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Abstract: The development of an efficient process to simultaneously extract oxygen and 16 

metals from lunar regolith by way of in-situ resource utilisation (ISRU) has the potential to 17 

enable sustainable activities beyond Earth. The Metalysis-FFC (Fray, Farthing, Chen) process 18 

has recently been proven for the industrial-scale production of metals and alloys, leading to 19 
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the present investigation into the potential application of this process to regolith-like 20 

materials. This paper provides a proof-of-concept for the electro-deoxidation of powdered 21 

solid-state lunar regolith simulant using an oxygen-evolving SnO2 anode, and constitutes the 22 

first in-depth study of regolith reduction by this process that fully characterises and 23 

quantifies both the anodic and cathodic products. Analysis of the resulting metallic powder 24 

shows that 96% of the total oxygen was successfully extracted to give a mixed metal alloy 25 

product.  Approximately a third of the total oxygen in the sample was detected in the off-26 

gas, with the remaining oxygen being lost to corrosion of the reactor vessel. We anticipate, 27 

with appropriate adjustments to the experimental set-up and operating parameters, to be 28 

able to isolate essentially all of the oxygen from lunar regolith simulants using this process, 29 

leading to the exciting possibility of concomitant oxygen generation and metal alloy 30 

production on the lunar surface.  31 

 32 

Keywords: In-situ resource utilisation, ISRU, FFC-Cambridge process, Metalysis-FFC process, 33 

lunar regolith, oxygen extraction, metal production 34 

 35 

1. Introduction 36 

Human exploration and habitation of the Moon and other nearby planetary bodies are goals 37 

that have long fascinated scientific and public imagination. Sourcing resources locally will 38 

likely be essential for sustainable, long-duration activities in space (Anand et al. 2012). Such 39 

in-situ resource utilisation (ISRU) could significantly reduce the payload mass that would 40 

need to be launched from Earth, thus reducing mission cost and the risk to human crews by 41 

providing them with the tools to meet their needs from the local environment (Sanders and 42 

Larson, 2012). 43 
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 44 

For extended missions to the lunar surface (and beyond), oxygen will undoubtedly be one of 45 

the most valuable resources. Firstly, it will be useful for life support, in the form of a 46 

breathable atmosphere, and secondly for propellant, as liquid oxygen is the largest mass 47 

component of many bipropellant rockets. In-space refuelling would enable not only lunar 48 

and deep-space exploration, but also sustainable activities in cis-lunar space. It is more 49 

energy efficient to transport propellant from the Moon to satellites in low-Earth orbit (LEO) 50 

and geostationary orbit (GEO) than it is to transport such materials from the Earth’s surface 51 

on account of Earth’s deep gravitational well (Crawford, 2015). While evidence is mounting 52 

for ice deposits in permanently shadowed craters at the lunar poles (Li et al. 2018), their 53 

potential as a viable source of oxygen and hydrogen cannot be confirmed until knowledge 54 

gaps relating to form, quantity, and accessibility of deposits are addressed (Carpenter et al. 55 

2016).  56 

 57 

In contrast, a thick layer of unconsolidated regolith covers the entire lunar surface, making it 58 

an assured feedstock for resource extraction. Based on analyses of various Luna and Apollo 59 

samples, it is known that oxygen is the most abundant element in lunar regolith, accounting 60 

for 40 - 45% by mass (McKay et al. 1991). However, this oxygen is chemically bound in the 61 

regolith material as oxides, in the form of minerals and amorphous glass, and is therefore 62 

unavailable for immediate use. The extraction and processing of oxygen from the lunar 63 

regolith will likely be essential to enabling future exploration and habitation of the Moon 64 

(Taylor and Carrier, 1993). Moreover, development of a process to reduce lunar regolith 65 

that allows for the simultaneous extraction of oxygen and production of useful metals and 66 

alloys for lunar infrastructure would be highly beneficial.   67 
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 68 

Numerous strategies for extracting oxygen from regolith material on the lunar surface have 69 

been proposed; summaries of such processes can be found in previous publications (Taylor 70 

and Carrier, 1993; Schrunk et al. 2007; Schwandt et al. 2012a). Some of the more well-71 

researched processes are the chemical reduction of regolith-derived iron oxides either with 72 

hydrogen, followed by the electrolysis of water (Gibson et al., 1994; Allen et al. 1996; Li et 73 

al. 2012; Sanders and Larson, 2012), or alternatively with methane, which would require a 74 

further methane-reforming step and the electrolysis of water (Friedlander, 1985). These 75 

processes operate at ~900 °C, utilising a low-risk solid-gas interaction, but are low yielding 76 

(1-3%) and heavily dependent on feedstock composition and beneficiation. ‘Yield’ in this 77 

context is defined as weight of oxygen extracted divided by total weight of regolith 78 

processed. The carbothermal reduction of molten regolith at ~1600 °C (also requiring 79 

subsequent methane-reforming and electrolysis steps; Rosenberg et al., 1992; Gustafson et 80 

al., 2006; Balasubramaniam, 2010; Sanders and Larson, 2012), and the direct electrolysis of 81 

molten regolith at >1600 °C (Colson and Haskin, 1992, 1993; Vai et al. 2010; Sirk 2010; Wang 82 

et al. 2011; Schreiner 2016), are less feedstock-dependent and higher yielding (theoretically 83 

10-20% and 20-30% respectively), but require the handling of molten regolith at extreme 84 

temperatures. Research has also been conducted into the use of molten fluoride salts as a 85 

flux to dissolve lunar regolith oxide simulants and related silicate rocks at 960 - 1250 °C, and 86 

hence to extract a mixed alloy electrochemically; however, these processes rely on the 87 

solubility of the various oxides and the efficacy in terms of oxygen yield has not been 88 

quantified (Kesterke 1970; Liu et al. 2017).  89 

 90 
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Against this backdrop of possible oxygen extraction techniques requiring multi-step 91 

chemical processes, specific feedstock compositions, and/or extreme temperatures, an 92 

attractive alternative is provided by direct electro-deoxidation of solid regolith. The FFC 93 

(Fray, Farthing, Chen)-Cambridge process involves the solid-state electrochemical reduction 94 

of metal oxides to metals in molten salt (CaCl2) at temperatures of around 900 °C (Fray et 95 

al., 1999; Chen et al., 2000).  A schematic of a typical FFC-Cambridge electrolysis cell is 96 

shown in Figure 1, along with the half-equations for the reactions occurring at the anode 97 

and cathode. In the terrestrial system, a graphite anode facilitates the removal of oxygen 98 

from the system in the form of CO2 and CO; in the lunar context, an oxygen-evolving anode 99 

could be used to produce oxygen directly. In contrast to the lunar oxygen extraction 100 

processes listed above, electro-deoxidation in molten salt electrolyte offers a number of 101 

benefits. This process can theoretically reduce all lunar minerals and oxides, which removes 102 

any constraints on regolith composition (and therefore the locations suitable for oxygen 103 

extraction on the Moon), and vastly reduces the excavation and beneficiation requirements. 104 

As the FFC-Cambridge process  is an electrochemical process that operates without having 105 

to melt the material being reduced, much lower temperatures (~900 °C) are required to 106 

reduce lunar silicates than by chemical reduction (i.e. with carbon at ~1600 °C), or 107 

electrolysis of molten regolith (>1600 °C). Furthermore, an optimised FFC-Cambridge 108 

electrolyser on the Moon, with closed-loop salt recycling and a reusable inert anode, would 109 

require only regolith and a source of electricity to generate oxygen and reduced metal 110 

alloys. Finally, the molten salt electrolyte could also provide a means to store energy during 111 

the lunar night, increasing the usefulness of the payload weight (Hasnain, 1998). 112 
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 113 

Figure 1: A diagram showing the basic concept of the FFC-Cambridge process, whereby a 114 

metal oxide (MOx) is reduced to the corresponding metal with the co-generation of CO/CO2 115 

(at a graphite anode) or O2 at an inert anode. 116 

 117 

In the past decade, Metalysis (a UK-based company) have successfully scaled-up the FFC-118 

Cambridge technology from research and development (R&D) scale Generation 1 cells, with 119 

a further three generations designed, commissioned, and in operation. Developments in 120 

pre-forming, electrolysis, salt management, and post processing have turned a laboratory-121 

based technology into an end-to-end commercial process (Mellor and Doughty, 2016). As of 122 

2018, titanium and tantalum metal production has been developed at an industrial scale, 123 

and the production of many other metals and alloys has also been proven (Figure 2). More 124 

recently, the production of intermetallics of aluminium and scandium has been scaled-up to 125 

industrial production. As a solid state-to-solid state process, the Metalysis-FFC technology is 126 

also uniquely placed to create high entropy alloys (containing three to seven different 127 

elements in equimolar amounts), often combining metals that otherwise could not be mixed 128 

on account of the large disparities in phase change behaviour (Ellis and Doughty, 2017). As 129 
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seen in Figure 2, the Metalysis-FFC electro-deoxidation process is well placed to reduce and 130 

extract oxygen from all the major components of lunar regolith, while creating useful alloys 131 

as by-products.   132 

 133 

 134 

Figure 2: The status of the extraction and commercialisation of various elements with the 135 

Metalysis-FFC process as of 2018. 136 

 137 

When considering the application of this process on the lunar surface, recent developments 138 

offer much promise. Metalysis routinely produce pure metals and alloys that are required 139 

by commercial specifications to have oxygen contents <0.5 wt.%, which exceeds the ISRU 140 

requirements to make lunar oxygen extraction sustainable.  A single Generation 4 cell could 141 

produce around 6 tonnes of oxygen per year from a regolith feedstock that contains ~40% 142 

oxygen by weight, and with Generation 5 cells already in the feasibility study stage, a highly 143 

automated set up has been designed (Vaughan and Conti, 2017).  In terms of salt reusability, 144 

Metalysis’ production units run continuously throughout the year, with the crucible and 145 

electrolyte salt being used for the entire production campaign. The ratio between 146 
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electrolyte salt and metal oxide feedstock that is currently employed has been optimised for 147 

the production of ultra-pure metals in a terrestrial setting (where reactor size is not a 148 

significant issue). This ratio could be readily altered so as to use less electrolyte salt and 149 

make the payload more compact if it was decided that the purity of the deoxidised by-150 

product was less important than the size or weight of the reactor.  151 

 152 

A previous NASA-funded study (undertaken in 2004) investigated the applicability of the 153 

FFC-Cambridge process for the electrolysis of lunar ilmenite, termed the Ilmenox process 154 

(Schwandt et al. 2012a). At the time of this previous work, the development of the FFC-155 

Cambridge process was still in its early stages and had only been proven at a laboratory 156 

scale. In their study, Schwandt et al. (2012a, 2012b) showed that oxygen could be obtained 157 

by the FFC-Cambridge electrolysis of pellets of the mineral ilmenite at 900 °C using an inert 158 

anode (either doped tin oxide (Kilby et al., 2010) or a calcium titanate/calcium ruthenate 159 

mixture (Jiao et al., 2009; Jiao and Fray, 2010)). The authors also described the electro-160 

generation of oxygen from pellets of the lunar simulant JSC-1. However, for both the 161 

ilmenite and JSC-1 experiments, the reduced cathode products were not analysed in any 162 

great detail save for confirmation of their metallic (reduced) nature. Moreover, the total 163 

oxygen removed from the regolith-like materials as a percentage of that available was not 164 

quantified. It seems, therefore, that a more detailed investigation of the FFC-Cambridge 165 

process for the generation of oxygen and reduced metallic species from simulant lunar 166 

regolith is warranted in order to take advantage of recent process developments and to 167 

gauge the potential of solid-state electro-deoxidation for the reduction of all lunar regolith 168 

components (not just ilmenite) in the powdered form.  169 

 170 
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Herein, we provide proof-of-concept that the lunar regolith simulant JSC-2A can be reduced 171 

from a loose powder bed under Metalysis-FFC conditions, in contrast to the previous 172 

ilmenite-focussed study that used pressed and sintered tiles. The final oxygen content in the 173 

reduced product shows that almost all (96%) of the total oxygen has been removed in this 174 

fashion. Around a third of the oxygen that is liberated can be detected in the headspace of 175 

the reactor by mass spectrometry. The rest appears to react with the containment vessel to 176 

give corrosion products (a side reaction that we hope to minimise in future studies by 177 

employing an improved reactor design). Hence, we believe that with proper optimisation of 178 

our apparatus it should be possible to extract essentially all of the oxygen contained within 179 

the regolith simulant as O2 gas. The reduced solid metallic products are rich in alloys of 180 

aluminium and iron, and also contain silicon, calcium, magnesium and titanium in 181 

appreciable quantities. However, the overall composition appears to be depleted in silicon 182 

and magnesium relative to the starting material. A hypothesis is proposed for the relative 183 

lack of these elements, which, if proven, could lead to the intriguing possibility that specific 184 

metals or alloys could be siphoned off directly from the reactor in reasonable purity for use 185 

on the Moon. The metallic product is shown to be largely devoid of sodium and potassium, 186 

making it highly akin to the type of material that might be obtained from genuine regolith 187 

(which is poor in both of these elements). On the basis of these preliminary results, we 188 

conclude that there seems to be no fundamental reason as to why this process could not 189 

operate effectively on the lunar surface, giving essentially 100% oxygen extraction and 190 

producing useful highly-reduced metals and alloys as by-products. 191 

 192 

2. Materials and Methods  193 
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2.1 Materials: The JSC-2A simulant used in this study was supplied by Zybek Advanced 194 

Products (ordered mid-2017). CaCl2 salt (analytical grade) was supplied by Total Lab and CaO 195 

(96% pure) was supplied by Acros. A doped tin oxide anode (SnO2 with 1% Sb2O3 and 0.45% 196 

CuO) was used for all experiments and was supplied by Dyson Technical Ceramics.  197 

 198 

2.2 Metalysis-FFC Electrolysis Cell: The electrolysis cell consisted of an alumina crucible 199 

inside a stainless steel (SS) retort, sealed with a water-cooled lid. The cell lid contained 200 

feedthroughs for three electrode rods, a thermocouple, a viewport, an argon line inlet to 201 

provide an inert atmosphere and remove process gases, and an outlet to a mass 202 

spectrometer. A SS basket was lined with SS mesh, and attached to two cathode rods. A 203 

SnO2 anode was attached to the end of the anode rod and positioned centrally relative to 204 

the cathode basket. Resistance checks were performed to ensure adequate connection 205 

between all components. The electrolysis cell set-up is shown in Figure 3. 206 

 207 

Figure 3: The experimental set-up of the electrolysis cell for reductions of powdered regolith 208 

simulant. 209 



11 

 

 210 

2.3 Electrolysis Experiments: Reduction experiments were carried out using 30 g of JSC-2A 211 

lunar regolith simulant (maximum grain size 1 mm) sieved to >53 µm to ensure all powdered 212 

material was contained by the 50 µm cathode basket mesh. The crucible containing 1600 g 213 

pre-dried CaCl2 salt with a starting CaO concentration of approximately 0.4wt.%, as 214 

measured by acid-base titration, was placed in the retort. The cell was sealed with the 215 

cathode basket (containing starting material), anode, and thermocouple all sitting above the 216 

salt line, and the temperature was ramped up to 950 °C (10 °C/min). The cathode, anode, 217 

and thermocouple were then lowered into the molten salt.  The electrolyte was sampled 218 

once the temperature had reached 950 °C and again after the experiment was complete and 219 

the salt had cooled and solidified.  220 

The current was ramped up at a rate of 0.25 A/min until 4 A was reached. Reduction 221 

experiments were then performed at a constant current of 4 A. Full reduction experiments 222 

were run for as long as possible to ensure complete reduction (45 – 52 hours in practice). 223 

Partial reduction experiments were run for 16 or 26 hours. Mass spectrometry was used to 224 

record the O2, HCl, Cl2, CO2, CO and H2O concentrations in the off-gas. 225 

 226 

2.4 Post-electrolysis Processing of Cathode Materials: Following electrolysis, the cathode 227 

basket was removed from the salt and left to cool under argon. It was then soaked in water 228 

to dissolve the salt and separate all the products from the basket. The product material was 229 

lightly ground and washed with water in a mortar and pestle until the wash water ran clear. 230 

The product was then transferred to a 0.45 µm filter and washed with water until no salt 231 

remained; this was confirmed using a conductivity meter. The resulting powder was then 232 

oven-dried overnight.  233 
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Magnetic material was removed from the dried product; the magnetic fraction was made up 234 

of SS mesh material and other non-product material from the reactor. The powdered 235 

product material was then separated by mechanical sieve to give fractions of the following 236 

sizes: 0-75 µm, 75-150 µm, 150–300 µm, and >300 µm. Following standard procedures, 237 

confirmed by subsequent analysis, the finest fraction was discarded. 238 

 239 

2.5 Characterisation: The oxygen content of the solid samples was measured with an Eltra 240 

ON-900 oxygen/nitrogen analyser. Powdered samples were mounted for SEM in pressed 241 

Struers Polyfast conductive Bakelite resin and polished using a Struers TegraPol-11 with SiC 242 

paper, diamond paste, and a silica polishing suspension. SEM-EDX (scanning electron 243 

microscopy with energy dispersive x-ray) analysis was carried out using a Carl Zeiss Sigma 244 

Analytical SEM with an acceleration voltage of 20 kV and an Oxford Instruments EDX 245 

detector operated through Aztec Microanalysis software. Back-scattered electron (BSE) 246 

images and EDX elemental mapping (EM) were used to analyse phase composition.  XRD 247 

analysis was performed on a Panalytical X’Pert PRO MPD diffractometer with a Cu Kα1 248 

radiation source in either a flatplate spinner or zero-background configuration in Bragg-249 

Brentanno reflection geometry. Samples were ground with a mortar and pestle prior to XRD 250 

analysis. Inductively coupled plasma mass spectrometry (ICP-MS) was used to analyse the 251 

CaCl2 electrolyte samples. 252 

 253 

3. Results and Discussion 254 

3.1 Characterisation of Starting Materials 255 

JSC-2A lunar regolith simulant, a replica of previous simulant version JSC-1A, is a ground 256 

volcanic tuff originating from the San Francisco volcano field near Flagstaff, Arizona (Ray et 257 
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al. 2010). The major element composition as specified by the manufacturers is given in 258 

Table 1, and shows it to consist chiefly of silicon, aluminium, iron, magnesium and calcium 259 

oxides, with small but significant quantities of other elements also present. Of course, these 260 

elements do not exist as pure oxides in the simulant, but rather as mineral and amorphous 261 

phases that will influence reduction behaviour.  262 

Hill et al. (2007) measured the abundance of the main phases in JSC-1A as 49.3% volcanic 263 

glass, 38.8% plagioclase feldspar, and 9% olivine with minor amounts of other minerals such 264 

as chrome spinel, sulfide, titanomagnetite, quartz, and pyroxene. The phase analysis of JSC-265 

2A (>53 µm) using EDX elemental mapping (Figure 4) shows it to contain similar proportions 266 

of these main phases to those identified by Hill et al. (2007). The element maps overlaid to 267 

create this image are shown in Supplementary Figure S1 (see Appendix). The compositions 268 

found by spot EDX analysis of the two main minerals in JSC-2A are given in Figure 5 and 269 

show reasonably tight grouping with a plagioclase composition of An60-72 (labradorite) and 270 

an olivine composition of Fo65-80 (forsterite (ferroan)). The average composition of the 271 

volcanic glass in JSC-2A is relatively similar to the bulk composition. The diffraction pattern 272 

of JSC-2A (>53 µm), shown in Figure 9, confirms the two dominant crystalline phases are 273 

labradorite (average assigned composition Ca0.66Na0.34Al1.66Si2.34O8) and forsterite (ferroan) 274 

(average assigned composition Mg1.44Fe0.56SiO4).    275 

 276 

Table 1: Bulk oxide composition of lunar regolith simulant JSC-2A as given by the suppliers 277 

(Zybek Advanced Products). 278 

Oxide Wt.% 

SiO2 46-49 

TiO2 1-2 

Al2O3 14.5 – 15.5 
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Fe2O3 3-4 

FeO 7 – 7.5 

MgO 8.5 – 9.5 

CaO 10 – 11 

Na2O 2.5 – 3 

K2O 0.75 – 0.85 

MnO 0.15 – 0.20 

Cr2O3 0.02 – 0.06 

P2O5 0.6 – 0.7 

  279 

 280 

Figure 4: The BSE image (a), and element map (b) of JSC-2A simulant (sieved to >53 µm) 281 

showing the main phases to be plagioclase (blue) and olivine (purple) minerals within a glass 282 

(grey) matrix. Small spots of titanomagnetite (green) and pyroxene (orange) can also be 283 

seen. 284 
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 285 

 286 

Figure 5: Compositional diagrams for the plagioclase (top) and olivine (bottom) in the JSC-2A 287 

starting material.  288 

 289 

As a simulant material, JSC-2A constitutes a reasonable approximation to lunar regolith 290 

composition, meaning that it is valid to use JSC-2A to draw conclusions about the general 291 

applicability of the Metalysis-FFC process to lunar regolith. Furthermore, the wide usage of 292 

JSC-1A in ISRU experiments makes JSC-2A, as a replica from the same natural source, the 293 

simulant of choice for comparison to a range of studies. While the JSC simulants can be used 294 

to prove general applicability to regolith-like material, conclusions about specific lunar 295 

locations (i.e. mare vs. highlands) will not be included in the present work as the bulk 296 

chemical compositions of the JSC range of simulants show them to be atypical of either the 297 

mare or highland regions, with chemistry similar to select Apollo 14 soils whose composition 298 

falls in between the two groupings and only represents 2-3% of the lunar surface (Taylor et 299 
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al. 2016). Understanding the individual phases present in JSC-2A and how they behave 300 

throughout the reduction process does, however, allow for comparison to equivalent or 301 

similar lunar phases. The volcanic glass is a reasonable approximation for the high glass 302 

content of lunar agglutinates and the olivine composition measured here falls within the 303 

range of lunar olivine (Papike et al. 1991). The plagioclase composition is too Na-rich, 304 

compared with lunar plagioclase (typically An90-100), an issue common to most terrestrial 305 

simulants due to the lunar crust being comparatively depleted of alkali metals (Canup et al. 306 

2015). However, this mineral can still be seen as a useful proxy for investigating general 307 

plagioclase reduction.  The inclusion of iron oxides in the form of small titanomagnetite 308 

grains throughout the glass matrix may emulate the reduction behaviour of lunar ilmenite 309 

and/or the alloy forming-behaviour of lunar nanophase iron.  310 

 311 

 312 

3.2 Detection and Quantification of Oxygen during Electro-deoxidation of JSC-2A 313 

Electrolysis was conducted at a fixed current of 4 A using the cell configuration shown in 314 

Figure 3 for 52 h. Figure 6 shows the rate of removal of oxygen from 30 g powdered 315 

simulant JSC-2A (sieved to >53 µm) during electrolysis, as measured by in-line mass 316 

spectrometry (black trace). The calculated background oxygen concentration (~50 ppm) has 317 

been subtracted from all oxygen detection data. The corresponding potential vs. time curve 318 

and mass spectrometry data is shown in Supplementary Figure S2 and S3 and shows that 319 

the period in Figure 6 (44.0 – 46.6h) during which no oxygen is detected corresponds to a 320 

period during which no current was being passed. This was due to the anode partially 321 

breaking and losing contact with the electrolyte. At t = 46.6 hours, the anode was lowered 322 

back into the salt and electrolysis continued. While the anodes used in this study do indeed 323 
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facilitate the direct production of O2, a number of mechanical issues were identified, which 324 

will be addressed in future work. The cumulative oxygen detected as a percentage of the 325 

total oxygen content of the starting material is shown by the red dashed line in Figure 6. 326 

After 52 h (~49 h running time), the total oxygen detected corresponded to around 34% of 327 

the oxygen present in the starting material (4.48 g of oxygen from a 30 g sample of regolith 328 

simulant).  329 

  330 

Figure 6: The rate of oxygen removal, calculated from mass spectrometer data, and the 331 

percentage of oxygen detected as a function of the total oxygen content of the starting 332 

material. The period of no oxygen removal after 44 hrs corresponds to the anode losing 333 

contact with the electrolyte.  334 

 335 

3.3 Quantification of Oxygen in the Solid Product: 336 

Following electrolysis, the reduction products were washed with water to remove 337 

electrolyte salts and sieved to give various size fractions for subsequent analysis. The 338 
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appearance of the metallic powder produced from the reduction of JSC-2A is shown in 339 

Figure 7. Table 3 demonstrates the mass distribution of metallic products with sieve 340 

diameters in excess of 75 μm obtained from this reduction, giving an overall solid product 341 

yield of 64% (assuming complete reduction of the starting materials to metals in their zero 342 

oxidation state). As discussed below, we suspect that some of the metallic material may 343 

have been expelled from the cathode during the reduction, thereby reducing the mass of 344 

the remaining product. Doubtless, this yield could also be greatly improved in future 345 

experiments by refining the experimental and post-electrolysis processing procedures. 346 

Oxygen analysis of the reduced simulant gives a combined average of only 3.1 wt.% oxygen 347 

remaining. This equates to a potential “oxygen extraction/recovery %” (mass of oxygen 348 

extracted ÷ mass of available oxygen) of 96%. Based on the oxygen content of JSC-2A an 349 

“oxygen yield %” (mass of oxygen extracted ÷ mass of regolith) of 42% was obtained, which 350 

can be compared to the oxygen yields of other extraction methods discussed herein. In our 351 

case, the percentage oxygen extracted may be higher (if uncollected material was lost in the 352 

metallic form), or lower (if the uncollected material was lost as oxide before it could be 353 

reduced). Therefore, we believe that the oxygen extraction yield based on the collected 354 

material is a reasonable approximation to that which the process is capable of extracting.  355 

Moreover, as Table 2 shows, the percentage of oxygen in the solid product material 356 

increases as the diameter of the material decreases (i.e. as the surface area to volume ratio 357 

increases). This is the opposite trend to that which would be expected to hold during 358 

reduction whereby larger grain sizes would be expected to take longer to fully reduce, 359 

suggesting that much of this oxygen content arises as a result of re-oxidation of the surface 360 

of reduced material during post-electrolysis processing of the cathode product. Alternate 361 

methods of post-electrolysis processing will be explored in future work to mitigate this 362 
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potential surface re-oxidation prior to analysis. The mass of the fraction below >75 µm 363 

accounted for only 9% of the total material isolated after post-electrolysis processing and 364 

was found by SEM-EDX analysis to contain a significant proportion of material not derived 365 

from the regolith simulant, but instead emanating from other sources in the reactor, such as 366 

the anode. The fine fraction in Metalysis-FFC powder-to-powder reductions is typically 367 

discarded for similar reasons.  368 

The primary reason for the discrepancy between the oxygen gas detected by mass 369 

spectrometry during bulk electrolysis and the oxygen content of the reduced solid products 370 

lies in the fact that at these temperatures the oxygen gas that is produced reacts with the 371 

reaction vessel itself and so a significant amount is lost to corrosion. To some extent, this is 372 

not surprising as the reactors in use were designed for the traditional FFC-Cambridge 373 

process, which produces CO and CO2 rather than O2 (which is significantly more oxidising). 374 

Hence, our in-line oxygen detection serves more as a proof-of-principle that oxygen gas can 375 

indeed be directly generated through this process; quantitative recovery of this oxygen will 376 

require different reactor vessel materials to be employed. In light of this, we contend that 377 

the low oxygen content of the solid products of the reduction reaction gives a better 378 

indication of the potential for oxygen extraction than the amount of oxygen gas detected 379 

with the current apparatus. Similarly, the rate of oxygen extraction shown in Figure 6 does 380 

not necessarily reflect the rate of reduction. Analysis of the simulant after 16 hours of 381 

electrolysis under the same conditions shows that ~76% of the total available oxygen had 382 

already been extracted. Comparing this to the 96% oxygen extraction achieved after ~50 383 

hours clearly shows that the reduction proceeds more rapidly in its early stages. This trend is 384 

also reflected in the Faradaic efficiency of 23% for the more complete reduction after ~50 385 

hours, compared with 49% for the 16-hour partial reduction (based on oxygen remaining in 386 
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the reduced simulant product). With optimisation of the electrolysis parameters for oxygen 387 

production rather than metal production in future work, we anticipate that the current 388 

efficiencies can be increased. However, as they stand, they are in a similar range to the 389 

current efficiencies achieved in traditional FFC-Cambridge processing (Schwandt, 2010).  390 

 391 

 392 

  393 

Figure 7: An example of the 150 – 300 µm fraction of the metallic powder produced by the 394 

reduction of JSC-2A (4 A, 950 °C, doped-SnO2 anode, 49 hrs). 395 

 396 

Table 2: The mass and oxygen content (wt. %) of a reduced product by size fraction showing 397 

that the percentage of oxygen remaining in the reduced product decreases as grain size 398 

increases.  399 

Size fraction Mass (g) Oxygen (wt.%) 

75-150 µm 1.66 5.9 

150-300 µm 3.21 3.2 

300+ µm 5.94 2.3 

 400 
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 401 

3.4 Characterisation of Metallic Products 402 

The powder X-ray diffraction pattern of the starting material JSC-2A (>53 μm) can be 403 

assigned to two main crystalline phases, labradorite and forsterite (ferroan) minerals. By 404 

comparison, the diffraction pattern of the cathode product (a proportionate mixture of all 405 

>75 μm fractions) reveals a dramatic change in peaks, clearly indicating that the reduction 406 

process leads to a significant change in phase composition (Figure 8). The XRD pattern of the 407 

reduced product shows multiple peaks that can be assigned to various metal alloys, while no 408 

peaks were identified that can be assigned unambiguously to oxides or minerals. As far as 409 

powder X-ray diffraction can ascertain, therefore, it appears the material has been fully 410 

reduced. The main constituents that can be identified by X-ray diffraction are two Al/Fe 411 

alloys (with small variations in the Al:Fe ratio accounting for the slight splitting of the main 412 

peaks), an Al/Fe/Si alloy, and a Ca/Al/Si alloy. Due to the complex composition of the natural 413 

starting material, and the inevitable complexity of the product resulting from reduction of 414 

this starting material, assignment of minor phases in the diffraction pattern is challenging.  415 

 416 



22 

 

 417 

Figure 8: Powder XRD (CuKa) pattern of the starting material (top), comprised primarily of 418 

labradorite (Ca0.66Na0.34Al1.66Si2.34O8) and forsterite (ferroan) (Mg1.44Fe0.56SiO4); and the 419 

diffraction pattern of the mixed alloy product (4A, 950 °C, doped-SnO2 anode, 49 hrs) with 420 

the simulated diffraction patterns from the major phases identified shown below for 421 

comparison (PDF (Powder Diffraction File) database number in brackets). Both 422 

experimentally obtained diffraction patterns have been baseline-corrected.  423 
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 424 

Greater insight into the nature of the solid products of reduction can be obtained by 425 

SEM/EDX. Analysis of these data show the cathode product to be fully reduced metal grains 426 

containing metal alloys. In particular, the products are dominated by an Al/Fe alloy 427 

(approximately 3:1 Al to Fe ratio), sometimes with the inclusion of up to 10% silicon, which 428 

is in good agreement with the powder X-ray diffraction data. Another reoccurring phase 429 

identified by EDX is an Fe/Si alloy, that also regularly contains Ti and/or Al in significant 430 

amounts, most commonly situated inside a particle of the previously mentioned Al/Fe alloy 431 

with distinct phase boundaries. The distinction between the titanium and non-titanium 432 

variation is likely due to whether the grain initially contained titanomagnetite. We expect 433 

that due to the large number of compositional permutations of these four elements, they 434 

each account for only minor reflections in the XRD pattern and, therefore, have not been 435 

assigned in Figure 8.  The final phase that can be seen in a large number of particles is a 436 

Ca/Si/Al phase, sometimes with the inclusion of Mg. This phase, without the Mg 437 

component, is consistent with the XRD diffraction analysis. Taken together, the alloys 438 

discussed up to this point appear to account for the vast majority of the reduced material. 439 

 440 

The phase map in Figure 9 shows an example of a grain in the reduced product and 441 

demonstrates the distinct phase boundaries between the Al/Fe alloy (light blue) and the 442 

Fe/Ti/Si alloy (green). A Ca/Al/Si/Mg phase (red) is also evident in the phase map. EDX 443 

spectra associated with each phase discussed can be seen in Supplementary Figures S4-S6. 444 

The composition of the Ca-rich phase in Figure 9 indicates that it could be derived from 445 

plagioclase-rich sections of the particles, as they contain the highest proportion of Ca in the 446 

starting material. However, this Ca/Si/Al phase contains a higher proportion of Ca (up to 30 447 
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wt.%) than would be expected from only reduced labradorite, indicating concentration or 448 

enrichment of Ca. Ca enrichment could potentially be due to element diffusion between 449 

adjacent phases (i.e. Ca originating from the glass and plagioclase phases may consolidate 450 

into a Ca/Si/Al phase seen throughout the reduced product) or because Ca from the 451 

electrolyte enters the material.  452 

 453 

Figure 9: An example of the phase separation within individual grains showing three 454 

common phase groupings throughout the sample (4A, 950 °C, doped-SnO2 anode, 49 hrs).  455 

 456 

The BSE image, phase map, and elemental maps of a second reduced example are shown in 457 

Figure 10 and allow for further analysis of the alloy formation and Ca activity in the regolith 458 

simulant during the reduction. The red phase, similar to that seen in Figure 9, is composed 459 

primarily of Ca/Si/Al/Mg, while the blue phase differs only by being richer in Al and 460 

containing no Mg. The large proportion of the Mg-containing phase suggests this grain was 461 

derived from an olivine containing grain in the starting material. A Fe/Ti/Si/Al alloy (green) 462 

can be seen as a distinctly different phase inside the other alloys. As aluminium and calcium 463 

only co-appear in the JSC-2A starting material when considering only the major phases, the 464 

ratio of these elements inside a single grain can provide insight into the relative Ca content 465 

before and after reduction. In the starting material, the lowest Al to Ca wt.% ratio that could 466 
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be expected based on the composition of the glass in JSC-2A is 1:0.62. The inclusion of 467 

plagioclase (or even pyroxene) in a grain would raise the relative proportion of Ca. The ratio 468 

in the entire reduced grain area in Figure 10 is 1:0.71 Al to Ca. This falls within the range 469 

expected for the reduced product of a grain containing both glass and plagioclase (or 470 

pyroxene), indicating that a significant proportion of the Ca remains in the regolith simulant 471 

throughout reduction, or at least a series of exchange and diffusion mechanisms with the 472 

CaCl2 electrolyte leave the final concentration of Ca relatively unchanged. Evidence of Ca 473 

remaining in the reduced product is significant as accumulation of regolith-derived CaO in 474 

the CaCl2 salt may complicate salt reusability on the lunar surface due to the fact that high 475 

CaO concentrations can reduce process efficiency (Chen, 2015). A detailed analysis of the 476 

behaviour of regolith-derived Ca and its implications on efficiency and salt reusability is 477 

certainly required, and will be conducted in future work.   478 

 479 
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 480 

Figure 10: The BSE image, phase map, and element maps of a metallic grain in the reduced 481 

lunar simulant product (4A, 950 °C, doped-SnO2 anode, 49 hrs). 482 

 483 

One interesting feature that is worthy of further explanation is the apparent scarcity of 484 

specific elements in the product. Based on the SEM/EDX data, the reduced product appears 485 

to be depleted of silicon and magnesium, relative to the amount of these elements present 486 

in the starting materials. The example in Figure 10 was one of the few Si- and Mg-rich grains 487 

detected in the product, with the vast majority being dominated by the alloys of Al and Fe. 488 

Si accounts for approximately 40% of the metallic elements by weight in JSC-2A, while Al is 489 

less plentiful at ~14%. By comparison, Al and Fe are larger mass fractions than Si in almost 490 
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all reduced product grains analysed and an estimation based on low magnification EDX 491 

indicates an overall proportion of ~35% Al to only ~20% Si.  492 

 493 

The largest proportion of Mg in the JSC-2A starting material is in olivine minerals, with an 494 

average composition of Mg1.44Fe0.56SiO4. Figure 11 shows the phase map of a grain from a 495 

partial reduction experiment that almost certainly contained olivine based on the chemistry, 496 

which helps to give some insight into the reduction mechanism of this mineral. It appears 497 

that Fe-rich metallic blebs, composed of the elements that are the easiest to reduce, form 498 

within olivine-rich particles when these are exposed to the reducing environment (phase 499 

depicted as green in Figure 11). The remaining elements then separate into two distinct 500 

phases, a partially reduced phase consisting primarily of Si/Ca (along with some Mg; the red 501 

phase in Figure 11), while the majority of the Mg forms a separate phase of pure, unreduced 502 

MgO (shown as the purple phase in Figure 11). This separation is likely due to MgO being 503 

one of the hardest, and therefore last, oxides to reduce. EDX spectra associated with each 504 

phase discussed can be seen in Supplementary Figures S11-S14. It is interesting to note the 505 

inclusion of Ca in partially reduced phases, as this does not originate from the olivine. As Al 506 

is also seen in the metallic blebs, this could have originated from adjacent glass or 507 

plagioclase phases. Alternatively, Ca may be incorporated into the lattice structure as an 508 

intermediate, as is the case in the reduction mechanism of pure TiO2 (Benson, 2016). An in-509 

depth study into the reduction mechanism of individual minerals and phases would be 510 

required to confirm this mechanism. 511 

 512 

Several possibilities exist for the fate of the Mg in the MgO phase upon reduction, 513 

considering the apparent depletion of Mg in the product. Firstly, it is plausible that Mg could 514 
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enter the electrolyte as MgO or MgCl2, however, ICP-MS analysis of the CaCl2 electrolyte 515 

proved this not to be the case, actually showing a lower concentration of Mg at the end of 516 

the reduction experiment (37 vs. 69 ppm). Alternatively, all the Mg could remain in the 517 

product as variations of the Ca/Si/Al/Mg alloy observed. While the frequency and 518 

composition of these phases identified in the reduced product do not support this 519 

hypothesis, the apparent depletion in Mg may just be a chance result of the SEM/EDX 520 

analysis, as it is not a bulk analytical technique. A third possibility identified is that reduction 521 

of the pure MgO phase seen in Figure 11 could form Mg metal, which has a melting point of 522 

650 °C and a density significantly lower than that of CaCl2. As such, droplets of liquid Mg 523 

may leave the cathode material and float to the top of the reactor, possibly within a 524 

protective shell of MgO. It is possible that in a similar mechanism, silicon forms an alloy that 525 

leaves the cathode basket and agglomerates at an electrolyte interface, thus leaving the 526 

reduced solid product depleted of this element. If these processes were confirmed and 527 

understood, then in a larger-scale reduction, specific metals and alloys could potentially be 528 

separated and siphoned off during electrolysis. Further work to confirm this hypothesis is 529 

required. 530 

 531 

 532 
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Figure 11: A partially reduced olivine-rich grain, (a) shows the overall grain, (b) and (c) show 533 

the magnified BSE and phase map images respectively (4A, 950 °C, doped-SnO2 anode, 26 534 

hrs). 535 

 536 

There was no evidence of Na or K in the reduced product, whereas these oxides together 537 

account for 3-4% by weight of the simulant starting material. ICP-MS analysis of the 538 

electrolyte before and after the reduction shows increases in Na and K approximately 539 

equivalent to the total amount of these elements in the starting material, suggesting that 540 

both have dissolved into the electrolyte as oxides or chlorides. The exact process of 541 

dissolution will likely need to be addressed further when considering salt reusability, 542 

especially when using terrestrial materials that have a larger proportion of alkali metals. 543 

Interestingly, as these are elements are known to be depleted in the lunar crust, this 544 

process actually makes the metallic product of the reduction more similar in elemental 545 

composition to that which might be expected from the reduction of genuine lunar regolith. 546 

 547 

There was evidence of anode-derived Sn in the product, seen in the EDX spectra in 548 

Supplementary Figure S6. This Sn impurity was often evident on the external edges of 549 

grains, suggesting Sn plating during the reduction process. Minimisation of anode corrosion 550 

through control of processing parameters will prevent Sn from entering the electrolyte and 551 

plating on the cathodic surfaces. The optimisation of the reduction time and charge passed 552 

will be addressed in future work. Ni and Cr impurities originating from the SS cathode basket 553 

were also identified by EDX. With future experiments that eliminate the SS mesh, we hope 554 

to simultaneously eliminate this source of impurity, and eliminate the need for sieving the 555 



30 

 

regolith simulant starting material to a specified grain size. Such an experimental adaptation 556 

will be advantageous in terms of removing a challenging beneficiation step and utilising the 557 

majority of excavated material on the lunar surface. 558 

 559 

Overall, the characterisation of the metallic material shows a surprising consistency in the 560 

alloy mixtures present. The composition of the phases in the reduced material clearly shows 561 

that it is not a simple phase-to-phase reduction (i.e. the glass phase does not simply form a 562 

metallic slag of the elements in the original glass), but rather elemental diffusion in the 563 

solid-state forms specific alloys based on the ease with which elements are reduced and the 564 

affinity of various metals for forming alloys together. A complete understanding of this 565 

formation process, and the influence of the feedstock composition and process parameters, 566 

has the potential to allow for the formation and separation of useful alloys from 567 

unbeneficiated lunar regolith.  568 

 569 

 570 

4. Conclusions 571 

These preliminary results provide a proof-of-concept for the reduction of lunar regolith 572 

simulants by the Metalysis-FFC process to extract oxygen and produce metals and alloys as 573 

by-products. We have shown that JSC-2A lunar regolith simulant can be reduced by molten 574 

salt electrolysis at ~950 °C until it is essentially metallic (96% of the total oxygen removed). 575 

This demonstrates that, with appropriate adaptions, close to 100% oxygen recovery from 576 

lunar regolith is possible using the Metalysis-FFC process, which would give a potential 577 

oxygen yield of 40-45 wt.% for every kg of regolith excavated, dependent on location. A 578 
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reasonable quantity of the oxygen extracted was detected as O2 gas, and we believe it 579 

should be possible to isolate and quantify much more of this O2 gas with some modifications 580 

to the apparatus. Whilst the production of oxygen was a clear indication that the SnO2 581 

anode was competent for this reaction, anode re-use was hampered by both mechanical 582 

and chemical issues that will be addressed in future work. Characterisation of the alloys 583 

produced shows that three distinct alloy groups dominate the product:  584 

• An Al/Fe alloy (sometimes with the inclusion of Si) 585 

• A Fe/Si alloy (sometimes with the inclusion of Ti and/or Al) 586 

• A Ca/Si/Al alloy (sometimes with the inclusion of Mg) 587 

This is the first successful demonstration of solid-state powder-to-powder regolith simulant 588 

processing that yields metal alloys as products. Furthermore, the clear separation of various 589 

alloy phases, and the apparent depletion of other metallic components, introduces the 590 

exciting potential for metal/alloy separation and refining from unbeneficiated lunar regolith. 591 

Additionally, there exists the potential to use a beneficiated feedstock to produce 592 

specifically designed alloys. The production of useful metals as a by-product of this oxygen 593 

extraction technique means that the Metalysis-FFC process could still hold great value even 594 

if polar ice is found to be a viable and plentiful resource for oxygen production.  595 

 596 

At this preliminary stage in the project, optimisation of the experimental set-up and 597 

parameters are yet to be addressed. It is expected that significant improvements to the 598 

efficiency of the process with respect to reduction time and energy consumption will be 599 

possible. For example, we intend to identify a point at which partial reduction of regolith 600 

yields the maximum amount of oxygen for the lowest energy input, whilst still yielding a 601 
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semi-metallic product that can be utilised in lunar infrastructure. Current engineering for 602 

the Metalysis Generation 1 R&D cells (the scale used in the present study) is specific for a 603 

laboratory environment where observation and data collection are the driver; re-604 

engineering the cell will give the opportunity to use different materials to improve heat 605 

retention and implement new solutions, such as internal heating, to make the system more 606 

energy efficient. Regardless, this approach is full of promise, as there seems to be no 607 

fundamental reason as to why this process should not operate effectively with lunar 608 

regolith. We believe that the utilisation of the Metalysis-FFC process, applying the 609 

developments implemented in the past decade, offers an exciting alternative to other 610 

technologies for oxygen production on the lunar surface.  611 

 612 

 613 
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Appendix with Supplementary Figures 742 

 743 

Figure S1: EDX element maps of JSC-2A (>53 µm).  744 

 745 

Figure S2: Current and potential vs. time graph for the reduction corresponding to the 746 

oxygen removal graph shown in Figure 6. 747 
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 748 

Figure S3: The mass spectrometry data corresponding to the oxygen removal graph shown 749 

in Figure 6. 750 

 751 

Figures S4 – S14 give the EDX spectra corresponding to the phases discussed. Where 752 

possible, EDX spot measurements taken away from any inclusions or neighbouring phases 753 

were used to give a more accurate representation of the phase chemistry. 754 

 755 

 756 

Figure S4: EDX spectrum corresponding to the light blue phase in Figure 9 showing it to be 757 

an alloy of primarily Al and Fe.  758 
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 759 

Figure S5: EDX spectrum corresponding to the green phase in Figure 9 showing it to be an 760 

alloy of primarily Fe, Si and Ti.  761 

 762 

Figure S6: EDX spectrum corresponding to the red phase in Figure 9 showing it to be an alloy 763 

of primarily Ca, Si, Al, and Mg.  764 

 765 

Figure S7: EDX spectrum corresponding to the purple phase in Figure 9 showing it to be an 766 

alloy of primarily Sn and O.  767 
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 768 

Figure S8: EDX spectrum corresponding to the green phase in Figure 10 showing it to consist 769 

primarily of Fe, Si, Ti, and Al.  770 

 771 

Figure S9: EDX spectrum corresponding to the red phase in Figure 10 showing it to consist 772 

primarily of Ca, Si, Al, and Mg.  773 

 774 

Figure S10: EDX spectrum corresponding to the blue phase in Figure 10 showing it to consist 775 

primarily of Si, Al, and Ca.  776 
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 777 

Figure S11: EDX spectrum corresponding to the purple phase in Figure 11 showing it to 778 

consist primarily of MgO.  779 

 780 

Figure S12: EDX spectrum corresponding to the green phase in Figure 11 showing it to 781 

consist primarily of Fe, Al, and Si.  782 

 783 

Figure S13: EDX spectrum corresponding to the red phase in Figure 11 showing it to consist 784 

primarily of Si, Ca, Mg, and O.  785 
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 786 

Figure S14: EDX spectrum corresponding to the blue phase in Figure 11 showing it to consist 787 

primarily of Si, Fe, Al, and O.  788 

 789 

 790 

 791 

 792 



• The electro-deoxidation of the lunar regolith simulant JSC-2A is demonstrated 

• The approach is based on the FFC-Cambridge process 

• 96% of the total oxygen can be extracted to give a metal alloy product 

• Roughly one third of the total oxygen in the sample was detected in the off-gas  

• The remaining oxygen is likely lost to corrosion of the reactor vessel 

 


