number of interesting features. The notable porosity of the sample and
221
the evolution of this porosity from the lower part of the image (where
the melt interfaced with the regolith powder bed) towards the top,
need to be highlighted. The porosity is most commonly attributed to
the formation of gas pockets due to the rapid heating of the regolith
simulant material and the release of gas from the pyrolysis reaction, in
addition to any adsorbed gasses on the regolith grains. The production
of gas is predominantly suspected to occur at this interface region,
however, it may also represent an accumulation of trapped gasses
during the cooling stages of the melt.

These gas bubbles form at the bottom part of the melt, where
the regolith powder is undergoing its conversion to a molten state,
and then exfiltrate from the melt. While the true density was not a
metric that we are evaluating in this work, we again see similarities
to the evolution of the bubbles compared to similar high-temperature
microwave processing, wherein regolith that experiences rapid heating
and melting leads to a sudden outgassing of volatiles or pyrolysis
products, ultimately becoming trapped when the glass cooled [31]. The
upper part of the melt, subject to longer solar exposure and forming a
more prolonged melt pool, is homogeneous and in a glassy phase state.
On the side of the melt and at the bottom interface area, dendrites
can be observed of different crystalline forms (Fig. 11A). Similar to
what we have observed in microwave melting of regolith, these acicular
crystalline structures are caused by the separation of Mg-rich (Fig. 11B)
and Al-rich phases (Fig. 11C), likely plagioclase-type minerals.

In addition to the melted regolith on the powder regolith simulant
bed, an evaporate deposit was observed in the vicinity of the melted
regolith sample (Fig. 8B). It was not immediately apparent if this was
only due to a thermal discoloration of the alumina that composes
the holding crucible or if a significant amount of material had been
deposited via vapor deposition. Fig. 12 shows an SEM image of the
material deposited on the crucible surface. We notice two distinct areas
of interest: a foamy crystalline formation (top left of the image) and
an acicular crystalline formation (bottom and right of the image). EDX
analysis of these formations shows that both have high concentrations
of K (ranging from 5 to 8 wt%), an element common to regolith
simulants (specifically the EAC-1A used in this work). The region with
needle-like crystals has a very high concentration of Na (approx. 30
wt%). We also observe the presence of Si ranging from 7 to 20 wt%.

To better characterize the deposit and be able to measure its thick-
ness, the crucible was cut and polished for optical analysis. Fig. 13
shows the crucible cross-section with the deposited material under an
optical microscope. The white homogeneous bottom half of the picture
is the alumina crucible. The top and black part of the picture is the resin
in which the sample was cast for analysis. We observe a 31.3 μm thick
white and cloudy deposit on the surface of the crucible. This type of
white deposit is present all along the crucible. After some tests taking
optical microscope pictures of a crucible surface sample before and
after exposure to water and ethanol, it appears that the white crystals of
the deposit are soluble in water. As the samples are polished and rinsed
with water, some of the deposits could have been removed, explaining
the holes visible in the deposit. This would be consistent with the EDX
observations that these white crystals are made of Na and K as these

elements readily dissolve in water.
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Fig. 9. SEM images of the upper surface of the solidified regolith melt.
Fig. 10. A cross-sectional view of the regolith melt under an optical microscope.
Fig. 11. SEM image (A) of a melt cross-section with the EDX Mg mapping (B) and Al mapping (C).
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The evaporated deposit is inhomogeneous in terms of texture and
with a non-uniform height; usually around 30 μm of thick white or
brown crystal deposits can be seen. Some larger deposits can be seen,
which are most likely a mix of melted regolith projectiles that were
sputtered on the crucible and the previous Na-rich deposit. In Fig. 14,
this type of mountain-like structure was analyzed with an optical micro-
scope (Fig. 14a), SEM (Fig. 14b), and EDX to analyze its composition
(Fig. 15). The aim was to get insight into the nature of the orange-
rown color in some parts of the white deposits and see what caused
he increase in thickness. The elemental mapping in Fig. 15 seems
o indicate that the bottom brown layer has a higher concentration
f iron than the rest of the deposit. It is consistent with typical iron
222

t

xides’ red and brown color, even in small concentrations. This could
xplain why iron was not found in high amounts on the surface EDX
nalysis if it is present only in the first layer of the deposit and under
oughly 30 μm of sodium-rich deposit. A possible explanation of this
referential deposition of iron before sodium is that the conditions for
he reduction of iron oxides in the regolith are only present at the
eginning of the experiment when pressures are still lower, and the
elt pool is still small, thus reaching higher localized temperatures.
hroughout the period of solar illumination, pressures tend to rise, the
elt pool increases, and thermal contact and corresponding thermal
osses from the melt to the surrounding material increase. This lowers
he peak temperature in the melt and produces conditions where iron
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Fig. 12. SEM image of the material deposit on the crucible surface.

Fig. 13. Optical image of the crucible cross-section and the deposited material.

oxides cannot be pyrolyzed readily, but sodium still can be evaporated.
From that point onwards sodium can be observed in the deposit in a
larger fraction than iron due to its lower pyrolysis temperature.

4.2.1. Comparison of reactor conditions with modeling results
The preferential deposition of iron before sodium (see Figs. 14

and 15) can be explained by combining the modeling and experimen-
tal results. A comparison of the data from FactSage calculations and
general experimental conditions is presented in Fig. 16. An envelope
of reactor conditions between approximate minimum and maximum
temperature and pressure values during a solar exposure is shown to
highlight the behavior of gas evolution within it. Important gas species
in this condition range are K, Na, and Fe, which begin pyrolyzing
towards the bottom right of the drawn envelope. Dashed lines denote
the maximum fraction of species mass to total gas mass for each
pressure, which exists shortly after pyrolysis begins. Vaporization of
these species ends towards the middle of the envelope for K and Na,
while Fe vaporization ends in the very upper left corner of the envelope.
The end of vaporization for each species is drawn in full lines, which
denote the temperature points where gas mass reaches its final and
highest value for each of the pressures. Vaporization start, end, and
the line of max. O2 yield are shown for orientation.

These results qualitatively agree with the analysis of condensate
produced on the crucible during solar exposure with the preferential

.
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deposition of iron and sodium detected by EDX and shown in Fig. 15 f
5. Conclusion

Experimental results from a small solar furnace show pyrolysis of
regolith in the low-temperature/low-pressure regime, resulting in the
production of gas products and deposition of vaporized sodium and iron
on the regolith crucible surface.

SEM imaging of the melt region reveals a homogeneous, glassy sur-
face, consistent with previous reports with melted regolith. Gas bubbles
form at the base of the melt during the conversion of regolith to a
molten state, similar to rapid high-temperature microwave processing.
Dendrites of different crystalline forms are observed at the side and
bottom interface area, likely representing the separation of Mg-rich
and Al-rich phases, such as plagioclase-type minerals, again in good
alignment with previous regolith melt behavior [31]. Analysis of the
crucible wall deposits shows a preferential deposition profile, whereby
iron is initially deposited, followed by sodium and potassium material
from the regolith. This behavior is also visible in the modeling of the
process in FactSage with sodium, potassium, and iron being the first
three oxides to be dissociated in sequence. Considering the evolution of
the pressure within the chamber as a function of the process itself, this
shows a good correlation between our modeling work and the empirical
metrology undertaken.

Modeling results based on equilibrium calculations in FactSage are
consistent with previous studies [10,28,29] but cover more pressure
nd temperature conditions as well as the sublimation range. As ex-
ected, the decomposition of low-titanium mare shows higher oxygen
ields than high-titanium mare or highland regolith compositions in the
ow-temperature pyrolysis region. Additionally, the results highlight
he importance of choosing the right reactor conditions in order to
void unnecessary production of atomic oxygen, which decreases the
seful molecular oxygen yield. The estimated impact of atomic oxygen
roduction is higher than previously reported [4–6], resulting in lower
olecular oxygen yields across the pressure spectrum with equilibrium
ields for molecular oxygen ranging from 6.6 to 14.1%.
This research underscores the intricate nature of regolith pyrolysis,

articularly concerning the dynamic evolution of the gas phase and
he pivotal role of pressure in the overall process, as shown by the
odeling work. To leverage this technique effectively for lunar ISRU
urposes, there is a pressing need for further exploration and optimiza-
ion. The promise of this technology, with its inherent simplicity, holds
ubstantial value for various ISRU applications in lunar environments
e.g. oxygen production or vacuum distillation), signifying a compelling
venue for future research and development.
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Fig. 14. (a) Optical microscope imagery and (b) SEM imagery of the crucible cross-section.

Fig. 15. Mg, Si, K, and Fe EDX maps of the crucible cross-section.

Fig. 16. Comparison of the minimum and maximum pressures and temperatures reached during the solar experiments and the evolution of K, Na, and Fe gas species from pyrolyzed
regolith in the FactSage calculations (Mare, 24999).
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