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Plasma Extraction of Oxygen from Martian Atmosphere
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In support of NASA’s In-Situ Resource Utilization (ISRU) objectives an SBIR Phase 1
effort has demonstrated conceptual feasibility of a novel Plasma Extraction of Oxygen from
Martian Atmosphere (PEOMA) technology. Extraction of oxygen from the abundant
carbon dioxide present on Mars (96% atmospheric composition) is an important goal in
preparation for manned missions to the planet. Oxygen is not only a fundamental reactant
with high specific energy chemical fuels such as hydrogen and methane, it, along with water,
are clearly two of the most critical resources for life support. Using microwave plasma
techniques to decompose CO; into CO and %20,, coupled with subsequent O, separation, a
PEOMA robotic processor located on the Martian surface would allow oxygen to be
stockpiled for later use during manned exploration near this location. This investigative
work has succeeded at validating effective molecular dissociation in a carbon dioxide
plasma, with no solid carbon formation. Using innovative standing wave microwave plasma
reactor designs, ubiquitous 2.45 GHz microwave technology was employed to demonstrate
up to 86% single pass carbon dioxide decomposition.
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MSFC = Marshall Space Flight Center

mbar = millibar

NASA = National Aeronautics and Space Administration

Ni = Nickel

NO = Nitrous oxide

0, = Molecular Oxygen

0 = Atomic Oxygen

OGS = Oxygen Generation System

PEOMA = Plasma Extraction of Oxygen from Martian Atmosphere
PPA = Plasma Pyrolysis Assembly

q = electron charge ionization number on QMS molecular gas fragment
QMS = Quadrupole Mass Spectrometer

RGA = Residual Gas Analyzer

RF = Radio Frequency

Ru = Ruthenium

SBIR = Small Business Innovation Research

SOE = Solid Oxide Electrolysis

scem = standard cubic centimeters per minute

TE1o = Transverse Electric (rectangular waveguide mode: m=1, n=0)
W = Wiatts

YSz = Yttria-Stabilized Zirconia

I. Introduction

he extraction of oxygen from the Martian atmosphere may well be an enabling technology for future manned
missions to the planet. Successful development of the Plasma Extraction of Oxygen from Martian Atmosphere
(PEOMA) technology will result in enhanced capability during both robotic precursor and manned missions on
Mars, where low power usage and high reliability are vital. This paper presents the results of an SBIR Phase 1 proof
of concept effort for the development of plasma techniques to extract oxygen from the Martian atmosphere (96%
COy) via the direct decomposition of carbon dioxide.
The thermally induced breakdown of a carbon dioxide molecule is depicted by the reaction pathway shown in

Eq. (2):

] 1

C02 +528 kJ/mole s CO+0 257 kJ/mole s CO + Eoz. "
After initial decomposition, molecular oxygen (O,) forms either by combination of one atomic oxygen (O) with
another or by reaction of the O atom with a second CO, molecule. Regardless of the pathway, the overall reaction is
endothermic and favorable (+271 kJ per mole of CO,) for temperatures over 3,100°C at 1 bar pressure. Stable,
efficient plasma environments that drive this reaction can be created over a wide range of process pressures
including the nominal surface pressure on Mars (6 mbar) up to and above Earth’s atmospheric pressure (> 1 bar). A
variety of methods to generate a reactive plasma exist, however microwave plasma techniques can be made to be
particularly robust with a high single-pass conversion efficiency’”’.

The ability to extract resources from regolith and soil on Mars, the Moon, and Asteroids/Phobos can completely
change robotic and human mission architectures through the extraction of oxygen, metals, and volatiles (water,
hydrogen, etc.) for propulsion, life support, and in-situ manufacturing. Also, materials and resources at the site of
exploration can be used to protect crew and hardware, provide materials of construction, and generate energy to
power systems brought from Earth. By using in-situ materials and resources, mission resupply logistics and risk can
be mitigated.

Oxygen is not only an important reactant with high specific energy chemical fuels such as hydrogen and
methane, it, along with water, are two of the most critical resources for life support. As such, robust, long lived
methods for carbon dioxide electrolysis/dissociation into carbon monoxide and oxygen are needed to support future
Mars exploration missions. Various techniques have been proposed and evaluated for application as primary
oxygen extraction methods for Mars In-Situ Resource Utilization (ISRU). These include the reduction of Martian
carbon dioxide to form methane and water vapor via the Sabatier reaction, shown in Eq. (2), which employs a fixed-
bed catalytic reactor:
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CO, +4H, —RUALS: , o1 0+ CH,, @

Using a variety of catalysts and reactor configurations, the Sabatier reaction has been studied extensively for the
recovery of O, (as water via electrolysis) from CO, for employment aboard manned spacecraft®®. The chief
limitation to this approach for ISRU applications®! is the requirement to supply the hydrogen reductant, which is
ultimately locked up in the methane byproduct. Methane plasma pyrolysis techniques developed at UMPQUA, and
embodied in NASA’s Plasma Pyrolysis Assembly (PPA), can recovery up to 75% of the hydrogen that would
otherwise be lost as methane. Nevertheless, even using the PPA, hydrogen is eventually lost to the process, albeit at
a reduced rate. Hydrogen could potentially be supplied by electrolysis of indigenous water recovered via ISRU
techniques with the added benefit of extra oxygen liberated from water during the process. This approach however,
will arguably require a sophisticated overall system architecture which incorporates harvesting, transportation,
extraction, electrolysis, storage and integration with a Sabatier reactor. As such, this level of complexity may be
better suited for a mission scenario with a sustained human presence.

Like the Sabatier reaction, the Bosch reaction'*** is a well-known process allowing the recovery of oxygen from
carbon dioxide by reacting it with hydrogen at elevated temperature in the presence of an appropriate catalyst
forming water vapor and elemental carbon (C). Bosch is comprised of a multistep reaction pathway but is
summarized by the net reaction shown in Eqg. (3):

CO, +2H, —/CONL y 21 0 +C(s). 3

The advantage of the Bosch technology is that it potentially offers complete recovery of the oxygen and
hydrogen resources. Like the Sabatier reaction, however, a supply of hydrogen is required even though it can
theoretically be recovered and reused indefinitely via electrolysis of the product water. Catalysts used in the Bosch
reaction are prone to carbon fouling and eventually define a limited operational life for a fixed bed reactor. In
addition, while the products in Eq. (3) predominate, there are parasitic reactions that occur producing Sabatier
methane, which effectively serve to remove hydrogen from the Bosch process. While research is on-going for this
technology™ , significant advancements are still required to make it competitive with Sabatier.

One promising technique that has received much attention utilizes Solid Oxide Electrolysis (SOE) to
simultaneously thermo-catalytically decompose CO, to CO and O while at the same time separating the oxygen
product™®*®. Here, CO, decomposition requires elevated temperatures between 750°C and 1000°C and occurs at
cathodic platinum sites located on the surface of the nonporous solid electrolyte (e.g., yttria-stabilized zirconia
(YSZ)). An applied electric field drives oxygen ion transport from one ion vacancy to the next across the solid
electrolyte crystal lattice, thereby effecting oxygen separation. While recent advancements have improved oxygen
transfer for these ceramic membranes®#, large surfaces areas are still required to support a significant oxygen flux.

Other techniques that have been investigated for oxygen extraction from the Martian atmosphere include both
DC and RF induced glow discharge??®. This work, while demonstrating the fundamental performance gains of a
plasma process over SOE, nevertheless underscores the disadvantages of electrode and coil based reactor designs
which, in general, are susceptible to electrode fouling or have restrictive geometric design limitations.

While the ISRU application of the PEOMA technology was the focus of the Phase 1 investigation, as described
in this paper, the technology potentially lends itself to direct utilization within a habitat life support system. Acting
as a first stage oxygen recovery process within the enclosure’s Air Revitalization (AR) system, up to 50% of the
oxygen contained in carbon dioxide from respiration can be converted by a PEOMA type processor, as indicated by
the reaction in Eq. (1). The balance of the oxygen (in the form of water vapor) can be recovered downstream in a
second stage reactor via a methanation reaction as shown in Eq. (4):

CO+3H2 Ru/Fe/Ni/Co N H20+CH4, @)

This reaction is completely analogous to the Sabatier reaction shown in Eqg. (2), but acts directly on carbon
monoxide instead of carbon dioxide to produce the same water and methane products. As a combined process, with
a PEOMA type reactor and a methanation reactor working together, less hydrogen is required to recover the same
amount of oxygen as in an AR system that uses a Sabatier reactor by itself. Clearly this benefit is a result of the
direct recovery of oxygen from carbon dioxide without having to first be recovered in the form of water with
subsequent electrolysis to oxygen. To be a competitive approach, however, the energetics of this combined
PEOMA/methanation process must compare favorably to that of the Sabatier reactor acting alone. In addition, an
effective way of separating the carbon monoxide and oxygen products leaving the PEOMA reactor must be
employed before sending the carbon monoxide portion to the methanation reactor. Last but not least, since carbon
monoxide is a poisonous gas, complete separation of carbon monoxide from the oxygen product must be assured in
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addition to implementation of safe handling techniques that assure leak free operation. The fulfillment of these
requirements must be thoroughly demonstrated prior to application within a habitat life support system.
Equilibria for the carbon-oxygen system are shown, contained in the plots in Figure 1, at the three distinct
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system pressures of 1 bar (Earth surface), 0.16 bar,
and 0.006 bar (Mars surface) over a wide range of
temperatures (0-10,000°C). Equilibria are seen to
shift to the left (towards lower temperatures) as the
system pressure decreases. In addition these plots
show that a peak in O, production occurs at
significantly elevated temperatures (~3,100°C at 1
bar dropping to ~2,300°C at 0.006 bar). In fact,
regardless of the pressure, significant decomposition
of CO, does not begin until the process temperature
is raised above ~1,500°C. Since a thermodynamic
analysis only describes the potential reaction under
equilibrium conditions, a complete picture must
include the process kinetics. Regardless, it is clear
from equilibrium calculations that the temperature
ranges commonly used in thermo-catalytic induced
decomposition of CO, (such as used in the solid
electrolysis approach described above) fall short of
optimal values and necessitate the use of a catalyst.
In contrast, plasma catalytic means for CO,
decomposition offer reactive environments at much
higher effective temperatures easily attaining the
optimal equilibrium temperatures shown in these
plots without the need of a vulnerable catalytic
surface.

Microwave plasmas provide a useful means to
produce an extreme thermal environment in a small,
well-controlled region of space, resulting in very
high energy density within the plasma. The free
radicals, ions and highly energetic electrons
contained in the plasma provide an extremely
reactive environment promoting endothermic
reactions which  become thermodynamically
favorable only at very high temperatures. Using
microwave plasmas, high temperature reactions can
be conducted using systems, which are smaller,
lighter, and less complex than conventionally heated
high temperature solid electrolyte, fixed bed or
fluidized bed catalytic reactors.

Plasma (a charge balanced ionized gas) is the
fourth state of matter and, indeed, the most abundant
form of matter in the universe. A plasma is
produced when the rate of ionization within a gas
exceeds the rate of recombination (known as
avalanche or breakdown phenomena). It can be
created by the heat produced in chemical reactions,
such as is the flame in a fire, or by electromagnetic
(EM) forces, such as in lightning. EM gas
breakdown phenomena is driven by the electric field
and is dependent not only on the field strength but
also the frequency of the EM wave and the gas
pressure (or molecular density). Due to the average
spacing of gas molecules, breakdown occurs more
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readily in the RF and microwave frequency bands of the

EM spectrum with the optimal frequency dependent on the
specific gas. Similarly, for a fixed EM frequency, as

pressure is decreased the separation distance between Y /,/-
molecules increases, permitting greater energy transfer to ? Argon £
free electrons (which drive ionization) per EM wave cycle. t i ; ,«{e;“
As such, avalanche breakdown occurs more readily with a |, ek e
decreasing pressure until the gas density becomes too R \___,«"" /
diffuse and higher field strengths are required to induce " B e
breakdown.  The net result is that a minimum in e -
breakdown field strength occurs that is typically around 1 Neon + 0.1% Argon
Torr for pure gases. Pressure® Distance

This phenomena is described for each gas at a given
EM frequency by a Paschen curve (e.g., see curves in Figure 2. Breakdown field as a function of
Figure 2), which is an empirical plot of the required pressure and gap distance.?*

electric field strength (or alternatively, the voltage) as a

function of pressure (or alternatively, the pressure multiplied by gap distance). An interesting attribute of gas
mixtures is the shift in this curve to higher pressures and a reduced breakdown minimum, as seen in Figure 2 for a
mixture of Neon and Argon. For the present application, where the Martian atmosphere is not a pure CO; gas but
rather has minor amounts of both nitrogen and (perhaps more importantly, because it breaks down more readily)
argon, this is advantageous since it means that lower microwave power levels are needed to both trigger and sustain
a plasma. In addition, the minimum breakdown pressure shifts towards the 4-6 Torr pressure typical of the Martian
atmosphere. As such, a PEOMA processor located on the Martian surface will operate at minimum breakdown field
strength at the local pressure without the need for either purification or compression of the atmospheric gas. Even if
overall conversion efficiency of the PEOMA proves to be greater at slightly elevated pressures, above the
breakdown minimum, then compression of Mars CO, can be accomplished using either conventional compressors or
sorbent bed based systems.*? The fundamental efficacy of CO, plasma generation and decomposition was first
demonstrated in a prior Phase 1.2

Il. Planetary Protection Concerns

The production and subsequent release of CO on Mars by an ISRU process brings up potential concerns related
to both planetary protection and potential fouling of the ISRU feedstock. Remediation of the CO may be achieved
via chemical pathways. In theory, a CO product could be combined (at elevated temperature) with the Martian soil
promoting the catalytic formation of CO, and solid carbon via the Boudouard reaction (2 CO - CO, + C) or,
alternatively, to reduce iron oxide present in the soil (FeO + CO = Fe + CO,). These mass and energy intensive
measures, however, may not be warranted for a specific ISRU process. The Martian atmosphere has been measured
by NASA'’s Curiosity rover’s SAM instrument suite to contain up to 0.06% (mole basis) carbon monoxide, ranking
CO as the fifth most abundant gas on the red planet following CO, (95.9%), Ar (2.0%), N, (1.9%) and O, (0.14%).
While CO represents only a minor fraction of the Martian atmosphere composition, the fact that it is indigenous may
circumvent planetary protection concerns pertaining to any ISRU process that merely adds more of an already
existing gas (i.e., CO) to the Mars atmosphere. In addition, while it is conceivable that the local environment near
the process intake could become overly rich in CO for efficient plasma extraction of oxygen, this concern can be
addressed for a low throughput process (targeting 2.25 kg/hr CO,, which equates to 3.2 cubic meters per minute at
Mars’ 6 mbar surface pressure) by appropriate separation of the intake and exhaust ports relative to one another
coupled with adequate mixing/dilution of the product stream in the CO, rich atmosphere.

I11. Demonstration of Plasma Decomposition of CO,

Figure 3 contains plots of preliminary test data (CO, mass spectra at various operating pressures) generated in
our laboratory, using a relatively crude microwave plasma apparatus. While rough, these data demonstrated that
high conversion efficiencies were indeed possible for the proposed CO, plasma decomposition technique. As
indicated by the one log reduction in relative pressure at 44 AMU/q (compare blue baseline curve to the green 90
Torr curve), a roughly 90% CO, conversion is possible at an optimal pressure of 90 Torr. Electrical to chemical
energy conversion efficiency for this crude process equals 6.0% (where 90% CO, conversion and 65% electrical to
microwave conversion efficiencies are assumed). While the energy efficiency is low for this non-optimal
microwave plasma reactor, it is nevertheless nearly three times greater than the 2.2% (=100% x 0.21W / 9.71W)
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demonstrated by the SOE-based Oxygen Generation System (OGS) that was part of the ISRU hardware package

built for the cancelled 2001 Mars Surveyor
Lander mission'’. The Mars OXygen In
situ resource utilization Experiment (or
MOXIE), which is currently baselined as
an ‘oxygen from carbon dioxide’ ISRU
experiment package on the next rover
mission slated for launch in 2020%% is
also based on SOE. As such, it would
likely have a similarly poor energy
efficiency comparison with the PEOMA
approach.

Proof of concept tests for the PEOMA
technology included both independent and
integrated testing.  Independent testing
evaluated the plasma decomposition and
oxygen separation elements separately.
Following these independent tests, the two
system elements were to be combined for
fully integrated demonstration testing.

A process flow diagram for the
PEOMA test stand is shown in Figure 4.
On-line, residual gas analysis is provided
by a Stanford Research Systems QMS-200
quadrupole mass spectrometer. This
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device is capable of operation over a wide range of system pressures from 10 Torr to just above atmospheric
pressure, using appropriate inlet capillaries. Reduced system pressure is maintained by an active pressure controller
located just upstream from the vacuum pump. An ethylene glycol / water mixture is pumped from a flow through
chiller, and cools both the microwave plasma reactor and the water load for the microwave subsystem. Reactor
pressure is independently monitored using a pressure transducer located on the view port assembly. Three mass
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Figure 4. PEOMA Process Flow Schematic.

flow controllers, one each for carbon dioxide, nitrogen, and argon, provide a combined gas stream to the reactor that
approximates the composition of the Martian atmosphere (96% CO,, 2% N, and 2% Ar).

Plasma decomposition testing was performed in both cylindrical and rectangular PEOMA test reactors, each
shown in Figure 5. Plasma can be seen located on the respective stubs for each reactor in the lower photos.
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Figure 5. PEOMA Test Reactors: Cylindrical Reactor (Left Photos); Rectangular Reactor (Right Photos).

A plot of the electric field distribution for a Comsol multiphysics model of the as-built rectangular waveguide
PEOMA is shown in Figure 6. In this model 2.45 GHz microwave power at 600 W is introduced from the right
hand side of the device. The TE;, mode was intentionally excited, as would also be the case in the actual reactor.
Located on the far left side of the reactor is the perforated plate viewport that also serves as a shorting (or reflection)
plate for the microwaves. The effect of the reflection plate is to form a standing wave pattern in the reactor that, by
geometric design, establishes a central standing wave maximum at the location of the plasma locating stub.
Accordingly, during operation an
efficient microwave plasma will
preferentially form where it is
desired above the top of the stub. A 1.1328x10°
In this model, the stub tip is visible x10°

just inside the lower edge of the 1

model geometry and bracketed by 08

regions of high electric field 0'6

strength  (indicated by red '
prd

coloring). The small, blue colored 0.4
0.2
box centrally located above the | y
Yo

freq(1l)=2.45e9 Multislice: Electric field norm (V/m)

reactor (and stub) represents just 0

one possible exit port configuration

that was considered. Due to Figure6. Electromagnetic 2.45 GHz Model of PEOMA Rectangular Reactor.
operational limitations that could

not be overcome in the Phase 1 timeframe, test results for the actual rectangular reactor were inconclusive and will
not be presented in this paper.

The cylindrical PEOMA reactor is cooled by coolant flow through copper tubing wrapped around the body of the
reactor. During operation, the plasma is observed through an end view port. A polycarbonate window located in
front of a perforated aluminum plate protects the operator by significantly attenuating any ultraviolet light produced
by the plasma. This cylindrical reactor was originally designed and tested for application as a hydrogen recovery
reactor in partial methane pyrolysis. A similar reactor of identical internal dimensions but having an external body
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that was box shaped, to facilitate in-wall cooling, was provided to the Air Revitalization group at NASA-MSFC in a
3" Generation Plasma Pyrolysis Assembly. Cylindrical PEOMA tests used a 96% CO,, 2% Ar, 2% N, feed stream
that is representative of the Martian atmosphere. Initial reactor characterizations used the QMS-200 operating in
mass spectra analog scan mode to identify all gaseous products produced in the plasma. Following these
characterization tests, the PEOMA reactor was operated, as configured in Figure 5, over a range of microwave
power levels and reactor pressures. The QMS-200 was set up to operate in continuous scan mode to permit direct
comparison of reactor CO, decomposition performance from one set of power/pressure conditions to the next. In
continuous scan mode the QMS-200 displays relative concentration traces as function of time for a predefined
number of analyte mass fragments (up to ten AMU/q values).

Analog scans of both the influent (or “No Plasma”, 0 W state) and effluent (or “Plasma On”, 600 W state) gas
streams at 95 Torr, acquired using the QMS-200, are shown in Figure 7. These analog scans contain the mass

11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
mass

9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
mass

QMS Spectral Data for CO,, CO, O,, Ar and N, Acquired For Both the Influent (Top) and Plasma
Effluent (Bottom) Gas Streams. Trace Hydrogen and Water Vapor Produces Background Peaks at 2
and 18 AMU/q, Respectively.

Figure 7.

spectra data (or AMU/q peaks) for the component gases. Comparing the two scans, it is evident that no unexpected
product peaks occur as a result of the energetic plasma. Spectra was acquired out to 65 AMU/q; however, only
shown plotted to 47 AMU/q in Figure 7. Slightly elevated levels of Nitrous Oxide (NO) appear at 30 AMU/g. In
contrast, there is clearly a significant reduction in CO, at 44 AMU/q, with a corresponding increase in CO and O, at
28 AMU/q and 32 AMUY/q, respectively. This change corresponds to an 83% reduction in CO,, as determined by
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methods described below. The fact
that the NO peak at 30 AMU/q, for File Edit Insert Delete Format Show Help
the “Plasma On” case, is more than File: C:\HSC5\Gibbs\NOX\NOX.2.0GI
an order of magnitude smaller than o
the residual (~10%) CO, peak at 44
AMU/q, indicates that the NO
concentration in the product stream
is less than 1%. The minor amount
of NO present in the plasma
product, along with the apparent
absence of the higher weight
nitrogen/oxygen compounds (such
as NO, or N,0O) is further
supported by  thermodynamic
equilibrium data for
nitrogen/oxygen mixtures
representative of those expected in
the  PEOMA  effluent, as
demonstrated in Figure 8. In fact,
this equilibrium data shows the Figure 8. Thermodynamic Equilibrium for an Oxygen Nitrogen System.
relative absence of NO, and N,O,
with NO being the only nitrogen/oxygen compound of any significance that is favorable below ~6,900 °C, and it
only appears as a minor component even at its optimal formation temperature of ~3,500 °C. Previous measurements
made in our lab with hydrogen/methane plasmas at similar power levels have indicated neutral gas temperatures
around 1,200 °C and effective excited species reaction temperatures (as indicated by products formed) of around
2,000 °C. By extension, if a similar thermal state exists in this CO, plasma, then a thermodynamics analysis
predicts that only very minor amounts of NO can be formed.

A series of carbon dioxide plasma decomposition tests were performed at various microwave power levels and
reactor pressure settings. Raw QMS data plotted as relative pressure (Torr) for primary mass to charge ratios peaks
(corresponding to the gas species of interest) as a function of time, are shown in Figure 9. Both molecular nitrogen
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g T W
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1.0x10° M | U A il il l\lw‘v i
N\ Time:01:38:57
— 1.02e-006 N2/CO 28
— 322600702 32 MMW

Lo I ‘ | — 1.08¢-007 CO2 44 ‘ ‘
— 1.85e-008 Ar 40
LR [ 1]
00:00:00 00:34:17 01:08:34 01:42:51 02:17:08 02:51:25 03:25:42 03:59:59
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Figure9. QMS Peak Data for CO,, CO, O,, Ar and N, Acquired over Time, at Various Microwave Power
Levels and Reactor Pressures, for a Gas Feed Mixture Containing 96% CO,, 2% N, and 2% Ar.
Blue Arrow — Plasma Off at 120 Torr; Yellow Arrow — Plasma On at 120 Torr and 616 W
Absorbed Microwave Power Yields 86% Conversion of Carbon Dioxide.

and carbon monoxide contribute to the singly ionized 28 AMU/q peak. Similarly, the dominant peaks for molecular
oxygen, carbon dioxide and argon are 32 AMU/q, 44 AMU/q and 40 AMU/(q, respectively. Because nitrogen and
carbon monoxide contribute to the same primary 28 AMU/q peak, a secondary nitrogen peak at 14 AMU/q,
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corresponding to doubly electron ionized molecular nitrogen, is acquired as an independent measurement of nitrogen
concentration. If QMS-200 gas sensitivity factors were known for each component gas, then this data could be used
in a quantitative analysis to deconvolute nitrogen and carbon monoxide contributions yielding an accurate measure
of the actual concentration of each gas in the product stream. However, the complexity of such an approach, with its
inherently large experimental error, precludes its use. As such, only relative changes in concentration for individual
gases, which do not have interfering peak contributions, can be accurately determined. Using this approach the
relative change in carbon dioxide concentration from the “No Plasma” (0 W) state to the “Plasma On” state can be
employed to estimate the degree of carbon dioxide decomposition produced within the plasma. This is possible
because of the simple gas makeup of both the influent and effluent streams resulting from the straight forward
stoichiometry of carbon dioxide plasma decomposition, as shown in Eq. (1).. As confirmed experimentally by the
absence of significant levels of unwanted products (such as NOXs) observed in the analog scan. In addition, it is
noteworthy that no solid carbon formation was observed in any of these experiments. As such, carbon fouling is not
expected to be an issue for PEOMA technology. This a significant result which can only help promote a long useful
life for a PEOMA reactor. This, in contrast to a gradual performance degradation resulting from carbon fouling of
the catalyst in a Bosch reactor or, to a lesser extent, residual carbon buildup in the PPA reactor.

With the argon and nitrogen components remaining mostly unaltered, the known feed concentrations of all gases,
coupled with the measured change in CO, concentration, can be used to calculate the concentrations of each
component in the effluent gas stream. From this same analysis the percent conversion of CO, is also determined.
The greatest degree of conversion observed with the cylindrical PEOMA reactor was achieved at 616 W of absorbed
power (7 W reflected) at an operating pressure of 120 Torr and 380 sccm of carbon dioxide flow, resulting in 86%
carbon dioxide conversion. This is significantly better than the ~40% achieved in previous work at similar power
levels and flow rates. Electrical to chemical energy conversion efficiency for the demonstration reactor equals 7.0%
for a 380 sccm CO, processing rate (with 85% decomposition) at 623 W of microwave power, and assuming a 65%
electrical to microwave conversion efficiency. While this energy efficiency is low, as mentioned before it is
significantly better than the 2.2% demonstrated by the SOE-based Oxygen Generation System (OGS) located within
the ISRU hardware package built for the 2001 Mars Surveyor Lander.

IV. Oxygen Separation

A handful of ceramic oxygen separators were identified for evaluation in the PEOMA process. Both traditional
yttria stabilized zirconia (YSZ) as well as more cutting-edge lanthanum strontium cobalt ferrite (LSCF) ceramics
were acquired. Both of these are perovskite-type ceramics and require high temperatures to facilitate oxygen ion
transport through the thin ceramic membrane from a high oxygen partial pressure side to a low oxygen partial
pressure side. While the electronic circuit for a solid oxide electrolysis cell is completed (and potentially limited) by
electron transfer from one side to the other, no attempt was made in this work to improve current flow by application
of a voltage gradient across the membranes. Both tubular and flat ceramic forms of the YSZ membranes were
acquired for evaluation, while only the raw LSCF ceramic powder was purchased and prepared as a flat disk
membrane for evaluation. Independent testing
with these ceramic membranes proved
problematic and only limited integrated
testing was performed which will not be
presented in this paper. Due to our lack of
success in applying these membranes, various
experts in the field of ceramic oxygen
separation were contacted in the course of this
work as potential team members in future
PEOMA development. In particular, Gordon
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materials that would preferentially adsorb carbon monoxide and carbon dioxide while passing pure oxygen. While
many of the materials showed strong carbon dioxide removal, only molecular sieve 5A showed a slight amount of
preferential separation between oxygen and carbon monoxide. Initially, each of the gases present in the plasma
effluent stream were captured by the 5A, as seen by the relative concentration curves shown in Figure 10. Oxygen
breakthrough started first with carbon monoxide breakthrough following immediately afterwards. In theory, this
effect could be exploited for oxygen separation by opening a diverter valve at the appropriate time, thereby
channeling liberated oxygen to a storage volume and closing the valve prior to carbon monoxide breakthrough. The
degree of separation observed for molecular sieve 5A at room temperature may be improved upon by operation at
subzero sorption temperatures (e.g., those commonly found on the Martian surface). In addition, by employing a
carbon dioxide selective pre-adsorption bed (e.g., mole sieve 13x), oxygen and carbon monoxide separation may be
further enhanced in the downstream 5A bed.

V. Conclusion

This paper summarizes work performed in an SBIR Phase 1 effort demonstrating conceptual feasibility of a
novel Plasma Extraction of Oxygen from Martian Atmosphere (PEOMA) technology. Using microwave plasma
techniques to decompose CO, coupled with an oxygen separation from the product gas, a PEOMA robotic processor
located on the Martian surface would serve to stockpile oxygen for later use. Using innovative standing-wave
microwave plasma reactor designs, inexpensive 2.45 GHz microwave oven technology is employed to provide 600
W of microwave power to drive CO, decomposition. This proof of concept work demonstrated operation of a
cylindrical PEOMA reactor capable of converting over 85% of the CO,, found in the abundant CO, available in the
Martian atmosphere (96% CO,, 2% N,, 2% Ar, plus trace gases), to oxygen and carbon monoxide with no solid
carbon formation. This level of conversion was achieved in a single pass through the PEOMA reactor at a flow rate
of 380 sccm CO, and operating at pressures around 100 Torr, which represents a modest 20-fold compression of
those found on Mars. This process rate corresponds to 0.038 kg/hr of CO, decomposition and 0.014 kg/hr of oxygen
production. Scale-up of the PEOMA reactor processing rate is expected to be similar to scale-up of the PPA
(another microwave plasma based technology), which progressed from a 0.5-CM scale device, embodied in a Phase
2 SBIR prototype, to a 5-CM scale system via a three year Phase 3 follow-on development effort with only moderate
increases in system size and power. For product gas separation, either preferential sorption using molecular sieves
or ceramic membrane oxygen separation technology are possible matches for the PEOMA plasma decomposition
approach, but integrated operation remains to be shown.
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