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Summary

This thesis investigates microwave-based plasma technology for carbon utilization, with
applications ranging from terrestrial COs conversion to Martian atmosphere processing
for in-situ resource utilization. The research explores how thermal management strategies
and flow configurations influence the performance of microwave plasma. Key innovations
include demonstrating that preheating COs can increase conversion at near-atmospheric
pressure by influencing plasma contraction dynamics and expanding the reactive volume.
The work further examines post-plasma reactive quenching with CHy4 using a dual injec-
tion system in a COg microwave plasma, showing enhancement to COy conversion, with
a comparison to conventional (admixing) dry reforming of methane. Through compre-
hensive spectroscopic analysis, temperature mapping, and product characterization, this
work enhances fundamental understanding of microwave plasma chemistry and develops
practical strategies for improving conversion. Additionally, we investigated microwave
plasma conversion at near Martian atmosphere (25 mbar), demonstrating the technology’s
potential for space applications. The findings provide valuable insights for designing next-
generation plasma reactors that can contribute to a circular carbon economy on Earth

and support future human exploration of Mars.



Samenvatting

Dit proefschrift onderzoekt microgolfgebaseerde plasmatechnologie voor het benutten
van koolstof, met toepassingen variérend van COs conversie op aarde tot het benutten
van de Marsatmosfeer voor “In-situ Resource Utilization”. Het onderzoek bestudeert
hoe warmte-management en stromingsconfiguraties de prestaties van microgolfplasma
beinvloeden. Belangrijke vernieuwingen zijn onder meer de demonstratie dat voorver-
warming van COg bij bijna-atmosferische druk de conversie kan verhogen door de con-
tractiedynamiek van het plasma te beinvloeden en het reactieve volume uit te breiden.
Daarnaast onderzoekt dit werk reactieve quenching na het plasma met CH,4 via een dubbel
injectiesysteem in een CO9 microgolfplasma. Hierbij wordt een verbetering van de COq
conversie aangetoond en de resultaten worden vergeleken met conventionele droge re-
forming van methaan. Door middel van uitgebreide spectroscopische analyse, temperatu-
urmapping en productkarakterisering wordt zowel het fundamentele begrip van microgolf-
plasmachemie vergroot, en worden ook praktische strategieén ontwikkeld om de conversie
te verbeteren. Verder hebben we de COq (en Ng) conversie in microgolfplasma bij een druk
in de buurt van de Marsatmosfeer (25 mbar) onderzocht, wat het potentieel van deze tech-
nologie voor ruimtetoepassingen aantoont. De bevindingen bieden waardevolle inzichten
voor het ontwerpen van de volgende generatie plasmareactoren, die kunnen bijdragen aan
een circulaire koolstofeconomie op aarde en tegelijkertijd toekomstige menselijke verken-

ning van Mars ondersteunen.
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Chapter 1

Introduction

1.1 The Great Energy Transition of the 215 Century

For over a century, industrial growth has been fueled by carbon-rich fossil resources like
coal, oil, and natural gas. These fuels ushered in extraordinary economic expansion and
still supply approximately 81% of the world’s energy [1]. However, harnessing the en-
ergy from fossil fuels requires releasing vast quantities of carbon dioxide (COs2) and other
greenhouse gases, whose accumulation in the atmosphere has driven dramatic changes in
the Earth’s climate. No longer an abstract prediction but a stark reality affecting com-
munities worldwide, early reports confirmed by the Copernicus Climate Change Service
(C3S) show that 2024 is the second year on record to exceed 1.5 °C above pre-industrial
levels [2]. This breaches the threshold set by the Paris Agreement in 2015, which aims
to limit climate change impacts by achieving net-zero anthropogenic emissions [3]. The
manifestation of this warming is evident in the unprecedented frequency and intensity
of extreme weather events, underscoring the immediate need for rapid decarbonization
of our energy and industrial sectors. A shift from a fossil fuel-dominated system to a
sustainable, carbon-neutral future is only possible through collective efforts focused on
advancing technologies that enable not just cleaner energy but also a more circular and

efficient use of resources, eliminating waste through emissions.
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Achieving the net zero climate imperative faces formidable challenges, as fossil fuels remain
deeply entrenched in the global economy. Beyond their role in energy production, fossil-
derived carbon is a fundamental feedstock for the fuels and chemicals that underpin
modern industry, a dependence which emphasizes the need for a broader transformation,
not just towards clean energy, but also towards sustainable carbon management. Thus, a
fully decarbonized electricity sector is a cornerstone of this transition. Electricity powers
modern life, and its share of energy consumption is expected to rise from 20% in 2023 to
over 50% by 2050, as global demand surges [4, 5]. However, fossil fuels still account for
over 60% of electricity generation [5]. In order to align with net zero targets, that share
must decline to below 30% by 2030 [5]. While renewable electricity generation has seen
remarkable growth in recent years [6], with solar and wind power becoming increasingly
cost-competitive, the challenge of decarbonizing the industrial sector remains critical and

complex.

The chemical sector alone is responsible for being the largest industrial energy consumer
and the third largest industry subsector in terms of direct COy emissions [5]. To meet
Paris Agreement targets, emissions must decline by 75% before 2050 [5]. However, because
many industrial processes inherently depend on fossil-based carbon, renewable electrifica-
tion alone cannot fully eliminate fossil fuel use in chemical production. Addressing this
challenge requires a transformative model that must prioritize recycling of carbon emis-
sions (e.g., CO2) into the chemical resources that run our society, thereby reducing or
eliminating our reliance on fossil fuels and mitigating impacts of climate change through

circularity practices.

The development of efficient Carbon Capture and Utilization (CCU) technologies repre-
sents a key pathway towards sustainable resource consumption [5]. The CCU approach
fosters systems where carbon is continuously reused rather than ’littered’ in our atmo-
sphere. By recycling carbon, such as from CO emissions, into valuable chemical products
and fuels, we can both eliminate greenhouse gas emissions and create sustainable alter-
natives to fossil-based products. However, the chemical stability of CO5 presents thermo-
dynamic challenges, requiring efficient activation processes that can operate at industrial
scales. Furthermore, as renewable energy increasingly penetrates global power infras-
tructures, technologies capable of absorbing intermittent power supplies while producing

valuable chemicals are becoming critical components of a circular carbon economy.
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Among various CCU pathways, plasma-based conversion represents a promising approach
for coupling renewable electricity to chemical production [7-10]. Plasma is a (partially)
ionized gas with free electrons, ions, and neutral species, which offers a unique, reactive
environment that is capable of transforming greenhouse gases, such as COq, into value-
added chemicals using electricity [9]. Since plasmas allow for rapid response to power
fluctuations, the technology is compatible with intermittent renewable energy sources [9,
10]. For example, plasma can be used to dissociate COq into CO, producing a feedstock for
carbon-neutral fuel synthesis [9], which can be utilized within our existing infrastructure.
Furthermore, plasma reactors can be designed for deployment at local or regional scales,
further reducing the CO; footprint associated with transporting the key chemicals used

in industry.

A leading candidate for plasma-based COs2 conversion in a CCU context is with microwave
(MW) plasma, which has demonstrated promising conversion and energy efficiency in
laboratory settings due to the high reactivity of plasma [9, 11-16]. While results from
MW plasma applications are encouraging, conversion remains highly dependent on specific
operating parameters and process design. Consequently, research efforts have increasingly
focused on optimizing the dissociation of greenhouse gases, such as CO2, using MW plasma

systems to advance this promising technology [9, 12-31].

While MW plasma technology shows promise for greenhouse gas conversion, reaching
industrial viability requires maximizing overall system efficiency. MW plasmas have his-
torically operated under sub-atmospheric conditions, but advances in engineering have
extended the stable range of operation, anywhere from very low pressures (< 1 mbar), in
which nonequilibrium behavior is induced, up to above-atmospheric pressure (> 1 bar),
where high-temperatures around contracted plasma drive thermal chemistry. The dissoci-
ation of COs into CO represents a key pathway toward carbon-neutral fuels and chemicals,
as the production of CO serves as a versatile chemical building block for numerous in-
dustrial applications [9], which would allow for a reduction in our dependence on fossil

resources through a circular carbon economy.
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1.2 Outline

This thesis investigates the fundamental aspects and practical applications of MW-based
plasma technology for carbon utilization, with a specific focus on COs conversion. The
overall aim of this research is to advance the understanding of MW plasma systems for
greenhouse gas conversion and contribute to the development of more efficient, sustainable

processes for chemical production.

The work explores both terrestrial applications for addressing climate change and potential
interplanetary applications for In-situ Resource Utilization (ISRU), particularly on Mars.
By examining various aspects of MW plasma technology, from process design to operating
conditions, this research seeks to identify pathways for improving the performance and

practicality of MW plasma-based carbon utilization.

Building on the theoretical foundations presented in Chapter 2, this thesis develops spe-
cific research objectives and questions that guide the experimental investigations in the
subsequent chapters. The theoretical framework will establish the rationale for focusing
on particular aspects of MW plasma systems, such as thermal management and the im-
portance of flow topology on conversion and energy efficiency. Through this approach, the
research aims to contribute to the broader goal of developing efficient, scalable technolo-
gies for a circular carbon economy and sustainable industrial production, while expanding

the potential applications of MW plasma technology on Earth and beyond.
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This thesis is organized into six chapters:

Chapter 1: Introduction
Establishes the context of the climate crisis and introduces plasma technology for

carbon utilization.

Chapter 2: Theory
Provides the theoretical foundation of MW plasma technology, exploring reactor en-
gineering principles, power coupling, plasma contraction, low dynamics, and aspects

of CO9 conversion.

Chapter 3: Thermal Management:
Enhancing Efficiency Through Preheating
Examines the potential for heat recovery in plasma systems by investigating the

effect of preheating on COs plasma.

Chapter 4: Dual Injection in COg Plasma:
Exploring Post-Plasma Injection of CH,
Investigates the effects of post-plasma CHy injection on conversion and product
distribution, with a focus on reactive quenching to improve COs conversion and

provides a comparison with conventional (admixing) DRM.

Chapter 5: Beyond Farth:
Martian Atmosphere Conversion for In-Situ Resource Utilization

Explores the adaptation of MW plasma technology for space exploration.

Chapter 6: Conclusions and Future Outlook
Synthesizes the research findings and discusses implications for future development

of MW plasma technology.
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Chapter 2

Theory

This chapter examines the fundamental principles of MW plasma technology for green-
house gas conversion, with a focus on COg dissociation. The first sections explore the
engineering aspects of MW plasma systems, compare MW generation technologies, and
analyze their respective advantages in efficiency, control, and durability. In the second
part, we detail the physics of energy coupling mechanisms, plasma contraction dynamics,
and flow behaviors that govern reactor performance in MW plasma systems. Finally, in the
last section, special attention is given to thermal management strategies in COs conver-
ston, including preheating, reactive quenching techniques, and low pressure applications
to enhance conversion. The insights presented are intended to bridge MW engineering
with plasma chemistry, providing a theoretical foundation for the work carried out in the

following chapters.
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2.1 Essential Aspects of Microwave Plasma Technology

As briefly touched upon in Chapter 1, MW plasma technology has emerged as a promising
tool for greenhouse gas conversion in a CCU context, demonstrating promising conversion
and energy efficiency in laboratory settings due to the high-temperature gradients and
fast transport strongly exhibited in this plasma regime [1-5]. Currently, MW plasma-
based gas conversion has a Technology Readiness Level (TRL) of approximately 3 (i.e.,
achieved experimental proof of concept) [6]. Growing commercial interest in nitrogen
fixation, carbon utilization, and hydrocarbon (e.g., methane) reforming are expected to

drive the general readiness of the technology in the years to come [7, 8].

The benefits of MW plasmas reside in their adaptivity, which allows for large scaling
potential and operation under an extensive parameter space (for example, in terms of
pressure, flow rates, and configurations) [7-9]. Indeed, MW plasmas can be maintained
across an impressively broad pressure range (from high vacuum < 1 mbar, up to well
above atmospheric pressure), which affects the plasma dynamics and, thus, the chemistry
(see Section 2.4). This flexibility allows MW plasmas to be used in a wide range of

applications [9-11].

Using electromagnetic radiation in the frequency range ~300 MHz — 300 GHz [12], MWs
can create and sustain a plasma discharge. In this process, the field accelerates free elec-
trons, which then transfer energy to gas molecules through collisions, leading to ionization,
excitation, and dissociation. This is typically achieved through waveguides, which serve to
confine and direct MW radiation toward the plasma while preventing energy losses. Fur-
thermore, MW reactors use non-contact energy transfer, eliminating the need for physical
electrodes inside the discharge zone. This not only enhances system longevity but also
prevents contamination of the plasma and effluent gas mixture due to electrode erosion, a
significant advantage in high-purity applications, such as fertilizer production and chemi-
cal synthesis. An example of a typical waveguided MW reactor configuration is illustrated

in Figure 2.1.

Following Figure 2.1, a generator produces a peak power, which is transmitted through a
rectangular waveguide at a designated frequency (e.g., 2.45 GHz). Rectangular waveguides
support many modes in either Transverse Electric (TE) or Transverse Magnetic (TM)

mode, signifying that either the Electric (E) or Magnetic (M) fields are perpendicular
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FIGURE 2.1: Schematic of a waveguided MW reactor, with a generator (magnetron or
solid-state), and isolator, tuner, resonance chamber (intersected by a quartz tube, where
plasma ignition takes place), and sliding short.

to the direction of propagation. In addition, these modes are denoted by nomenclature
using the characteristic eigenvalues in a rectangular waveguide derived from the solution of
Maxwell’s equations governing the propagated wave, e.g., TE,,,, where ‘m’ references the
number of maxima in the x-direction, and ‘n’ references the number of maxima in the y-
direction, as shown in Figure 2.1. Typically, the dimensions of a rectangular waveguide are
selected such that the TE;y mode is the dominant wave propagation mode due to its low
cutoff frequency and thus is commonly used for MW plasma reactors. The cutoff frequency
defines the mode that will propagate through the waveguide and can be considered like
a ‘filter’ that suppresses other waveforms while allowing for minimum attenuation to the
propagation of the signal (i.e., minimal loss of signal through the waveguide). Since
this mode offers efficient power transmission with minimal attenuation, it ensures that
the power is effectively delivered to the plasma, while minimizing losses [12], as efficient

power coupling is critical to MW plasma operation.

To protect the generator from unwanted reflected power downstream, an isolator, which
consists of a circulator and a load, is used. The circulator is a non-reciprocal ferromagnetic

device that directs power unidirectionally, allowing the transmitted wave to flow from
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the generator to the discharge while blocking any reflected waves from traveling back
upstream and damaging the generator. Any reflected power is diverted to the load, where
it is dissipated. In high-power MW reactors (e.g., above 1 kW), water-cooled loads are

commonly used to prevent heat buildup that could damage the circulator.

Further downstream, matching components, such as a stub tuner, are used to optimize
impedance matching, ensuring efficient power transfer while minimizing reflection. The
tuner, positioned between the generator and the resonance chamber, can be manually
adjusted or automatically controlled in modern systems (so called ’auto-tuners’). Many
auto-tuners also provide real-time monitoring of forward and reflected power, as well as

the applied frequency.

Within the resonance chamber, MW energy is coupled to the gas flow through a MW-
transparent medium (e.g., a quartz tube) that traverses the waveguide. The MW field
generates an oscillating electric field (E-field), accelerating free electrons, which collide
with gas molecules in an avalanche process, leading to ionization and plasma formation,
resulting in a sustained discharge consisting of electrons, ions, radicals, and excited species
[13]. To ensure efficient confinement of the MW field in the case of rectangular resonance
chambers (as illustrated in Figure 2.1), a sliding short (or plunger) can be placed at
approximately i waveguide wavelength from the discharge region. This component reflects

MW energy back into the cavity, creating a standing wave that enhances power density.

However, efficient energy coupling is not solely dependent on waveguide design. It is also
influenced by the choice of MW generator, which determines factors such as frequency
stability, power tunability, and impedance matching. The two common technologies used
for MW plasma generation today are magnetron-based and solid-state sources, each with
distinct advantages and trade-offs. In the following section, we explore the differences
between a few MW generating technologies and their implications for MW-based plasma

applications.
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2.2 Magnetron vs Solid-State Technology

2.2.1 Magnetrons: The Workhorse of the Century

The magnetron tube has been a cornerstone of MW technology for over eight decades,
demonstrating remarkable versatility across applications ranging from military radar sys-
tems to plasma generation. In the early 1940s, magnetrons played a pivotal role in World
War II, revolutionizing radar technology. Their ability to generate high-power MW radi-
ation in a compact and efficient form made them indispensable for early high-frequency
applications. Following the war, this technology found widespread adoption, with perhaps

the most familiar example found in our kitchen as a common household appliance.
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FIGURE 2.2: Typical structure of a magnetron. Image from Encyclopedia Britannica
[14]

As Pozar describes, there are several types of magnetron tubes; however, all involve
the interaction of an electron beam with an electromagnetic field inside a vacuum-sealed
envelope [12]. A typical construction of a magnetron is shown in Figure 2.2. The high-

frequency (HF') energy is coupled outside the envelope, where a hot cathode generates
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a stream of electrons by thermionic emission, which is focused to a narrow beam via
a high-voltage anode or solenoidal electromagnet [12]. A strong, static magnetic field
is applied along the axis, perpendicular to the motion of the electrons. This magnetic
field interacts with the E-field created by the high-voltage anode and cathode, forcing
the electrons into curved, spiral trajectories [12]. As the electrons pass near the resonant
cavities, which set the frequency of oscillation by their geometry (i.e., 2.45 GHz), they
transfer kinetic energy in the form of MW radiation [12]. The resulting MW radiation is
then extracted via a waveguide, making it available for practical use in plasma reactors.
The magnetron is a self-oscillating device requiring no external elements other than a
power supply. Additionally, magnetrons can handle very high-power densities in the
electron beam, enabling compact high-power output [15]. However, it should be noted
that magnetron filaments are sensitive to mechanical shock (e.g., like those created during

rocket starts) and have a limited lifetime.

Magnetrons are characterized by their simplicity and efficiency, and a single magnetron
tube can directly generate high-power MW (from kW up to MegaW) with source effi-
ciencies of 80% or more [12]. However, as self-oscillating devices, magnetrons inherently
operate at a fixed frequency determined by their cavity design. The output of a free-
running magnetron also has relatively high phase noise and some frequency jitter (often
described as "noisy” output). The magnetron basically delivers a burst of MWs at its
design frequency, and fine control of power is achieved only by adjusting the input voltage
to the cathode or via duty cycle modulation (as in pulsing). Rapid or linear power mod-
ulation is not a strength of magnetrons; in fact, warm-up times can be ~30 minutes or
more. Furthermore, magnetrons require high-voltage power supplies (often on the order
of several kV) to operate, which adds complexity and safety concerns (e.g., 2 — 4 kV is
common for a 1 — 2 kW magnetron) [12]. Modularity is also difficult to achieve with

magnetron technology, as it entails bulky waveguide distribution systems.

Another consideration is the fixed lifetime and performance degradation over time, as the
cathodes within the magnetron wear with use (through cathode emission degradation or
filament burnout) and can suffer from instabilities as they age. A typical magnetron in
industrial service might last on the order of a few thousand hours (~2,000 — 8,000 hours

is common) before needing replacement [12].

While magnetrons commonly dominate the lower MW frequency range (< 1 — 20 GHz,
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although higher frequency is possible), gyrotrons represent a specialized class of MW
generators capable of operating at significantly higher frequencies (typically ~28 — 500
GHz) and power levels. Interestingly, gyrotrons can be designed to oscillate at multiple
frequencies by adjusting operation parameters. Moreover, the higher operating frequen-
cies enable gyrotrons to achieve very high-power outputs, with some systems capable of
generating MegaW-level continuous wave (CW) power. Like magnetrons, gyrotrons are
vacuum tube devices that rely on the interaction between an electron beam and elec-
tromagnetic fields within resonant cavities [12]. However, gyrotrons use solenoidal bias
magnets, in which the axial magnetic field forces the electrons into tight spirals down the
length of the tube, forcing cyclotron resonance. The electron velocity can become high

enough that relativistic effects become important [12, 16].

Despite their impressive power capabilities, gyrotrons present several limitations for plasma-
based gas conversion applications. The efficiency of gyrotrons is typically around 50%,
considerably lower than the efficiency achievable with magnetrons [12, 17]. This reduced
efficiency combined with the complexity and cost of the high-field superconducting mag-
nets required for operation makes gyrotrons economically challenging for plasma-based
industrial COgy conversion. Furthermore, the higher frequencies can lead to increased
power losses in waveguide transmission. Thus, the primary domain for gyrotrons re-
mains in fusion processes. Although some research has explored gyrotron applications
in plasma-based gas conversion [18, 19], the combination of lower efficiency, higher com-
plexity, and increased costs generally favors multiple high-power magnetron sources over
single-gyrotron systems for industrial CO» dissociation applications. Notwithstanding,
industrial MW heating and plasma systems have traditionally employed magnetrons be-
cause of the technological maturity and low cost. There is a wealth of practical know-how
on using magnetrons, and many existing plasma reactors have been designed around
them; however, as semiconductor technology continues to advance, the next generation of

industrial MW systems appears on the horizon.

2.2.2 Solid-State Generators: The Technology of the Future, or Today?

Recent advances in semiconductor technology have revolutionized the generation of HF
energy, enabling a shift from traditional vacuum tube devices to solid-state MW genera-

tors. Unlike magnetrons, which operate as self-oscillating devices with fixed frequencies
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and high phase noise, solid-state technology leverages transistor-based amplification to
provide stable, frequency- and phase-controlled MW power [20], a level of precision and

adaptability offers significant advantages for plasma generation.

Solid-state MW sources employ high-power transistors, such as Laterally Diffused Metal-
Oxide Semiconductors (LDMOS) and Gallium Nitride (GaN) devices, to amplify an input
HF signal to the desired MW power level, with outstanding control over frequency, phase,
and power output. This inherent controllability allows solid-state MW sources to operate
with low phase noise, and precise power modulation capabilities. By design, solid-state
generators can be tuned or adjusted, allowing electronic tuning of frequency (within a
certain band, for example, 2.45 + 0.05 GHz) and can even sweep or hop frequencies
rapidly. Thus, power control is vastly superior compared to magnetrons, as the output
power can be adjusted linearly. Furthermore, fast variation or pulsing of the MW output
is straightforward (since one can drive the transistors with a modulated input or gate
bias) [12]. Modern solid-state MW generators offer precise, real-time power control with
resolution better than 1% and can achieve micro- and nanosecond response times for
pulsing. Solid-state systems also run on low-voltage DC power, eliminating the need
for bulky high-voltage transformers and makes the system inherently safer and easier to
integrate with digital control circuits. These attributes in a generator should be critically
considered for precision-driven applications, like plasma-based research or in space-related

endeavors, when, for example, power modulation is key to the process [21].

As solid-state generators are limited in power (e.g., 250 W), they must be coherently
combined to scale power output. As a result, substantial efforts have been directed toward
increasing output power using various combining techniques [12]. An example of one
technique, i.e., an 8-port power combiner used in Chapters 4 and Chapter 5, is shown in

Figure 2.3.

Power combining can be achieved either at the device level or the circuit level. At the
device level, multiple diode or transistor junctions are electrically connected in parallel
within a compact region, effectively operating as a single unit [12]. An example of this
approach is shown in Figure 2.3, where each 250 W solid-state source is first combined to
produce 500 W before being fed through a coaxial cable and further merged at the circuit
level. Figure 2.3 serves to complete this example, where the power amplifiers are placed

in parallel, with their output power combined through a specially designed waveguide
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FIGURE 2.3: An example of an 8-port power combiner waveguide. Each power amplifier

represents two, 250 W solid-state sources, which are circuit-combined to generate 500

W of power, and then fed through an N-type coaxial cable, which is transitioned to

an internal antenna. Each port must be phase-matched (e.g., & 180°), and results in
combined MW power of ~2000 W.

combiner (cavity combiner) that constructively merges the signals. There is some difficulty
in combining amplifiers into a single high-power output, as this requires precise phase
matching. Since the technology is also frequency- and phase-stable in coherent systems,
it allows the power combining of generators to deliver an extensive power range, opening
avenues for distributed power sources into large geometries [20, 22]. There are various
power-combining techniques, all which present advantages and disadvantages. Although
the depth of this is out of the scope of this thesis, Pozar’s Microwave Engineering serves

as a comprehensive resource for further exploration [12].

In principle, an unlimited amount of HF power can be generated by combining solid-state
sources; however, in practice, factors such as combiner losses limit the multiplication fac-
tor. This is why high-power solid-state MW devices are not readily commercially available
and are extremely costly. Furthermore, the additional components need to be carefully
managed, as the phase-matching can be de-calibrated, e.g., due to electromagnetic in-
terference, and properly cooled. The solid-state approach essentially converts the MW
generation problem into an electronics and heat management problem, where one needs
to deal with cooling of many semiconductor devices to maintain gain and phase balance.
From an engineering standpoint, solid-state systems leverage advances in HF electronics,
digital control, and thermal management to achieve what magnetrons do with vacuum

physics.



Theory 19

Solid-state technology offers much improved operational longevity over magnetrons (i.e.,
> 100,000 vs. 8,000 hours lifetime) and better mechanical ruggedness. Notably, the
magnetron is a ’single point of failure’ generator, while solid-state generators typically
consist of several sub-units; therefore, if a failure occurs in one or more sub-units, the
system can still theoretically function [20]. Although the efficiency of contemporary solid-
state MW power supplies is still lower compared to mature magnetron technology in
many instances, advances in the field are quickly closing the gap, with some solid-state
generators capable of > 60% efficiencies [21, 23]. Furthermore, solid-state systems will not
deteriorate in power output or efficiency with time, as is the case with magnetron sources.
Moreover, solid-state outshines tube-based amplifiers in modularity, as magnetron-based
systems generally entail bulky waveguide distribution systems. As a result, solid-state
MW power systems have some enticing advantages, which are particularly interesting for
aerospace and ISRU applications, as they are a considerably more compact and portable

form compared to high-voltage-powered magnetron systems [20].

This makes solid-state HF generators ideal candidates in ISRU, aerospace, and defense
applications. For example, radiation hardness is a concern on Mars due to the lack of a pro-
tective ionosphere, which exposes the planet to high-energy radiation [24, 25]. Although
radiation does affect semiconductors, smaller devices and active components exhibit re-
duced sensitivity [21, 25]. As an example, the GaN semiconductor, with its high energy
density and small device area per transistor, is remarkably robust against radiation and is
already prevalent in advanced aerospace and defense sectors [21, 25]. Furthermore, GaN
offers advantages in miniaturization and weight reduction over traditional HF semicon-
ductors (e.g., LDMOS) [21]. In essence, semiconductor-based HF generators hold great
potential for Mars ISRU missions. A use case for this will be explored further in Chapter

5.

In summary, these technologies can be scaled to the power levels needed for plasma-based
gas conversion, but they do so differently. Magnetron technology is very mature, having
been in use for more than 80 years and used in billions of devices (ovens, radar, etc.)
[12]. Solid-state technology, while mature in the communication and radar sectors, is
relatively new to high-power continuous processing, such as what is needed in plasma-
based gas conversion. Only in the last 10 — 15 years have solid-state MW generators

at multi-kW levels become commercially viable for plasma applications; however, the
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widespread implementation still faces challenges, including cost and availability of high-
power devices. Magnetrons currently have the edge in raw high-power availability and
efficiency (and cost, allowing cheaper scale-up), and therefore are still most relevant for
use in plasma torches and large-scale plasma chemical processes. Solid-state provides a
flexible, modular route with unparalleled power control (such as for pulsing, especially
on the nanosecond scale), at the expense of greater complexity and currently higher cost.
However, as solid-state generators continue to advance, they will offer new capabilities
that were previously unavailable in conventional magnetron-based MW plasma systems.
In essence, the feasibility for high-power (> 2 kW) plasma reactors is about choosing the

right source to meet the process demands (efficiency, stability, maintenance).

2.2.3 Dielectric Resonators

While magnetrons and solid-state devices represent the dominant MW generators for
plasma applications, Dielectric Resonator Oscillators (DROs) constitute an emerging class
of MW sources that offer several compelling advantages distinct from both approaches.
Unlike magnetrons, which are self-oscillating vacuum devices, or solid-state systems that
rely on semiconductor amplification, DROs operate through electromagnetic field con-
finement within high-dielectric-constant ceramic or crystalline materials that serve as

frequency-determining elements [26, 27].

The fundamental operating principle involves coupling energy from an external source into
the dielectric resonator. At resonant frequencies, the microwaves form standing waves
in the resonator, where the confinement mechanism enables precise frequency control
while maintaining excellent stability [28]. Since the resonance frequency is primarily
determined by the physical dimensions and dielectric properties of the resonator, leading
to minimal frequency drift over time and temperature variations. This stability stems
from the inherent properties of the ceramic materials used, which can be engineered
to exhibit near-zero temperature coefficients, meaning that their dielectric constant and
thus their resonant frequency changes very little with temperature. These devices have
exceptional temperature stability, very low phase noise, and are compact in size [29].
These characteristics make DROs particularly attractive for applications requiring precise

frequency control, such as phase-locked loop systems or frequency synthesis applications.



Theory 21

However, DROs also present critical limitations in terms of power (generally mW to low

W range) making them less suitable for plasma-based COq dissociation.

While DROs are not currently viable for high-power MW plasma applications due to their
power limitations, they represent an important technological development due to their
compact size and frequency stability. For example, this is particularly relevant to the
ISRU context discussed in Chapter 5, where the combination of low power consumption,
compact size, and exceptional frequency stability could make DROs valuable components
in frequency synthesis chains that ultimately drive higher-power solid-state amplifiers.
Their reliability and temperature stability characteristics align well with the demanding
requirements of space environments, where maintenance and replacement are not feasible.
As MW plasma technology continues to evolve toward more sophisticated control and

diagnostic systems, DROs may find increasing application.

2.2.4 A Personal Reflection:

Field Experience with Solid-State Microwave Plasma Technology

Having worked extensively with both magnetron and solid-state devices throughout my
research career, | present this section to offer practical insights that complement the theo-
retical discussion above. These experiences may help guide future researchers considering

which technology to employ for their specific applications.

The power modulation capabilities of solid-state reactors are indeed unmatched by mag-
netron devices, as evidenced in the experiments described in subsequent chapters. For
example, in Chapter 3, watt-by-watt control proved essential for investigating fundamen-
tal aspects of preheating, where minute power adjustments (e.g., 62 W) required precise
control beyond magnetron capabilities. For such applications demanding high precision,

solid-state technology offers clear advantages.

However, despite their advanced control capabilities, solid-state systems present several
operational challenges that reflect current technological limitations. For example, the
generator utilized in the Chapter 3 experiments was rated to be a 6 kW source; how-
ever, in practice, it was only ever able to deliver a maximum of approximately 5 kW,
illustrating the combiner losses discussed in Section 2.2.2. Similarly, the 2 kW solid-state

source employed in Chapters 4 and 5 reached only about 1.6 kW at maximum output.
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These discrepancies highlight the need for careful consideration when specifying power

requirements, which will ultimately increase overall system costs.

More significantly, the experimental setup described in Chapter 4 and 5 experienced recur-
ring damage to power amplifiers, with individual channels suffering electronic component
failures and coaxial cable damage. Thermal management presented many challenges, such
as with cooling system blockages, that ultimately caused catastrophic failure. Post-failure
analysis revealed complete burn-through of the coaxial port at the waveguide power com-
biner shown in Figure 2.3, warpage of the antenna assembly, and irreparable damage to
the circulator with multiple fractures to the ferrite assembly. These failures occurred
despite operating within the manufacturer’s specified parameters, suggesting underlying
design vulnerabilities in early-generation solid-state systems. While the initial damage
stemmed from cooling system blockages, subsequent investigation revealed an inappropri-
ately high shutdown temperature setting (100°C rather than the safer 70°C threshold).
This experience underscores the need for robust cooling solutions with appropriate inter-
locks and flow meters in high-power solid-state plasma applications, which are not always

accounted for in the system design.

Another critical consideration involves component specification. The isolator described
in Chapters 4 and 5 was improperly rated (designed for only 3 kW total power without
additional water cooling), which proved insufficient during high-reflection incidents, such
as with phase mismatches or elevated reflections, which can damage electronic components
in power amplifiers, potentially triggering cascading failures downstream without adequate

protection.

These experiences align with the broader limitations of current solid-state technology de-
scribed earlier in this chapter. While offering unprecedented control capabilities, these
systems remain more complex, less robust to operational variations, and currently more
expensive to repair or replace than their magnetron counterparts. For research applica-
tions requiring precise power modulation or high stability, such as those in Chapter 3,
these trade-offs may be acceptable. However, for industrial applications or settings with
limited technical support, magnetron-based systems still offer compelling advantages in

simplicity and resilience.

By comparison, magnetrons offer a more ”plug-and-play” approach, albeit with power
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instabilities of approximately +10%. While unsuitable for highly precise power require-
ments, this stability range is adequate for less sensitive metrics. For instance, when study-
ing conversion and energy efficiency, power instability effects average out across multiple

measurements, making magnetrons perfectly suitable for many research endeavors.

As solid-state technology continues to mature, addressing these reliability challenges
through improved thermal management, enhanced protection, and more robust inter-
face components will be essential to achieve their full potential in plasma applications,
but in my opinion, these devices should be considered a research endeavor of their own,
requiring excellent technical support and seasoned researchers who understand the com-
plexity and limitations. The integration of flow meters, appropriate interlocks, properly
graded components, and more transparent power monitoring would significantly enhance

system reliability.

2.3 Coupling, Contraction, and Flow Dynamics

2.3.1 Power Coupling to the Discharge

As discussed, MW plasmas are sustained through the interaction of electromagnetic waves
with free electrons, which then transfer energy to the neutral gas molecules via collisions.
Power coupling in MW plasmas is a complex process governed by Maxwell’s equations,
which describe the propagation of electromagnetic fields, and the Boltzmann kinetic equa-
tion, which characterizes the energy absorption dynamics of the charged particles [13].
Efficient power coupling is crucial for maintaining the discharge and strongly depends
on wave-particle interactions, field penetration, and plasma parameters, such as electron

density, pressure, and collisionality.

Maxwell’s equations form the framework for understanding power coupling in MW plas-
mas, describing the propagation of the electromagnetic wave in the plasma medium. In
an MW plasma discharge, the oscillating E-field interacts with free electrons, imparting
energy through mechanisms such as Ohmic (or Joule) heating and wave-particle resonance
(collisionless) heating by the E-field. This energy is subsequently transferred to the bulk

gas through elastic and inelastic collisions. The link between Maxwell’s equations and
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the resonant and absorptive behavior of MW plasma comes from the Helmholtz equation,

which describes how electromagnetic waves propagate and couple into a plasma:

VZE + k*E =0 (2.1)

where V2E is the vectorized Laplacian of the electric field, E is the electric field vector
and k? is the square of the complex wave number; k has real (speed of wave propagation)

and imaginary (attenuation coefficient) parts, and k? is defined as:

k? = poéw? (2.2)

where pg is the permeability of free space, w is the wave frequency (w = 27 f), and where
the dielectric permittivity of the plasma is £ = €9, and with £ as a frequency-dependent

quantity, i.e.,:

iw?
ER(w) =1- W—il(ﬂ) (23)

where v, is the electron-neutral collision frequency, i is imaginary unit (which satisfies

i? = —1) and wy, is the plasma frequency defined as:

nee?

(2.4)

Wy =
P E0Me
where n. is the electron density, e is the electron charge, ¢¢ is permittivity in vacuum,

and m. is the mass of an electron, with all other components defined above.

2> w2 2 or

Importantly, whether waves in the plasma can propagate (when wy,
whether they reflect (w,? > w? + vp,2). In the latter, eg becomes negative, which shifts
the direction of the E-field [30]. This introduces a cutoff condition for wave penetration
that is critical for efficient power coupling. This so-called plasma frequency cutoff acts
similarly to a resonance layer where energy can be transferred to electrons via localized

field enhancement or mode conversion [13]. The penetration of MW fields into plasma is

also constrained by the skin depth () [30, 31]:
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(2.5)

when v, > w (i.e., for high collisionality plasmas), with all variables defined above.
As MW frequency increases, the skin depth decreases, leading to more localized energy
deposition near the plasma boundary. In high-density plasmas, energy is mostly absorbed
within a thin layer, requiring mechanisms such as surface wave excitation or traveling

wave discharges to sustain volume ionization [32].

At sufficiently high gas pressure, collisional heating dominates, where electrons oscillating
in the E-field continuously gain energy and lose it to collisions with heavy particles (such
as neutrals and ions), transferring kinetic energy (which defines the electron temperature)
into random thermal energy (defining the gas temperature) [13, 32]. The power absorbed
per unit volume can be expressed in a simple steady-state picture, which can be set
equal to power losses (through radiation, conduction, etc.), which turns into an energy
balance that determines the electron and gas temperature [32]. However, at low pressures,
electrons can still be heated through mechanisms like wave-particle resonance (collisionless
heating) [13]. Regardless of the mechanism, the result is that electrons gain energy from
the field, and these energetic electrons then transfer energy to the rest of the plasma
through collisions or collisionless processes, heating the bulk and driving chemistry [13].

This understanding will become important in the following section.

For every system there is an optimum range of pressure and density for efficient power
coupling. In MW discharges, there is a distinction between localized coupling (standing
wave) and distributed (traveling wave) coupling [13]. The MW field forms standing wave
patterns and high field intensities in specific regions [33], which can lead to very efficient
local power deposition but potentially lower uniformity. In traveling-wave systems, like a
surface-wave plasma, as is described in subsequent chapters, the wave propagates along
the plasma, continuously depositing energy [34]. A surface-wave discharge is particularly
interesting for coupling at densities beyond the usual cutoff frequency (wp2 > w? + 1?)
[35]. The electromagnetic wave in this case does not propagate through the plasma bulk,
but along its surface, with fields decaying into the plasma [35]. This allows the plasma
to be "overly dense” and still absorb power as the wave travels on the boundary and
ionizes the gas along the way [34, 35]. Such coupling is strongly influenced by pressure

and collisions, such that at high pressures, the surface wave is rapidly damped (giving
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rise to long and narrow plasma columns, referred to as contracted, see Section 2.3.2),
whereas at lower pressures the wave can sustain a broader profile (a more diffuse regime,

see Section 2.3.2) [35].

In practice, ensuring efficient coupling in MW systems often requires impedance matching
(e.g., using tuners or matching networks, as introduced in Section 2.1 of this chapter) so
that minimal power is reflected from the plasma. A well-coupled MW plasma can absorb
> 90% of the incident power when tuned correctly [12], meaning that the system must

also be matched to the characteristic impedance of the waveguide [36].

2.3.2 Contraction Dynamics

Plasma parameters, such as electron density (ne), gas pressure (or neutral density, n),
and collisional frequency determine which coupling mechanisms dominate and how effi-
cient the power transfer is [37-39]. As discussed in Section 2.5.1, the plasma frequency
determines the permittivity of the plasma and thus whether the electromagnetic wave can
propagate. As discussed, if n, exceeds the critical density for a given frequency, a trans-
verse electromagnetic wave will be reflected. In such ’over dense’ conditions, coupling
can still occur, for example via mode conversion (e.g., a surface wave along the plasma
boundary), but it is inherently more challenging to drive energy into the plasma. On the
other hand, if n. is too low, there are not enough charged particles to absorb the power,
and most of the field may pass through or remain underutilized. There is often an optimal
density range where n. exhibits a ’sweet spot’. It is low enough for the wave to penetrate,
while still high enough to absorb a significant fraction of the power. Once a plasma is
sustained, feedback occurs, where higher absorbed power tends to raise n., which in turn
can increase shielding (reducing penetration). This nonlinear behavior leads to multiple

operating modes.

In COy MW plasmas, there are distinct discharge modes characterized into three cate-
gories, which are broadly determined by power, pressure, and gas flow rate [31, 37, 39],

and images are presented in Figure 2.35.

As shown in Figure 2.3 [31], at low pressure (< 100 mbar) or power density, the plasma
often remains in homogeneous or L-mode (i and ii), as characterized by uniform temper-

ature, as well as relatively low power density profiles [31]. At low pressure, the collisional
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(i) homogeneous (ii) L-mode (iv) H-mode

FIGURE 2.4: CCD images of the emission intensity profile of the four stages with in-
creasing pressure (left to right) of vortex-stabilized CO2 MW plasma. Image courtesy of
Wolf et al. [31].

frequency is much smaller than w, so electrons oscillate ’freely’. In this regime, collision-
less heating mechanisms become important, as briefly discussed in Section 2.3.1. The
efficiency of power coupling might drop if there is no mechanism for electrons to gain
phase-randomized energy; however, discharges tend to always have some inhomogeneity
at boundaries that allow phase mixing (e.g., electrons interact with the sheaths or spatial
gradients to gain energy). As pressure increases, the hybrid mode arises (iii, typically
between 100 — 200 mbar), balancing partial contraction with sufficient homogeneity to

maintain high energy efficiency and mixing [31].

Above ~200 mbar, steep radial gradients arise, leading to a contracted mode (iv, H-mode).
These transitions are driven by thermal-ionization instability [31], where localized heating
boosts ionization rates, creating dense filaments with elevated temperatures and enhanced
microwave absorption [38]. This mechanism favors Ohmic heating, where power coupling
is akin to a current driving through a narrow conductor in a resistive medium [39]. High-
pressure plasmas thus tend to have more uniform, volumetric heating; however, much of
the energy goes into random thermal motion (ultimately gas heating) rather than selective
excitation. Additionally, high collisionality means shorter skin depth (better absorption

near the edge but potentially preventing the center from receiving field energy).

Several mechanisms govern contraction [1, 31, 37-41]. Electron collisions (particularly in
the plasma core) can increase ionization rates, while radial temperature gradients modify
the reduced electric field (E/n) and reduce charged-particle losses from the plasma volume

[42]. This positive feedback leads to narrow, high-power density regions with significant
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temperature elevation; however, it can limit the overall reaction volume, as contracted
(H-mode) plasmas exhibit a reduced interface between the reactive high-temperature zone
and the bulk gas of the reaction chamber. Consequently, the hybrid regime often emerges
as the optimal mode for CO2 conversion, balancing localized heating with adequate mixing
and quenching. However, this regime requires vacuum pumping, which uses additional

power from plug to product [43].

2.3.3 Flow Dynamics

Flow dynamics in MW plasmas govern discharge stability, spatial plasma characteristics,
and the transport of reactants in and out of the reactive volume. The interaction between
gas flow, electromagnetic fields, and plasma contraction mechanisms results in complex

behaviors that define reactor performance.

Vortex flows are commonly employed in MW plasma reactors to confine the plasma core
and minimize heat loss to the walls. Typically, a vortex is generated through tangential
gas injection, with the injection velocity directly influencing vortex strength [44]. This

thesis focuses on the 'forward vortex’ flow configuration, as illustrated in Figure 2.4.

J —OH<t-co.

Vortex

FaC
i
|

Resonance
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FIGURE 2.5: Schematic of a forward vortex flow in a MW reactor, resulting in a plasma
centered in the quartz tube.
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In forward vortex stabilized MW plasma systems, the flow strongly influences heat transfer
and molecular transport. Tangential gas injection confines the plasma core, promoting
steep radial temperature gradients [45]. The gas flow dynamics plays a crucial role in
stabilizing the discharge, centering it within the reaction chamber (in our case, a quartz
tube), while it transports heat away from the plasma core, creating steep temperature
gradients. This in turn enhances radial diffusion and mixing, governing the transport
of reactants to and from the reactive volume and facilitates product extraction, which
is particularly relevant in COy conversion [46]. The plasma volume exhibits increased
kinematic viscosity due to the high temperature (in the range of ~6000 — 8000 K for
contracted discharges), potentially reducing mixing and forming boundary layers. These
effects can lead to slippage, wherein a fraction of the gas bypasses the reactive volume
along cooler wall regions, limiting overall conversion [4]. Furthermore, there is evidence
suggesting that the forward vortex configuration may give rise to recirculation cells near
the injection point [47], resulting in partially closed flow lines, and where the plasma may

lie in plane with these regions [48].

2.4 Implications for MW-based Plasma Conversion of CO-

A key challenge in MW plasma-based COqy conversion is thermal management. While
high gas temperatures (> 3000 K) in the core of a contracted plasma effectively drive
COg dissociation through thermal pathways, they simultaneously promote recombination
reactions in the afterglow region, limiting overall conversion. Consequently, research ef-
forts have increasingly focused on optimizing the dissociation of CO3 to CO using MW
plasma systems to advance industrial viability, which requires maximizing overall system
efficiency [1, 2, 5, 7, 31, 39, 45, 49, 50]. Thus, much of the research emphasis is on progress-
ing the community’s understanding of what limits high conversion and energy efficiency
[3-5, 37, 38, 42, 43, 51]. Typically, current state-of-the-art approaches achieve conversions
below 20% and energy efficiencies well below 50% at atmospheric pressure, with much of

the input energy being lost through radiative and conductive pathways [1, 3-5, 31].
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2.4.1 Plasma-Based CO, Dissociation

The dissociation of CO2 in plasma follows a complex sequence of energy transfer processes,
involving rotational, vibrational, and electronic excitation. Understanding these pathways
is crucial for optimizing COs conversion, particularly in MW plasmas. As discussed
throughout this chapter, in a MW plasma discharge, free electrons gain energy from the

applied electromagnetic field and transfer it to CO9 molecules through collisions.

Recent experimental evidence has revealed that thermal processes play a dominant role
in CO4 dissociation in contracted MW plasmas (generally, p > 200 mbar), with gas
temperatures in the plasma core reaching ~ 6000 K, and temperatures in the surrounding
region well above 3000 K [1, 3, 31, 39, 45, 52]. It has indeed been confirmed that MW
plasmas under these conditions are fully thermalized and strongly nonuniform due to
steep temperature gradients [5, 31, 37-39]. At these conditions, CO; follows a thermal

decomposition pathway [53]:

CO2+M=CO+OCP) +M, AH=55¢eV (R2.1)

where M can represent any molecule, and AH represents the enthalpy of the dissociation
process per molecule [53, 54]. Thermal dissociation of COg occurs when the gas is heated
to sufficiently high temperatures, typically > 1500 K [5], where molecular collisions and
energy transfer lead to bond breaking. This process is driven by the high internal energy
of the gas and is influenced by heat transfer mechanisms within the plasma. Furthermore,
atomic oxygen present within the plasma volume can react with (ground state or vibra-
tionally excited) COg2, denoted here as CO2(v > 0), where an additional CO molecule is

formed, and energy efficiency is enhanced [53]:

O+ COy(v > 0) = CO + Oy, E, =05—3¢eV (R2.2)

Indeed, a model presented by van Poyer et al. shows that R2.1 is the main driver to net
CO production in the outer regions of the reactive zone; however as temperatures drop
sufficiently towards the edges, R2.2 is shown to contribute significantly to CO production
[46].
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Here, it becomes essential to distinguish between the plasma size and the reactive vol-
ume. For thermal processes like COq dissociation, the reactive volume is primarily de-
termined by the temperature distribution rather than the electron density [5, 37, 39].
The temperature-defined ’reactive volume’ is fundamental to plasma chemistry and rep-
resents the region where chemically active species are present in sufficient concentrations,
driving reactions. In MW plasmas specifically, the power absorption profile, heat trans-
fer mechanisms, and gas flow dynamics collectively determine the spatial extent of the
plasma volume (contraction state) and reactive volume. We characterize this distinc-
tion by noting that while the plasma volume is defined by quasi-neutrality and collective
behavior of charged particles, the reactive volume encompasses the entire region where
plasma-generated species (including excited neutrals, radicals, and metastable species)

participate in reactions that provide products of interest.

For example, in the work of Wolf et al. [31], a plasma diameter of ~2.1 mm was obtained
at p = 500 mbar, P = 860 W, and a flow rate = 12 slm. In contrast, spectroscopic
measurements from the same study reveal elevated temperatures within a reactive area
of ~5.0 mm in diameter [31]. Work by van de Steeg et al. showed that within the
reactive volume, the temperature dictates the density of species [3], with the plasma

volume exhibiting a high fraction of O and CO molecules, as shown in Figure 2.5 [3].

Temperature (K] €0y fraction €O fraction 0y fraction O fraction
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FIGURE 2.6: Image courtesy of van de Steeg et al. [3] showing the plasma emission and

spatially resolved Raman results from a 10 slm, 120 mbar, 1000 W CO5 plasma. The

map represents the rotational temperature, CO5 fraction, CO fraction, Oy fraction and

O fraction. The emission map is an overlay of total emission and 777 nm oxygen emission
in the core, with the black dots representing Raman spectra collection.

In Figure 2.5 [3], it is easy to visualize how the reactive volume is characterized by chemical
non-equilibrium, as described in the work by van de Steeg et al. Although these conditions

are presented for a lower pressure regime (120 mbar) and the core plasma temperature is
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much lower (~3500 — 4000 K) [3] than is found in a fully contracted H-mode plasma (~6000
K) [5, 31], we expect to find greater chemical non-equilibrium in contracted plasmas due
to steeper temperature gradients. Recent modeling studies by van Poyer et al. indeed
indicate that CO production occurs mainly at the edges of the plasma volume and is driven
by net species transport [46]. The temperature profile within the reactive volume peaks
with the core plasma temperature and begins a steady decline radially and axially from
the plasma volume. Moreover, the work by van Poyer et al. shows that the temperature
in the core of H-mode CO4 plasma leads to full dissociation to C and O or O, which
is evident in optical emission spectroscopy measurements with dominant Co swan bands
[52], further evidence of thermally dominated dissociation processes [55]. These species
rapidly diffuse radially out of the plasma volume, recombining to CO, or for example, in

the case of O or Og, resulting in the direct dissociation of COy (R2.2).

The inhomogeneous chemical non-equilibrium behavior is driven by diffusion velocities,
and characterized by cylindrical symmetry within the reactor, with the radial direction
dominated by turbulent diffusion and the axial direction dominated by the transport of
molecules out of the reactive volume into the cooler, post-plasma region where the tem-
perature drops until the chemistry is 'frozen’ [5, 46]. As can be observed in Figure 2.5 [3],
radially, from the plasma volume, the fraction of COs increases, until the wall is reached,
where unreacted CO2 molecules dominate, generally referred to as 'gas slippage’ in for-
ward vortex stabilized reactors [4]. Gas slippage represents a large fraction of untreated

reactant gas and leads to less efficient conversion within the reactor.

2.4.2 Post-Plasma Afterglow Quenching

Once the temperature drops below ~3000 K in the reactive volume, CO to COs net
recombination competes with dissociation pathways, and energy efficiency may drop due
to recombination mechanisms as products (CO) are converted back to reactants (CO2).
This region of intense recombination is called 'burn back’, and is typically observed as a

blue afterglow in CO2 MW plasmas (so called 'flame bands’ [56]), as shown in Figure 2.6.
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FIGURE 2.7:

Image of a 2.45 GHz MW CO; plasma with characteristic ’afterglow’
resulting from flame band emission.
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Flame bands result from the recombination of CO and O to form electronically excited
COa2, which subsequently emits chemiluminescent radiation across a broad spectral range
(~265 - 700 nm), as can be observed in Figure 2.6. The emission process follows a reaction

chain, as direct recombination to ground state COz is a forbidden transition [56]:

CO('S)) + O(°P) + M = CO(1°ByX) + M (R2.3
CO2(1°BoXf) + M = COo(1'BoA,,) + (R2.4
COz(1'B2A,) + M — COx('XEf) + M (R2.5a

¢

COz(1'B2A,) — CO2(*XS)) + hv (R2.5b

Thus, the recombination process first proceeds via R2.3, where ground state CO and O
recombine to excited COq in a triplet state, which can then transition to a singlet state
via R2.4 (typically a collisional-induced transition) [56]. Finally, the excited CO3 can be
quenched to the ground state via R2.5a or undergo radiative transition, releasing a photon
(R2.5b) [56]. The wavelength-dependent emission intensity (Ii‘) can be described by an

Arrhenius-type expression:

I} = w)(T)[CO][O] (E2.6)
where ﬂ:\/ (T) = K} e(—Ea/ 7). with Ky and E? representing a wavelength-dependent pre-

factor and activation energy, respectively [56]. This characteristic flame band emission

profile will be further investigated in Chapter 3.

The reader should remember that dissociation and recombination co-occur under these
conditions. Still, as we investigate the effects of these mechanisms, we define temperature
profiles at which the pathway to conversion or recombination dominates. Where the tem-
perature is between 2000 — 3000 K, the dominant reaction pathway is the recombination
of CO with O [3, 5, 31, 46, 56]. If the cooling trajectory in the post-plasma tempera-
ture can be quickly cooled or ’quenched’ to below 2000 K, O association to Oy occurs
faster than recombination with CO to CO3, and thus more CO would be retained, given
that CO recombination with O2 has a significant reaction barrier. It is crucial to note

that at increased pressures (p > 200 mbar), the required time for chemical reactions to
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achieve equilibrium composition (< 0.01 ms at T > 4000 K) is significantly shorter than
the expected residence time (> 0.1 ms) of the gas in the reactive volume [5, 31]. This
implies that the production of CO within the plasma region is not a limiting factor, and

the overall conversion achieved is mainly a function of post-plasma recombination.

These aspects of MW plasmas carry significant implications for the design and optimiza-
tion of MW reactors. The high temperatures observed in the reactive volume highlight
the importance of thermal dissociation pathways and suggest that careful management
of gas temperature and thermal loss mechanisms, from inlet to efluent, are critical for

improving overall system performance.

2.4.3 From Earth to Mars: Low Pressure Plasma Applications

Beyond terrestrial CCU applications, plasma-based COgy conversion holds promise for
ISRU on Mars. With the Martian atmosphere having an ambient pressure of approxi-
mately 7 mbar and a composition dominated by COy (~96%), the Red Planet presents
an ideal case for low-pressure MW plasma applications. The inherent flexibility of MW
plasma technology makes it particularly suitable for such extraterrestrial applications of

COs5 conversion.

As described in Section 2.5.1, at significantly low pressures (< 100 mbar), the electron-
neutral collision frequency (v,,) decreases significantly, altering the plasma-field inter-
action. The relationship between v, and the wave frequency (w) determines the dom-
inant coupling mechanism. When v, < w, as occurs in low-pressure, homogeneous
discharges, electrons will be heated through mechanisms like wave-particle resonance [13].
This changes the nature of energy transfer from purely collisional (Ohmic) heating to

collisionless heating.

This shift in the energy transfer mechanism has several important consequences. First,
the reduced collisional frequency alters the dielectric permittivity of the plasma (ep as
defined in E2.3), which affects wave penetration and field distribution, characterizing
this low-pressure regime as hollow and under-dense and does not follow the thermal-

ionization instability due to a lack of self-intensifying electron-density growth [31]. As
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discussed in Section 2.3.2, contraction mechanisms are pressure-dependent, where low-
pressure discharges are characterized by the homogeneous mode or L-mode (Figure 2.3),

and have significantly lower core plasma temperatures (<~3000 K) [31].

As a result, low-pressure MW plasmas feature a pronounced thermal non-equilibrium,
with electron temperature substantially exceeding the vibrational temperature, which in
turn exceeds rotational and translational temperatures [13]. Thus, it has been hypoth-
esized that if sufficient energy is given to electrons without energy transfer to heat ions
and atoms, in principle, higher energy efficiency compared to conventional thermal chem-
istry can be achieved [13, 53]. Under these conditions, electrons can selectively excite
the vibrational modes of CO4, where vibrational excitation lowers the effective dissoci-
ation threshold (e.g., via vibrational ladder climbing), and can enhance dissociation by

decreasing the activation barrier [53]:

e” +COx(v>1) = CO+O(P)+ e~ (R2.6)

Thus, enhanced vibrational-translational non-equilibrium at low pressures offers a path-
way to overcome the energy efficiency limitation typically observed in thermal-dominated
CO2 conversion at atmospheric pressure [57], a shift which highlights a compelling ad-
vantage for applications like Martian ISRU systems, where the ambient pressure (approx-

imately 7 mbar) naturally favors these more efficient conversion pathways [58-63].

Importantly, the flow dynamics in low-pressure (< 100 mbar) also differs markedly from
higher pressure operation. For a fixed mass flow rate, the gas velocity increases inversely
with pressure, leading to shorter residence times, and likely enhanced periphery quenching
effects [5, 31]. This can be particularly beneficial for COy conversion, as it accelerates
the extraction of products from the reactive volume before recombination can occur. The
rapid cooling trajectory helps preserve CO molecules produced in the plasma by reducing
recombination (Section 2.4.2). Additionally, a diffuse plasma takes up a larger reactive
volume, increasing the CO production interface [46], which may help mitigate gas slippage,
enhancing overall COs dissociation. These differences can be strategically leveraged to
enhance COs conversion performance, particularly in specialized applications like Martian

resource utilization, which will be explored in greater detail in Chapter 5.
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2.5 Rationale of this Thesis

This chapter has established that while MW plasma technology offers remarkable versatil-
ity and potential for CO4y conversion, practical implementation requires careful optimiza-
tion of multiple interdependent parameters. The theoretical principles of MW plasma
technology for greenhouse gas conversion outlined here provide the foundation for the
experimental investigations presented in the following chapters. The interplay of plasma
contraction and flow dynamics establishes a framework for optimizing COs conversion in
MW plasma systems. Understanding these fundamental processes is crucial for address-
ing key challenges in MW plasma-based COq utilization, such as improving conversion,
enhancing energy efficiency, and controlling product formation. By understanding the
fundamental mechanisms, we can identify specific opportunities to enhance conversion

and energy efficiency through targeted studies.

As discussed in Section 2.4.1, the COg2 conversion in contracted MW plasmas is largely
governed by thermal chemistry, with temperatures in the reactive volume exceeding
3000 K. The significant thermal energy present in these systems suggest that strategic
heat recovery could enhance process efficiency. However, the specific effects of preheating
on COgs MW plasmas remains unexplored. Chapter 3 investigates how preheating the inlet
gas affects plasma contraction dynamics, temperature profiles, and conversion. This ap-
proach targets the challenge of thermal management outlined in Section 2.4.1 and 2.4.2,
evaluating whether redirecting waste heat to preheat the reactant gas can enhance perfor-
mance, particularly at higher pressures where conversion and energy efficiency typically

declines.

Building on our understanding of thermal management, Chapter 4 takes a complementary
approach by exploring how thermal energy available in the afterglow might be utilized
for additional chemistry through reactive quenching. The concepts described in Section
2.4.2 highlight that post-plasma quenching is important for preserving CO formed in the
reactive volume. The temperature profile in the afterglow region, where temperatures
between 2000 — 3000 K favor recombination of CO with atomic O, presents an oppor-
tunity for chemical trapping. By injecting CH4 as a reactive quenching agent into the
high-temperature afterglow region, we aim to leverage this thermal energy while simul-

taneously addressing the challenge of product recombination. This approach extends our
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understanding of the importance of flow dynamics (Section 2.3.3), exploring how sec-
ondary injection affects reaction pathways. Furthermore, this configuration potentially
provides a novel approach to Dry Reforming of Methane (DRM) that avoids the plasma
instability issues typically encountered with conventional admixing approaches, where

solid carbon formation in the plasma volume can couple with the MW field.

The insights gained from manipulating plasma conditions at atmospheric and near-atmospheric
pressures naturally lead to questions about performance under more extreme sub-atmospheric
pressure conditions. The unique characteristics of MW plasmas at reduced pressures, as
described in Section 2.4.3, create opportunities for specialized applications. Moving from
the higher-pressure regimes explored in Chapters 3 and 4, Chapter 5 investigates per-
formance under significantly reduced pressure conditions, specifically targeting Martian
atmospheric pressure. The Martian atmosphere, with its predominant COs composition
and low ambient pressure (approximately 7 mbar), represents an ideal environment for
MW plasma-based gas conversion. The non-equilibrium conditions achievable at these
low pressures potentially allow for efficient vibrational excitation pathways that may en-
hance conversion. Furthermore, the low pressures will also enhance flow velocities that
could potentially boost periphery quenching. This investigation also provides insight into
the potential advantages of solid-state technology (Section 2.2.2) for space applications,
where reliability, power modulation, and operational longevity are critical considerations

beyond the efficiency metrics that dominate Earth-based applications.

Collectively, this research forms a comprehensive investigation aimed at addressing key
challenges in MW plasma-based COy conversion: thermal management, post-plasma
chemistry, and specialized low-pressure applications. By systematically examining these
aspects, this work aims to enhance conversion and energy efficiency, contributing to the

development of MW plasma technology for CO2 conversion, from Earth to Mars.

By addressing these main questions, the thesis aims to enhance the fundamental under-
standing of MW-based plasma-chemical conversion and pave the way for future industrial

deployment of microwave plasmas in a circular carbon economy.
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The following are the focus points of this thesis:

1. How can MW plasma technology be optimized to achieve efficient and scalable COq

conversion?

This overarching question centers on identifying the key parameters, such as inlet
temperature, gas flow configuration, and pressure, that govern MW plasma perfor-
mance. Specifically, Chapter 3 looks at how inlet gas temperatures affect perfor-
mance metrics, whereas Chapter 4 investigates gas flow configurations. By system-
atically exploring how each parameter affects COs conversion and energy efficiency,

the work aims to uncover strategies for maximizing industrial feasibility.

2. What role does thermal management (e.g., preheating, heat recovery, quenching)

play in improving COs plasma conversion and preventing product recombination?

A central hypothesis explored in Chapter 3 is that preheating the inlet CO4 stream,
or quenching the high-temperature afterglow region as investigated in Chapter 4,
could shift the plasma temperature profile in beneficial ways, either by enhancing
dissociation or suppressing recombination. Testing this hypothesis clarifies how
thermal management techniques can reduce overall energy consumption, extend

near-atmospheric operation, and potentially inform reactor-scale solutions.

3. Can integrating secondary reactants (e.g., CH;) in the afterglow through methods of

reactive quenching boost conversion and enerqy efficiency?

By introducing CHy after the plasma core, Chapter 4 investigates whether reactive
quenching can harness the plasma’s residual heat for additional chemistry while mit-
igating unfavorable carbon formation normally formed in conventional (admixing)

DRM.

4. How can MW plasma reactors be adapted to the Martian environment in an ISRU

context?

Although the thesis primarily addresses Earth-based carbon utilization, it also ex-
plores operation at near Martian atmospheric pressure in Chapter 5. The goal is to
determine whether sub-atmospheric MW plasma conditions can produce valuable
products (i.e., CO, Og, and also NOy, for fertilizer applications) at a competitive

energy cost.
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Chapter 3

Thermal Management: Enhancing

Efficiency Through Preheating

In this chapter, we investigate the effects of inlet gas preheating on plasma performance
in a vortex-stabilized 915 MHz COz microwave plasma reactor. Spatially resolved spectro-
scopic measurements of the plasma were employed to understand how preheating affects
the temperature profile. Thermographic measurements of the reaction chamber analyzed
the losses through the wall, offering deeper insights into the thermal changes within the
system. The overall performance was evaluated using gas chromatography. We demon-
strate that recycling less than 10% of the input power to preheat COg (Tiner = 700 K)
can increase the energy efficiency of COg conversion by up to ~1.7 times at conditions
near atmospheric pressure (700 mbar), at moderate microwave power (1132 W). The re-
sults indicate that preheating affects plasma fluid dynamics, resulting in shifts in plasma
contraction and increased spatial temperature profile, or reactive volume, with higher inlet
temperatures. This chapter provides new insights into the potential of integrating heat

recycling in plasma reactors, of great interest for future industrial applications.

This chapter is derived from the following publication:

o Preheating applied on a 915 MHz CO2 Microwave Plasma::
Unlocking the Potential for Heat Recycling in Plasma Systems
E.R. Mercer* & C.F.A.M. van Deursen®, F.J.J. Peeters, W.A. Bongers, F.M.A. Smits,
M.C.M. van de Sanden** & A. Bogaerts** (Submitted Manuscript)

The work presented in this chapter was carried out at the Dutch Institute for Fundamental Energy
Research, in collaboration with the Plasma for Solar Fuels Devices group under the guidance of
Prof. Dr. Ir. Richard van de Sanden, and is in co-first authorship with my esteemed colleague,
Cas van Deursen.
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3.1 Introduction

As explained in Chapter 2 (Section 2.4.1), it is well established that reactor performance
is largely governed by high-temperature thermal chemistry [1-7], and thus, strategic heat
recovery could significantly enhance overall system efficiency. Moreover, these insights
suggest that preheating the inlet gas could enhance reaction kinetics, while reducing the
overall energy requirement for achieving dissociation temperatures. The concept of heat
recovery in plasma systems has historical precedents. The Schonherr process for nitro-
gen fixation, developed in the early 1900s, demonstrated preheating inlet gas using waste
heat [8, 9]. Similarly, the Birkeland-Eyde process utilized heat exchangers to improve the
efficiency of their atmospheric nitrogen fixation system [10]. The Hiils process for acety-
lene production from hydrocarbons provides another historical example of successful heat
management in plasma processes [11, 12]. These industrial-scale applications demonstrate
that careful management of thermal energy is crucial for process economics in plasma-
based chemical conversion. Modern industrial applications of plasma technology could
benefit from similar heat recovery strategies. Recent studies have shown that gas-to-gas
heat exchangers can significantly improve energy efficiencies in chemical processing [13].
In MW plasma systems specifically, the high temperatures achieved in plasma (> 3000
K) represent a substantial source of thermal energy that could be recovered. While MW
plasma technology for CO2 conversion has been extensively studied, research specifically
investigating preheating effects remains limited and has primarily been conducted in other

plasma systems.

Shenoy et al. demonstrated the benefits of preheating in a non-thermal gliding arc plasma
for natural gas reforming to syngas, showing that preheating up to 800 K could reduce
specific energy requirements by enhancing conversion [14]. Cho et al. developed a ’double
helix’ gas injection system that passively preheats the inlet gas by routing it around the
discharge tube before entering the plasma, demonstrating improved CO5 conversion and
energy efficiency compared to conventional MW plasma generators; however, the authors
did not report inlet temperatures, so a deeper understanding of the benefits is limited [15].
Jo et al. investigated preheating effects up to 400 K on methane oxidation in gliding arc
plasma reforming, showing that identical efficiencies could be achieved with lower total
input power by applying some of the power to preheating [16]. In plasma-based reactions,

preheating the inlet gas stream has the potential to influence various aspects of plasma
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dynamics significantly, such as altering the internal energy distribution, which can affect

reaction volume, radiative losses, particle transport, and energy exchange rates.

Systematic investigations of preheating effects, particularly at 915 MHz, have not been
reported for CO; MW plasmas. Given that preheating could influence plasma behavior by
modifying gas density, flow dynamics, and plasma contraction mechanisms, understanding
these effects represents a fundamental knowledge gap for optimizing MW plasma reactor
performance. The aim of this chapter is to investigate the effects of preheating inlet CO2
gas in a vortex-stabilized 915 MHz MW plasma reactor and to understand the potential
benefits of implementing heat recovery systems in future industrial plasma reactors. The
influence of preheating on plasma characteristics is examined with respect to its effects
on the reactive volume through an investigation of the spatial temperature distribution.
A key consideration is the impact of preheating on thermal management and heat losses
at the reactor walls, which could have significant implications for the system’s energy
efficiency. Additionally, this chapter evaluates the role of preheating in enhancing COs
conversion and energy efficiency across various pressure regimes and operating conditions.
Finally, the potential for preheating to partially offset MW power requirements while
maintaining plasma performance is explored, offering insights into optimizing energy input

for sustainable plasma processes.

3.2 Experimental Setup

The experimental setup consists of a vortex-stabilized waveguided MW plasma reactor
(Figure 3.1A) with a GaN solid-state MW source with a rated efficiency of ~ 42% (Watt-
sine, WSPS-915-5000) that emits an adjustable Continuous Wave (CW) power up to 5
kW at a set frequency of 915 MHz. The MW power is transmitted through a WR975
rectangular waveguide in TE;g mode, forming a standing wave. The MW generator is
protected by an isolator (Figure 3.1B), which prevents any reflected power from returning
upstream. Matching components consist of an automatic stub tuner (HOMER S-TEAM
STHT V2.3) (Figure 3.1C) set between the generator (MW source) and the resonance
chamber (Figure 3.1D) ensuring a high coupling efficiency by matching the impedance,
so that reflected power remains below 1% during experiments. The autotuner also mea-
sures the forward and reflected power and frequency applied to the COy gas flow passing

perpendicularly through the resonance chamber in a 27 mm inner diameter Quartz Tube
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(QT). A QT containing the gas flow traverses the shorted waveguide (Figure 3.1D). The
gas is tangentially injected from the preheating section (Figure 3.1F) into the reactor
volume by two quartz tubes to create the stabilizing vortex flow. To avoid leak-sensitive
material transitions, the preheating section and the reactor section are integrated in a sin-
gle quartz tube and separated by a quartz disc. The reactor has two diagnostic viewing
ports perpendicular to the waveguide formed by open metal rectangular tubes (length 30

cm) in cut-off to prevent MW leakage.

Heating

Element E I

~ JF Thermocouples

FIGURE 3.1: Schematic overview of the experimental setup. From right to left, (A) the

915 MHz solid-state MW source (Wattsine, WSPS-915-5000), (B) the isolator, (C) the

automatic stub tuner (HOMER S-TEAM STHT V2.3), and (D) the 27 mm inner diame-

ter QT viewed though the cut-off tube. The (E) heating element and (F) thermocouples
are positioned above the reaction chamber.

The preheating system consists of a custom-designed heating element (Figure 3.1F) po-
sitioned 200 mm above the resonance chamber (Figure 3.1D) of the waveguide. The
heating element is constructed from 1 mm diameter Kanthal Al (FeCrAl) wire with a
measured total resistance of 3.5 2. The wire is insulated with alumina beads (to prevent
shorting), supported by an alumina tube, and secured in place using high-temperature
ceramic adhesive. Temperature monitoring of the inlet gas utilizes K-type thermocouples
(TC Direct) (Figure 3.1F). One thermocouple measures the heater temperature directly,
while a second thermocouple is positioned immediately upstream of the tangential gas
injection to measure the gas inlet temperature ( T;pe). This T measurement provides
an accurate representation of the gas temperature immediately before entering the reac-

tion chamber. To enhance thermal efficiency and minimize heat loss, the Q7 surrounding
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the heating element is insulated with aluminum oxide wool. This insulation significantly
improved heating efficiency by reducing radiative and convective heat losses through the

quartz walls.

3.2.1 Diagnostics and Performance Metrics

A comprehensive overview of the experimental diagnostics setup, including thermographic
measurements and collection optics is presented in Figure 3.2. The diagram illustrates the
spatial arrangement and configuration of all measurement instruments used to characterize

system performance.
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FIGURE 3.2: From left to right: (A) Infrared Thermographic imaging was taken of the
QT to calculate the thermal losses through the wall, (B) plasma imaging of the 777 nm
atomic oxygen emission was collected using a CCD camera, treated to derive the plasma
diameter (d) and the height (h) based on the intensity profile, (C) radially resolved
OES was collected using stages that scan the plasma profile using optics consisting of
parabolic mirrors and a fiber attachment with a focal point calculated to be 0.5 mm.
The collected spectra were pretreated and then fit the C; Swan bands for the central
temperature profiles using MassiveOES as well as with the flame band model for the
periphery temperatures. Gas chromatography (D) was utilized to measure the effluent
gas stream.

The total dissipated power lost through the Q7 wall was measured using an InfraRed
(IR) thermography camera (FLIR A655sc) equipped with a 41.3 mm lens and an open
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calibrated filter with a spectral range of 7.5 — 14 pm (Figure 3.2A). The collected data from
IR measurements aids in understanding the power loss to the environment through the QT
at the height of the plasma and its impact on system performance. The radiated power was
calculated using Stefan-Boltzmann’s Law. The reported radiated power and temperature
loss through the wall were calculated using the method reported in van Deursen et al.
[17]. The convection losses through the wall were calculated using the method outlined
in Appendix A,Section A.1. As shown in Figure 3.2B, the optical plasma emission was
captured using a CCD camera (Allied Vision Manta G-146B) equipped with a 780 nm
narrow bandpass interference filter to isolate oxygen lines at 777 nm and a neutral density
filter to prevent overexposure of the CCD. The emission intensity was utilized to derive
the shape, size, and volume of the plasma profile. Reported plasma height and diameter

were derived using the method described by Wolf et al [18].

An optical stage was used to scan the QT (the reaction chamber) using optical emission
spectroscopy (OES) at the height of the plasma through the viewing ports (Figure 3.2C)
using an Ocean Insight mini spectrometer (FLAME-S) with an optical resolution of 0.9 nm
equipped with a custom 20 c¢cm, 400 pm high-OH core fiber (Thorlabs FG400AEA). The
radial temperature profile is derived using two unique spectral characteristics commonly
found in contracted COo, MW plasmas. Additional details on the optics and preprocessing
of the spectral data can be referenced in the Appendix A, Section A.2.1. One dominant
emission profile is the Cy (d®I; — a®II,) Swan band system, which can be utilized to
derive the rotational and vibrational temperatures [19]. We can, therefore, exploit this
spectral feature to derive the core plasma temperature profile, under the assumption that
the rotational temperature is equal to the gas temperature. Details of the data processing
and uncertainty of the MassiveOES fits can also be found in Appendix A, Section A.2.2.
Flame band emission spectroscopy was utilized as a secondary temperature diagnostic
to capture the periphery temperatures surrounding the core plasma region. Flame band
spectroscopy measures the emission intensity from the radiative transition of excited COq
to ground-state COq after recombination of CO and O [20]. Details of the data processing,
fitting routine, error analysis, and uncertainty of the flame band fitting can also be found

in Appendix A, Section A2.3.

Finally, we utilize Gas Chromatography (GC) (G.A.S. Compact GC 4.0) to measure the
composition of the post-plasma effluent mixture (Figure 4.2D). From this, the conversion

and energy efficiency were calculated using the methods outlined by Wanten et al. [21].
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Appendix A, Section A.3 outlines further details on analytical techniques and perfor-
mance calculations. The methods used to calculate the power to heat CO2 (Pco,) can be
referenced in Appendix A, Section A.4. To comprehensively assess the preheating effects

on COgz conversion in a MW plasma, two experimental series were investigated:

1. Constant MW Power Measurements: In this series of experiments, the MW
power (Pysy) was held constant, while the inlet mass flow rate of CO9 was preheated
to set temperatures. This approach simulates scenarios where heat recycling could
be leveraged to enhance conversion, while providing insight into overall changes in
performance. Since the Pco, used for preheating is assumed to originate from waste
heat recovery, it is excluded from the energy efficiency calculation, which normally
only accounts for the MW power coupled to the chemistry. By maintaining constant
Purw, this experiment is designed to isolate the thermal enhancement effects on

plasma performance.

2. Constant Total Power Measurements: The total input power to the system
(Piotat = Puw + Pco,) was held constant, isolating the role of preheating in
reducing the required MW power on conversion rate. This set of experiments di-
rectly evaluates whether preheating allows for a proportional reduction in Py,
while maintaining or improving dissociation efficiency. The assumption remains
that Pco, originates from heat recovery and is therefore decoupled from the energy
efficiency calculation, ensuring that any observed gains in performance reflect the

redistribution of power rather than an increase in total energy input.

The benchmark condition with a Tj,;.; of 300 K serves as the baseline reference and is

represented in green throughout the text.

3.3 Results and Discussion

The results presented in this section were investigated at varying power levels and Ty et
with a mass flow rate (¢ ¢p,) of 10 normal liters per minute (In/min — STP IUPAC,
0°C, 1bar) [21]. First, we discuss the reactor performance, analyzed in terms of COq
conversion () and energy efficiency (7); calculations are available in Appendix A, Section

A.3. Next, we explore the effects of preheating on the plasma characteristics, focusing
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on changes to the reaction volume (T, > 1500 K, where dissociation of COz to CO
becomes significant) and plasma size (diameter and length as determined by the FWHM
of the 777 nm atomic oxygen emission intensity), as well as the effects on radiated power
through the reactor wall as measured by IR thermography. The performance metrics are
correlated with the radial gas temperature profiles at the plasma height, and the heat flux
through the reaction chamber wall, where we analyze the overall impact of gas preheating

on conversion, energy efficiency, and plasma dynamics.

3.3.1 Preheating Effects on Conversion and Energy Efficiency

Figure 3.3 presents a comparative look at conversion and energy efficiency between con-
stant Pjoq; and Ppsy. All conditions are represented with a ¢co,= 10 In/min, and varying
inlet temperatures (Tjner) = 300 (green), 500 (yellow), and 700 K (orange), which corre-
spond to Pco, = 0, 62, and 132 W, respectively. The results for constant Pjutq = 1132
W are shown on the lefthand side (3.34 and 3.3B), while constant Py = 1000 W is on
the righthand side (3.3D). A visualization of the plasma imaging defined by the 777 nm

atomic oxygen emission is shown for p = 150 mbar and different Ty es (3.3C).

Figure 3.3A and 3.3B reveal that at near-atmospheric pressure (700 — 900 mbar), pre-
heating provides modest but measurable benefits to the energy efficiency. When P,y is
kept constant, conversion increases by ~ 15% at 700 mbar for Ty, = 700 K and ~ 10%
at 900 mbar for T}y, = 500 K compared to baseline conditions. The data for Tj,.; = 700
K at p = 900 mbar is unavailable due to plasma instability. On the other hand, at low
pressure (200 mbar), preheating reduces conversion at higher T},;¢, with values dropping
from 23.92 + 0.09% at 300 K to 18.26 + 0.07% at 700 K. Figure 3.3D shows larger im-
provements to the conversion and energy efficiency at constant Pysir = 1000 W, which is
logical, because the power used to preheat the inlet COs is ’freely’ added to the system,
enhancing conversion, and it is not used to calculate energy efficiency, which thus rises
to the same extent as conversion (see Appendix A, Section A.3 and A.4, for additional
information on the calculations used). However, at low pressure (p < 200 mbar), elevated
inlet temperatures (500 K and 700 K) negatively impact energy efficiency and conversion.
For example, at 150 mbar, increasing T;,;; from 300 K to 700 K reduces conversion from
22.35 + 0.09% to 18.26 £+ 0.09%. This is likely a consequence of the plasma contraction

state.
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FIGURE 3.3: Conversion and energy efficiency for T;,: = 300 K (green), 500 K (yellow),

700 K (dark orange) as a function of pressure, at constant Piyq; = 1132 W (A, B) or

constant Py = 1000 W (D). Panel C represents the CCD images of the plasma emission

profile for the atomic oxygen (777 nm) for the indicated data points at 150 mbar. All

conditions were taken with ¢co,= 10 In/min. Error bars are given but fall under the
data markers in all cases.

Indeed, it is well documented that COs MW plasmas exhibit distinct discharge modes
characterized into three categories, which are broadly determined by power, pressure,
and gas flow rate [4, 18, 22]. As also explained in Chapter 2 (Section 2.53.2), at low
pressure (< 100 mbar) or power density, the plasma often remains in homogeneous or
L-mode, as characterized by uniform temperature, as well as relatively low power density
profiles [22]. As pressure increases, the hybrid mode arises (typically between 100 —
200 mbar), balancing partial contraction with sufficient homogeneity to maintain high
energy efficiency and mixing [22]. We observe that the benchmark condition for 150 mbar
shows hybrid characteristics, where the center region of the filament is contracted but
grows outward towards the tip of the column (Figure 3.3C"). With increasing Tj,.: these
characteristics become more pronounced, accompanied by a notable decrease in the plasma
length (axial direction), as defined by the FWHM of the 777 nm atomic oxygen emission
profile for all conditions presented (see again Figure 3.3C"). The decrease in plasma length
(along with a drop in radial temperature profile, i.e., reactive area) may explain the

observed decline in performance at 150 mbar (Figure 3.3D), due to the reduced reactive
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volume.

Above ~200 mbar, steep radial gradients arise, leading to a contracted mode (H-mode).
These transitions are driven by thermal-chemical instability [18, 22-24], where localized
heating boosts ionization rates, creating dense filaments with elevated temperatures and
enhanced microwave absorption [23]. We see the trend of conversion and energy efficiency
upon preheating reverses as the pressure increases and the hybrid mode shifts to fully con-
tracted H-mode, resulting in preheating enhancing both conversion and energy efficiency.
Notably in Figure 3.3D, for Py = 1000 W at near-atmospheric pressure (900 mbar),
Tiniet = 500 K achieves a 1.5 relative increase in conversion compared to 300 K (6.92 +
0.02% vs. 4.58 £ 0.01%, respectively). A similar pattern is observed at 700 mbar, where
Tintet = 700 K demonstrates a 1.7 fold improvement over the baseline of 300 K (10.82
+ 0.04% vs. 6.21 £ 0.02%, respectively). Several mechanisms govern contraction. Elec-
tron collisions (particularly in the plasma core) can increase ionization rates, while radial
temperature gradients modify the reduced electric field and reduce charged-particle losses
[25]. This positive feedback leads to narrow, high-power density regions with significant
temperature elevation; however, it can limit the overall reactive volume, as contracted
(H-mode) plasmas will exhibit a reduced interface between the reactive volume and the
bulk gas of the reaction chamber. Consequently, the hybrid regime often emerges as the
optimal mode for CO2 conversion, balancing localized heating with adequate mixing and
quenching. However, this regime requires vacuum pumping, which uses additional power

from plug to product [26].

Despite the change in power distribution (whether constant Piyq or Pyrw ), we observe
that preheating the inlet gas has a marked improvement on conversion and energy effi-
ciency at near-atmospheric pressure, while at low pressure (< 200 mbar) there is a decline
in performance. Our results suggest that partial substitution of MW power with direct
gas heating can improve conversion and energy efficiency at higher pressures, which is
especially important when considering that operating at higher pressures also reduces
power consumption needed for vacuum pumping. The modest improvements shown with
Pioiar = 1132 W at near-atmospheric pressure likely stem from compounding mechanisms,
such as the potential for increased post-plasma recombination or reduced gas residence
time within the reactive volume. Therefore, a deeper understanding of the underlying
mechanisms is crucial for optimization. These effects will be further investigated in the

following sections.
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Having established the baseline behavior for constant Pjq; and Py, we will now exam-
ine how these preheating effects manifest at slightly higher power. Increasing the input
power while maintaining the same mass flow rate provides insight into whether the ob-
served preheating benefits scale with specific energy input. Furthermore, we captured
additional T}, conditions to broaden the parameter space and our understanding of
the effects of preheating. Figure 3./ presents experimental results obtained for Pjiq =
1500 W, ¢co, = 10 In/min, Tjye: = 300 K (green), 500 K (yellow), 700 K (orange), and
850 K (brown) at varying pressure.
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FIGURE 3.4: (A and B) Energy efficiency and conversion as a function of pressure, for

Piotar = 1500 W, ¢co,= 10 nlm, Tiper = 300 K (green), 500 K (yellow), 700 K (orange)

and 850 K (brown). (C) shows the conversion for p = 900 mbar as a function of Tipes, to

highlight the decrease in conversion observed at T, = 850 K. The total power added

to the system was kept constant across all measurements. Error bars are given but fall
under the data markers in all cases.

Figure 3.4A and 3./B reveal several important trends in how T, affects CO9 conversion
and energy efficiency across different pressures. The most striking observation is that
Tinter > 300 K and within the contracted plasma regime (p > 200 mbar) consistently
yields better energy efficiency and conversion (Figure 3.4A,B). An investigation into the

effects of increasing the input power and mass flow rate can be reviewed in Appendix
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A, Section A.5; however, the reader should note that the conclusions remain consistent
with the main findings reported in this section. At p = 200 mbar, conversion peaks
around 25% (Timer = 300 K, 500 K, 700 K, and 850 K give 25.45 + 0.11%, 26.34 +
0.11%, 25.50 £+ 0.11%, 24.49 + 0.10%, respectively), showing relatively small variation
between different inlet temperatures. As pressure increases, the performance advantage
of preheated conditions becomes more pronounced. As also shown in Figure 3.4C, the
divergence between the baseline and preheated conditions (500 - 850 K) grows larger at
higher pressures, with preheated conditions maintaining significantly better conversion up
to 900 mbar ( Tiue: = 300 K, 500 K, 700 K, and 850 K give 5.34 £+ 0.02%, 8.56 + 0.03%,
8.52 £ 0.03%, 6.84 £+ 0.02%, respectively). Thus, preheating extends the pressure range
for efficient conversion, although the data shows the highest inlet temperature, Ty, =
850 K, does not yield the highest conversion (Figure 3.4C), indicating an optimal ratio

between Pco, and Piotg-

3.3.2 Preheating Effects on the Reaction Volume

Radial scans at the height of the plasma were performed using OES to explore the connec-
tion between preheating and plasma behavior. Figure 3.5 shows the radial temperature
profiles at Py = 1000 W, ¢co,= 10 In/min, and p = 700 mbar, for three Ty, con-
ditions. Radially resolved Cs Swan band emissions (shown as the circle data points)
provided plasma core temperatures (7" = ~ 6000 — 7000 K), while flame band emissions

(shown as triangular data points) characterized peripheral temperatures (7' < 1500 K).

In Figure 3.5, the shaded regions within the center of the radial temperature profile repre-
sent the plasma diameter determined by the 777 nm atomic oxygen emission captured by
CCD imaging. Here, we must make a distinction between the plasma diameter and the el-
evated temperature region, which extends out of the cylindrical plasma volume and which
we denote as the reactive volume’, where T, > 1500 K, i.e., the threshold temperature
for CO9 dissociation [7]. In Figure 3.5, we observe that the plasma diameter increases
with increasing Tj,es, being 2.0 £ 0.1, 2.3 4+ 0.2, and 2.4 4+ 0.2 mm, at 300, 500, and 700
K, respectively. We also note a clear difference in the overall reactive area (represented
by the last data point from the Cy Swan band emission) between different T;,e, where

the spatial temperature distribution becomes broader with increasing T;,;.;. This is most
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FIGURE 3.5: Radial temperature profiles for Pyyy = 1000 W, ¢ oo, = 10 In/min, Tipjes

= 300 K (green), 500 K (yellow), 700 K (dark orange) for p = 700 mbar. The center-

shaded region represents the plasma diameter, determined by the FWHM of the emission

intensity of the 777 nm atomic oxygen line captured by CCD imaging. The temperatures

derived from the Cy Swan band emission are represented as circles and from the flame
band as triangles.

easily observed in the transparent connections between the Co swan-derived tempera-
tures (circles) and the flame band-derived temperatures (triangles); however, it should be
stressed that these connections are for visualization purposes only. These results further
indicate that preheating affects plasma contraction dynamics, likely due to increased vol-
umetric flow rates driven by higher T, Since elevated Tjye; reduces gas density (n),
there will be a proportional increase in the volumetric flow rate (Q = @mass/n) at a
constant mass flow rate (¢mass). Consequently, the average gas velocity rises at a fixed
cross-sectional area, likely shortening the residence time (7) of reactants in the plasma,
potentially affecting conversion. The broadening of the temperature profile shown in Fig-
ure 3.5 suggests enhanced convective cooling, as well as (turbulent) mixing due to high
surface to volume ratio, such that heat is removed more efficiently from the plasma vol-
ume, reducing the local temperature gradient that drives contraction. Further evidence

of this can be explored in Appendix A, Section A.5.

Two critical observations remain consistent across all conditions. First, the core temper-
ature remains consistent at ~ 6000 K regardless of T}, indicating that electron-neutral
coupling in the plasma core remains unaffected by preheating. Second, the peripheral

temperatures derived from flame band emission measurements remain below 1500 K for
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all Tjnet- This temperature is sufficiently low to effectively quench products radially dif-
fusing from the reactive volume [7]. These findings suggest that while preheating notably
influences the spatial distribution of the plasma and reactive volume, it does not funda-
mentally alter the core plasma properties or peripheral quenching conditions. Moreover,
a clear correlation emerges between the broadened temperature profile observed in Figure
8.5 and the enhanced conversion under these conditions. As discussed in Figure 3.5, in all
cases, the reactive area is larger than the dimensions of the plasma filament determined by
the 777 nm atomic oxygen emission. For example, at Tj,;.; = 700 K, the plasma diameter
was found to be 2.4 mm versus 5.0 mm as derived from the Cy swan band temperature
profile. To explore this further, we consider the available temperature data, where T >
3000 K and CO» dissociation becomes significant, as a ’slice’ of the reactive volume. As a
first estimate, we utilize the extrapolated radial position of the cross-section where T =
3000 K (the shaded line connecting the Cy Swan band and the flame band temperatures)

to approximate the reactive area at the height of the plasma, as shown in Figure 3.6.
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FIGURE 3.6: Reactive area (T > 1500 K) for Pyyw = 1000 W, ¢ ¢, = 10 In/min, Tipes

= 300 K (green), 500 K (yellow) and 700 K (dark orange), for p = 700 mbar, where (A)

indicates the temperature cutoff taken as an approximation for a slice of the reactive

volume. The radial position of the collected data is used to calculate the reactive area,
visualized in (B).

In Figure 3.6, we observe that the estimated reactive area is ~30, 20, 17 mm? for Tj,.; =

700, 500, and 300 K, respectively. As an example, the difference in reactive area between
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Tinier = 700 and 300 K accounts for a relative increase of ~1.8, whereas the values between
Tiniet = 500 and 300 K account for a ~1.2 increase. We would like stress that this is a
first estimate for these values; however, we observe that the trend in the relative increase

of the reactive area correlates to the increased conversion observed in Figure 3.3D.
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FIGURE 3.7: Estimated reactive area and conversion plotted as a function of Tiper (K).
A clear correlation emerges between the reactive area and conversion.

As shown in Figure 3.7, the expansion of the reactive area with T, = 700 K and 500 K
trends correlate with the increased conversion at these conditions, where an improvement
of approximately 1.7 and 1.4, respectively, over baseline conditions (cf. also Figure 3.3D)
was reported at 700 mbar. Preheating influences both volumetric flow rate and mass
transport. Considering an equal mass flow rate, preheating the inlet gas will increase the
volumetric flow rate, thereby enhancing convective cooling and allowing for more efficient
heat removal from the reactive volume. This will thereby decrease the local temperature
gradient that induces plasma contraction and distributes heat over a larger area. These
findings support the hypothesis that preheating the inlet gas leads to a broader reactive
volume, which likely contributes to the improved conversion observed at these conditions.
The expanded interface between the reactive volume and the cooler periphery region could
enhance mixing between the reactive molecules and the bulk gas, leading to additional

products being carried out of the reactive volume.
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3.3.3 Preheating Effects on Power Loss Through the Wall

The thermal behavior of the reactor walls during plasma operation provides additional
insight into how preheating affects overall system performance and energy distribution.
Figure 3.8 shows thermal imaging of the Q7 inside the waveguide at different inlet tem-
peratures, for Py = 1500 W, ¢co, = 10 In/min, p = 900 mbar and Ty, = 300, 500,
700, and 850 K, corresponding to preheating power (Pco,) = 0, 62, 132, and 189 W,

respectively.
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FIGURE 3.8: (A) Thermal images of the QT inside the waveguide at different inlet
temperatures, for Piote;= 1500 W, ¢co, = 10 In/min, p = 900 mbar, and Tt =
300, 500, 700, and 850 K, where Pco,= 0, 62, 132, 189 W, respectively. The images
show a downward shift in the position of peak wall temperature with increasing Tjpet,
and they also illustrate the heating and cooling caused by the flow lines of the helical
vortex, visible in the IR images. A pixel-by-pixel analysis (right) provides an average
temperature (Taye) for the top (B) and bottom half (C) of the thermographic image,
showing the correlation with increasing Tinie: (top half, B) and increased exothermic
recombination (bottom half, C). For reference, the reported OES measurements were
taken in the middle of the waveguide, where the dashed line is indicated.

The results presented in Figure 3.8 reveal two key phenomena: 1) a downward shift in the
position of the peak wall temperature with increasing Tj,; that falls inside the vortex
flow lines, demonstrating the heating and cooling on the surface @7 and 2) increased
radiative losses with increasing Tj,.t, as calculated by Stefan-Boltzmann’s law. These

observations can be explained through several mechanisms. First, the preheated input
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flow is the likely culprit for the slight increase in the average temperature observed in
the top half of the reaction chamber (Figure 3.8B). For example, at Tjner = 300 K, the
Tovg is 885 K vs at Tjpier = 850 K, the Ty, increases to 951 K. However, the downward
migration of the peak temperature zone observed (Figure 3.8C) cannot be attributed
solely to the preheated inlet gas flow, which would primarily affect the upper region of the
tube. Furthermore, in Figure 3.5, we observed that the periphery temperatures derived
from the flame band emission remain relatively consistent regardless of Tjpe;, which is
further demonstrated by additional data provided in Appendix A, Section A.5. Therefore,
we consider this increased temperature on the surface of the QT is likely caused by an
increase in exothermic recombination reactions, consistent with previous observations by
Wolf et al. [7] and van Deursen et al. [17]. It is also worth noting that the helical vortex
flow structure remains clearly visible in all IR images throughout the entire QT, from top
to bottom. The darker spiral bands indicate where the cooler input gas flows along the QT
walls, demonstrating that the vortex structure maintains its integrity as it passes around
the reactive volume. This visualization of the flow lines provides important evidence
supporting our analysis of the temperature distribution patterns observed in Figure 3.8B
and 3.8C, helping to explain the downward migration of peak temperatures with increasing
Tiniet, as the helical flow patterns appear to influence heat transfer and reaction zone
positioning throughout the reactor. This hypothesis is further substantiated when we
consider the relationship between the total dissipated power (radiative + convective)
with T, as well as between the radiated power for the top half and bottom half of the
QT with Tjpet, as shown in Figure 3.9(A,B).

Figure 3.9A shows the total dissipated power (W) from the QT as a function of Tj,e; from
300 K to 850 K. While Figure 3.9B shows the radiative losses for the top and the bottom
half (see legend), as split in Figure 3.8B. Both curves show an overall increasing trend
in the radiated power as Ty, increases, but the rise is more pronounced for the bottom
half. These findings suggest that preheating primarily affects the upstream flow dynamics,
which then influences the reactive cross section (Figure 3.5) and thus the reactive volume
interface (Figure 3.6). This is further validated by the increase in total losses being
greater than the power added through preheating, suggesting that this increase is due
to changes in flow dynamics and/or an increase in recombination. The radiated heat
pattern (Figure 3.8) also provides evidence for significant atomic oxygen recombination

(R3.1) or atomic oxygen recombination with CO, the origin of chemiluminescent flame
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FIGURE 3.9: (A) Total dissipated power (radiative + conductive) as a function of Tjnjet,
showing that the total losses increase with increasing Tynet, (B) Radiated power (calcu-
lated using Stefan-Boltzmann’s law from the calculated pixel-by-pixel Ty, indicated in
Figure 3.8) for both top and bottom half, as a function of Tjue;. The increase of the
radiative power for the top half and the bottom half of the QT reaches an inflection point
at Tinlet = 700 K.
band emission, simplified as (R3.2) between the plasma and downstream region:
O+0+M—0s+M, AH = —-5.18 ¢V (R3.1)
CO+0+M — COg+hv+M, AH = —5.53 eV (R3.2)

as atomic oxygen, produced at the same rate as CO, would generate substantial heat

during recombination [5, 7, 27].
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Furthermore, these reactions will increase with pressure due to the third body collisional
factor. Therefore, any gains in conversion due to increases in the reactive volume are likely
lost due to downstream recombination. Vertongen et al. showed that although atomic
oxygen plays a crucial role in efficient CO4 dissociation, the presence of atomic oxygen in

the effluent also enhances the rate of recombination, decreasing overall conversion [28].

In summary, the observed downward shift in temperature distribution with increasing
Tiniet confirms that complex interactions exist between flow patterns and heat transfer.
These findings demonstrate that preheating effects on plasma behavior are highly pressure
dependent. Moreover, the temperature profiles reveal that peripheral temperatures remain
below 1500 K across all T, conditions, maintaining effective quenching capability for
the back reaction of CO + O. However, thermal imaging shows that preheating increases
radiative losses through the reactor walls and shifts the peak temperature zone downward.
This redistribution of thermal energy suggests modified flow patterns and potentially ac-
celerated recombination processes in the downstream region, particularly evident in the
enhanced heat release patterns observed with higher inlet temperatures. The preserva-
tion of the peripheral temperature profile, and its relation to effective quenching, despite
increased Ty, is particularly noteworthy, as it indicates that preheating primarily influ-
ences upstream flow dynamics and reactive volume distribution, without compromising
conversion to CO. However, the increased wall losses and evidence of enhanced recombi-
nation suggest that optimizing thermal management in the downstream region becomes

increasingly critical at higher Tj,e;.

3.4 Conclusions and Outlook

This chapter investigates inlet gas preheating in a 915 MHz COo MW plasma, which
reveals distinct effects on the spatial temperature distribution or the ’reactive volume’
around the plasma. At low pressures (< 200 mbar), when plasma is noted to be in
a hybrid contraction state [22], preheating adversely affects performance by decreasing
the radial temperature profile (reactive area) and the axial plasma profile, resulting in
a reduced reactive volume, which correlates to reduced conversion. However, at higher
pressures (> 300 mbar), when the plasma is fully contracted, preheating demonstrates
substantial benefits by expanding the spatial temperature profile, or the reactive volume,

which relates to improved conversion.



Thermal Management: Enhancing Efficiency Through Preheating 67

For example, at 700 mbar under constant Py = 1000 W, preheating to 700 K increases
conversion by ~1.7 compared to baseline conditions. This was found to correlate directly
with an increase in the reactive area of ~1.5 compared to baseline conditions. Similar
improvements were observed at 900 mbar with only 500 K preheating. Furthermore, the
expanded reactive volume observed with preheating modifies the reactive volume-bulk
gas interface, creating a larger region where temperatures exceed the CO2 dissociation
threshold (> 1500 K). The spectroscopic measurements reveal that preheating primarily
affects the spatial distribution of thermal energy rather than core plasma properties, as
the core plasma temperature was consistently reported to be between ~6000 — 7000 K,
regardless of Tjper, while peripheral temperatures remained below ~1000 K, maintain-
ing effective quenching capability. This suggests that the classical description of thermal
instability-driven contraction should be expanded to include upstream flow considera-
tions, particularly with the interplay between convective cooling, temperature gradients,
and reactive volume formation. The pressure-dependent response to preheating reveals
that gas density and flow dynamics play critical roles in determining the spatial temper-
ature distribution beyond what electron density alone would predict. This means that
the high-temperature reactive volume, in which COs dissociation is dominated, is not
limited to the plasma volume as defined by the electronically excited atomic oxygen 777
nm emission. The observed correlation between Tj,.;, reactive volume expansion, and

conversion challenges the conventional understanding of contracted plasma behavior.

Moreover, the relationship between preheating and performance follows a non-linear pat-
tern. At higher power conditions (Pjyq = 1500 W), conversion at 900 mbar shows a
decline at higher Ty, (850 K), suggesting that 850 K is above the optimal inlet tem-
perature range. Thermographic imaging provides additional insights into this behavior,
revealing a downward shift in peak wall temperature with increasing 7},;; and enhanced
thermal losses through the walls, which correlate directly with reduced conversion. This
redistribution of thermal energy suggests modified flow patterns and accelerated recom-
bination processes in the downstream region. The increased wall losses and evidence
of enhanced recombination suggest that implementing effective downstream quenching
strategies, such as effluent nozzles, could further improve overall system performance by
mitigating product loss. This highlighting the critical role of upstream thermal man-

agement in determining downstream conversion, providing a theoretical foundation for
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optimizing plasma-chemical processes through strategic heat distribution rather than in-

creased power input.

Our findings demonstrate that recycling even small amounts of the input power (< 14%)
for preheating can significantly improve energy efficiency and conversion. This suggests
that strategic implementation of heat recovery from downstream processes could substan-
tially improve overall system efficiency in industrial applications. The observed pressure-
dependent effects also indicate that preheating, if optimized, could extend high energy
efficiency operation into the near-atmospheric pressure regime, reducing pumping power
requirements. A comprehensive understanding of these aspects will be crucial for trans-
lating the observed benefits of preheating into practical improvements for industrial MW
plasma-based CO3 conversion, ultimately contributing to the development of sustainable

technologies for carbon utilization and renewable energy storage.
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Chapter 4

Dual Injection in a CO5 Plasma:

Exploring Reactive Quenching

In this chapter, we investigate dual injection in a 2.45 GHz COgp microwave plasma,
where CHj is injected into the afterglow region as a novel approach to utilize the high
post-plasma temperatures for additional chemistry with reactive quenching. The experi-
ments were conducted at various pressures, powers, and COz:CH, ratios. We find that this
approach effectively enhances absolute COs conversion, with a maximum reported value
of ~55% at 1250 W, 500 mbar, and a COz:CH, ratio of 7:7 slm. Furthermore, we com-
pare our dual injection method with the approach of admixing Dry Reforming of Methane
(DRM), using a comprehensive analysis of gaseous and liquid products, as well as carbon
structure and morphology, with the latter exhibiting a fused amorphous structure, formed
under fast cooling conditions. Using chemical kinetics modeling we identify key pathways,
explaining the enhanced COz conversion by the removal of O atoms and Oz molecules,
which prevents participation in recombination reactions, while supplying H atoms upon
CH, dissociation. This results in the reverse water-gas shift reaction, which lowers the
syngas ratios compared to admizing DRM. Nonetheless, the model predicts that increas-
ing the specific energy input may achieve more competitive syngas ratios. Our findings

represent an advancement toward precise control of microwave-based plasma chemistry.

This chapter is derived from the following publication:

e Dual Injection in a COz Microwave Plasma: FExploring Post-Plasma Quenching with
CH,; and Comparison with DRM (Submitted Manuscript)

E.R. Mercer, M. Albrechts, R. De Meyer, 1. Fedirchyk, E. Morais, S. Bals, A. Bogaerts
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4.1 Introduction

As discussed in Chapter 2 (Section 2.4.2), recent studies have highlighted the importance
of post-plasma quenching in COs plasma to maximize conversion and energy efficiency,
with many experimental studies focused on rapidly decreasing the extreme temperatures
measured in the afterglow region (typically T >> 1500 K) by enhanced mixing of cool
periphery flows and the hot reactive volume using nozzles [1-6]. The goal of such strategies
is to reduce ’burn back’, typically observed as a blue afterglow in COy MW plasmas,
resulting from the chemiluminescent recombination of CO + O to COx [7]; however, such
high temperatures observed in the downstream afterglow region have the potential to
transfer the exergy into additional chemistry, using methods of reactive quenching (also
known as chemical trapping) [8-11]. Moreover, the removal of O atoms and Oz molecules
through reactive quenching in the afterglow of COy plasma has been found to enhance

the retainment of CO [12-16].

One effective example of reactive quenching is placing a carbon bed in the afterglow region
of CO4 plasmas [14-17], which has been shown to significantly improve the yield of CO
by removing O atoms and Os molecules while reducing the overall energy cost. Girard-
Sahun et al. [14] showed that a carbon bed placed directly after a Gliding Arc Plasmatron
(GAP) reactor enhances the COq conversion while achieving an oxygen-free effluent. This
research successfully demonstrated how eliminating O atoms and Os molecules in the
post-plasma gas mixture not only enhances CO output, but also eliminates the need
for one of the most expensive separation steps required for industrialization [18], while
simultaneously lowering the energy cost of the conversion process. Follow-up research
by Biondo et al. [15] revealed that reducing the distance between reactor outlet and
carbon bed further enhances performance by facilitating direct interaction between the
carbon pellets and the reactive species in the afterglow. Moreover, O’Modhrain et al. [16]
demonstrated the effects of bed size and insulation, noting the influence of higher post-
plasma temperature (as a result of the choice of power source) on conversion, and included
a detailed study on the positive effects associated with bed insulation and preheating the
carbon prior to entry into the bed, highlighting essential aspects of thermal management
in plasma systems. This emphasizes the importance of reactive quenching and thermal

management in controlling recombination in the post-plasma region.
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The literature for post-plasma reactive quenching using a secondary gas injection (i.e.,
via dual injection) is limited. A study by Chekmarev et al. [19] demonstrated a threefold
increase in CO9 conversion by injecting nitrogen (Nj3) as a quenching gas in the post-
plasma region. Although the authors reported that the dissociation of Ny was minor,
they successfully showed an increase in conversion and energy efficiency as a function of
the secondary injection of Ny flow rates. Another study by Mansfeld et al. [20] showed
that using argon (Ar) as a post-plasma quenching agent was also successful at reducing
recombination, with observed reduction of the characteristic flame band afterglow from
recombination to COg [7] and an accompanying enhancement in conversion. These exam-
ples highlight the importance of understanding the role of secondary injection quenching

in plasma-based chemical conversion.

As research has demonstrated, controlled manipulation of the post-plasma environment
by introducing improved mixing, thermal management, and oxygen scavenging in the
COg afterglow region can significantly improve conversion [1-5, 14-16, 19, 21], helping to
optimize process performance in plasma systems. This begs the question of whether the
strategy of introducing a reactive quenching gas, such as an oxygen scavenger like methane
(CHy), shows the same promise for enhancing reactor performance. Experimental and
modeling investigations by Aerts et al. [22] reveal that in-situ scavenging of O atoms and
O2 molecules via a hydrogen source (e.g., CHy), provides an oxygen-free effluent mixture
that can be more easily separated using existing technologies [18, 23, 24]. When CO; is
combined with CHy, the reaction produces a mixture of CO and hydrogen (Hz), which
is a versatile precursor for fuels and chemicals, known as synthesis gas (syngas). This
reaction is widely known as Dry Reforming of Methane (DRM); however, controlling this
process efficiently in plasma systems presents several challenges, such as controlling the

syngas ratio and dealing with solid carbon formation at higher CHy fractions [25-35].

The difficulty in controlling the produced syngas ratio (i.e., Hy/CO) presents a critical
limitation when admixing CO2 and CHy in plasma-based DRM. This is because, in ideal
DRM, the stoichiometric reaction yields a syngas ratio of 1; therefore, to achieve higher
syngas ratios, e.g., around 2, which is required for methanol synthesis or the Fischer-
Tropsch process [36], significantly more CH4 must be converted over COy. However, when
admixing COy and CHy, increasing the CHy fraction reduces the absolute conversion of
this reactant [26, 28], as well as increases solid carbon formation. For instance, Kelly et

al. [28] reported energy costs as low as 2.8 eV/molecule for MW plasma-based DRM,
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with COy and CHy4 conversions of 49% and 67%, respectively. However, the authors
reported significant plasma instability at CHy fractions exceeding 45%, attributed to
solid carbon formation in the plasma region [28]. The syngas ratio in the product stream
remained at <1, consistent with other reports in literature [5, 30]. The formation of solid
carbon in plasma-based DRM creates operational instability, affecting power coupling
and destabilizing the plasma [26, 28, 32, 33, 35]. This carbon formation not only reduces
process efficiency but also requires frequent maintenance of reactor components. Wanten
et al. [33] performed experiments in an Atmospheric Pressure Glow Discharge (APGD),
and reported that increasing the CHy fraction led to an increasingly unstable plasma due
to the formation of solid carbon. This negatively affected the conversion and reactor
performance in general and limited their experiments to CHy fractions < 35% [33]. This
is particularly relevant in MW plasma-based DRM, as carbon particles formed during the

reaction interact with the MW field, in turn destabilizing the discharge [26, 28, 37].

Several efforts to mitigate carbon formation in plasma-based DRM have been reported.
Biondo et al. [26] showed that reverse vortex flow configurations can successfully suppress
carbon formation at reduced pressures, suggesting that the flow typology plays a critical
role in carbon nucleation in MW plasmas [38, 39]. Maerivoet et al. [35] demonstrated
that the addition of O2 to DRM (so-called OCRM) in an APGD resulted in the oxidation
of solid carbon, allowing for more stable conditions; however, the results also revealed
a higher selectivity to water (H20O). In another APGD experiment, Wanten et al. [32]
suppressed soot formation by admixing HoO vapor to the reactive gas stream (in so-called
bi-reforming, BRM), both enhancing plasma stability and increasing syngas ratios. In
this chapter, we seek to mitigate the instability attributed to high CHy fractions and the
resulting solid carbon formation by injecting CHy4 into the post-plasma region as a reactive
quenching agent. An example of post-plasma CH, injection in literature was conducted
by Cho et al. [27], where the authors ran experiments in a system utilizing dual injection
for DRM with a 1:1 CO4:CH4 ratio in a 2.45 GHz MW reactor. The study explored
a two-phase system: within the resonance chamber, a CO2 plasma was first generated
utilizing a double helix injection at atmospheric pressure, followed by an injection of CHy
at the start of an insulated stainless steel reforming reaction chamber [27]. The novel
double-helix type plasma generator from this work reported high conversion and energy
efficiency, and serves as an example of an extended reaction chamber, with two processes

in series. This contrasts with the system we propose, which uses direct post-plasma
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reactive quenching with the goal of reducing the post-plasma temperatures quickly to
mitigate recombination reactions. We introduce dual injection in a COo MW plasma by
injecting CH4 into the high-temperature post-plasma region as a reactive quenching agent.
Our experimental results are supported by modeling, performed by Matthias Albrechts
(Ph.D. student within PLASMANT), which further investigates the reaction pathways.
This configuration leverages the thermal energy of the plasma afterglow (T > 1500 K).
We hypothesize that CHy will act as an effective quenching agent for O atoms and Os
molecules generated in the primary COs plasma, enhancing COs conversion by suppressing

CO recombination back to COs.

This chapter aims to understand how this approach measures against pure COs conver-
sion. Furthermore, by enabling the treatment of larger CHy fractions (without plasma
destabilization by carbon deposition), we also aim to determine how this might be bene-
ficial in a DRM context, in relation to the syngas ratio, process stability, energy cost, and
product selectivity compared to conventional (admixing) DRM. In this respect, we also
investigate the liquid byproducts and solid carbon formation. We gain deeper insights into
the experimental results by using a 0D chemical kinetics model designed to investigate
the post-plasma reactions in a dual injection system. The model examines the mixing of
the thermal COs plasma effluent with cold CHy injection in the post-plasma region. As
established in the Chapter 1 and Chapter 2, we hope to advance the practical implemen-
tation of these technologies for CO4 utilization, representing a step toward more precise
control of plasma chemistry, and investigating new pathways for the selective production

of fuels and chemicals from greenhouse gases.

4.2 Methods

4.2.1 Experimental Setup

As shown in Figure 4.1, the MW plasma reactor is powered by a custom-designed 2.45
GHz solid-state source composed of a collection of LDMOS power amplifiers with a rated
efficiency of ~54% (LDMOS PAs, right side of Figure 4.1) from which the output is com-
bined in a specialized 8-port WR340 combiner waveguide (see Chapter 2, Section 2.2.2),
which is protected from reflected power by an isolator. The absorbed and reflected power

(< 5% for all results reported) were measured using the Homer series auto-tuner from
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S-TEAM labs. Together, the auto-tuner, impedance analyzer, and adjustable short tune
the electric field to optimal conditions for electrical breakdown and to sustain the plasma.
The tapered resonance chamber is intersected perpendicularly by a 16 mm inner diame-
ter quartz tube, where the CO4y plasma is formed as a surface-wave discharge. Directly
after the plasma, CHy is injected into the afterglow region, which was monitored via the

"afterglow viewing quartz’ to observe carbon formation.

Primary
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250wWx8 |...
H { |

Secondary
Injection
(CH,)

" Afterglow
o Viewing
ae- Quartz
y direction T4

z direction

Vacuum Pump

=
W g |
|

.| Pressure Regulation & |
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FIGURE 4.1: Overview of the experimental setup.

As shown in Figure 4.1, the product stream is fed into a post-plasma condenser, which
collects the liquid products, analyzed using a series of diagnostic techniques outlined in
Appendix B, Section B.1.1. The cooled gas then moves to a miniature cyclone separator,
which was designed to collect carbon particles down to 1 pum with 95% efficiency [40]. The

deposited carbon in the post-plasma region and cyclone separator is analyzed using two
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methods, Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM) [28]. All solid carbon related analysis was performed by Robin De Meyer (Ph.D.
student within PLASMANT). Additional information on the carbon characterization can
be found in Appendix B, Section B.1.2.
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FIGURE 4.2: Schematic view of the dual injection system with optical emission spec-
troscopy.

A zoomed-in image of the injection setup is shown in Figure 4.2, where the primary in-
jection of the reactant gas (COz) is fed through the quartz discharge tube via a helical
swirl inlet, at the right of Figure 4.2. Upon ignition, a surface-wave sustained mode is
generated, with an axially elongated warm plasma filament located in the center of the
quartz tube, isolated from the tube walls by the vortex generated from the swirl inlet.
Within the resonance chamber, Optical Emission Spectroscopy (OES) is performed to
analyze the spectrum generated by the plasma using an Ocean Insight mini spectrome-
ter (HR-4UVV250-5) equipped with a solarization-resistant fiber with a diameter of 400
pum (QP400-2-SR) and a cosine corrector with Spectralon diffusing material (CC-3-UV-
S). Additional information on the optical techniques is available in Appendix B, Section
B.1.3. A secondary counter-flow tangential injection of CHy4 with 1 mm inlets is initiated
in the afterglow region, 5 cm from the waveguide, where temperatures exceed 1500 K (see

Appendix B, Section B.1.4, for a detailed schematic of the secondary injection housing).
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The afterglow is viewed through a secondary quartz tube placed after the secondary injec-
tion housing, where we were able to observe irradiation from solid carbon (forming within
the post-plasma) and any deposits on the quartz tube wall in real-time. A thermocouple

placed ~200 mm downstream measures the post-secondary injection temperature.

An internal standard, used to determine the expansion coefficient in order to correctly
calculate the performance metrics [41], is introduced before the vacuum pump (ISP 500C
Scroll Meister, Figure 4.1). The pressure in the system is monitored and adjusted by a
membrane-controlled pressure regulator (see Figure 4.1; Equilibar Regulator, GSD Series
Precision Back Pressure Regulator), which allowed a range between ~1 mbar and atmo-
spheric pressure. It is well known that COs conversion declines with increasing pressure
[1, 2, 42, 43], therefore in this study, we investigate how this changes with quenching by
introducing a pressure series from 200 — 900 mbar. Although calculations of the estimated
mixture in relation to the explosion regime were completed, there were still safety concerns
about injecting CHy4 into the post-plasma afterglow. Therefore, we limited the testing to
quasi-atmospheric pressure (900 mbar), as this has been shown to have the same KPIs
as atmospheric pressure [44], so that a larger safety protocol could be implemented for
overpressure events that would occur in the instance of an explosion. The product gas
stream is analyzed using an optical oxygen sensor (Pyroscience, GmbH FDO2), and Gas
Chromatography (GC, two-channel, Agilent 990 MicroGC, Appendix B, Section B.1.5).
Additional details on the diagnostic techniques and performance analysis can be found in

Appendix B, Section B.1.6.

4.2.2 Model Description

The modeling work carried out in this chapter was performed by Matthias Albrechts
to gain deeper insights into the experimental results. We perform modeling calculations
using a 0D chemical kinetics model in the framework of the Chemical Reaction Engineering
module of COMSOL Multiphysics [45]. The model solves the 0D mass balance equations

for all species in a batch reactor, given by:

d(CQV)
dt

— RV (E4.1)
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where ¢; is the species molar concentration, V' denotes the simulation volume and R; is
the species rate expression resulting from chemical reactions. We adopt the GRI-Mech
3.0 reaction mechanism [46] to describe the kinetics of the DRM chemistry, as was also

done in Albrechts et al. [8].

The initial composition for the simulation is the chemical equilibrium composition of COs
at 7000 K, based on our OES measurements, which indicate a peak temperature between
~T7000 — 8000 K (See Appendix B, Section B.1.3), representing the hot plasma core
created by the contracted CO2 plasma. Since our reactor does not utilize heat recovery
of the wall losses in the plasma discharge, we assume that 20% of the energy input is
lost through the quartz tube wall, as neglecting heat losses leads to overestimation of
the total conversion, and the value of 20% gave reasonable agreement with experiments.
For simplicity, this value is assumed constant across all pressures. Therefore, the Specific
Energy Input (SEI, as the amount of power applied to the chemistry in a single pass
through the reactor) to the discharge gas (COgy primary injection), used to calculate the
fraction of COy heated to 7000 K in this work, is multiplied by 0.8:

0.8 X SEI = 2, (negHc0,,64(7000 K) — Hoo, (300 K)) (E4.2)

In E4.2, z;, represents the molar fraction of CO2 gas heated to 7000 K, Hco, ¢4 indicates
the enthalpy of the dissociated COg equilibrium mixture (J/mol), and ne, is a factor that
accounts for the increase in the number of particles of the dissociated chemical equilibrium

mixture.

At the beginning of the simulation, cold COs (300 K) is added via an exponentially
decaying source rate, simulating the mixing of the hot COy gas core with the cold sur-
rounding COq flow, as is commonly observed in vortex-stabilized MW plasmas. After a
period of 0.67-3.00 ms, depending on the pressure, cold CHy (300 K) is introduced to
the simulation, according to E4.3. This represents the post-plasma CHy injection occur-
ring approximately 5 cm downstream of the waveguide, as reported in the experiments,

initiating the DRM chemistry:

> topr: Ry = —CHae(i=lofs)/Tmis (E4.3)

Tmizx
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where t is the simulation time, ¢, indicates the time interval before the secondary injec-
tion of CHy, R,, represents the mixing rate, i.e., the rate of CH4 addition to the simulation
(mol/s), ncn, is the total amount of CH4 added to the system, and 7yix is the charac-
teristic mixing time. We selected a 7ynix = 10 ms at the highest pressure of 900 mbar,
consistent with the values used in Albrechts et al. [8] at atmospheric pressure. The mixing
time is scaled proportionally with pressure, as Tix is inversely proportional to the diffu-
sion constant, which itself is inversely proportional to pressure [8]. The t.g is set to 3 ms

at the highest pressure of 900 mbar, and is scaled proportionally with pressure, similar to

Tmix-

The temperature in the simulation decreases due to mixing with the cold gas (upon
secondary injection) and conductive heat losses to the wall, eventually quenching the
reactive mixture, at which point the simulation is stopped. The model framework used
in this study is thoroughly described in Albrechts et al. [8]. As explained above, several
modifications were implemented, adapting the model to describe our experimental setup,
which differs from the configuration used by Cho et al. [27], investigated in the previous

modeling work [8].

4.3 Results and Discussion

This section presents our experimental findings of post-plasma reactive quenching with
CH, in a 2.45 GHz CO2 MW plasma under two absorbed power (P) conditions, 1000 and
1250 W, supported by modeling investigations performed by M. Albrechts (Ph.D. fellow
in PLASMANT; see ref [8] for additional details), to explain the underlying mechanisms.
Two primary (inlet with pure CO2) mass flow rates were tested, 10 and 7 standard liters
per minute (slm, EU, 20°C, 1 atm) under varying pressure, and with different secondary
injection flow rates (inlet with pure CHy) to investigate how different ratios of reactive
quenching in the afterglow change performance metrics. Our results are organized to
address the effects of dual injection on absolute COs conversion and energy cost across
various operating conditions, followed by a product distribution analysis, including syngas

composition, liquid product formation, and carbon analysis.
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4.3.1 Methane as a Reactive Quenching Agent:

Absolute CO, Conversion

The data presented in Figure 4.3 demonstrates the influence of pressure on CO4 conversion
for a primary flow rate (CO2) of 10 slm at P = 1000 W. We first compare our results with

a benchmark measurement of pure COs conversion without secondary injection of CHy.
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F1GURE 4.3: Absolute COs conversion as a function of pressure for 10:5 and 10:14 slm

ratios (CO4:CHy) for a primary flow rate (COz) of 10 slm and 1000 W, compared to pure

CO3 plasma under the same conditions with no secondary injection (Benchmark). As

shown, the data points for the two ratios (10:5 slm and 10:14 slm CO5:CHy) are identical
(~28%) across all pressures.

In the case of the pure COy plasma without a secondary injection of CHy (Figure 4.3,
dashed line), we observe the characteristic pressure dependence of conversion commonly
reported in literature [42, 43], where, upon increasing pressure, conversion decreases due
to enhanced product recombination [10, 43, 47, 48]. Notably, the conversion in the pure
CO4 plasma without post-plasma CHy injection is lower across all pressure conditions,
ranging from ~18% at 200 mbar to ~10% at atmospheric pressure. For both the 10:5
and 10:14 slm, CO2:CHy ratios, we observe the same results for conversion (~28), with
no dependence of absolute CO5 conversion on pressure across the entire range studied

(200 — 900 mbar), and regardless of the secondary injection flow rate of CHy. This
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pressure-independent behavior suggests that introducing CHy4 in the post-plasma region
effectively mitigates the recombination processes that typically limit COgy conversion at
higher pressures, even at low flow rates of 5 slm (half the COy flow rate at the inlet).
Under these SEI conditions, we observe that the higher flow rate with the secondary
injection of CHy4 (14 slm) does not show additional benefits to absolute CO2 conversion
compared to the lower flow rate (5 slm) of CHy, both resulting in an almost 3-fold increase
in conversion compared to pure COy plasma at atmospheric pressure. This suggests that,
beyond a certain threshold, increasing the flow rate of the secondary injection does not
promote additional CO4 conversion, possibly due to saturation of the quenching effect or

limitations in the mixing dynamics between the afterglow and the secondary injection.

Figure 4.3 clearly illustrates that CHy can successfully be used as a quenching gas for CO4
conversion. The underlying mechanisms are explained in Figure 4.4, showing the net rates
of different CO5 conversion reactions as a function of time when CHy or Ar are used as a
quenching gas, as obtained from our model, for a CO2:CHy (or CO4:Ar ratio) of 10:14 slm,
power of 1250 W, and pressure of 700 mbar. We present this condition as a representative
example and note that the relative contributions of the different rates are similar across all
conditions. To account for changes in simulation volume over time (due to gas expansion
from reactions and temperature increase), we scale the reaction rates by multiplying them
by the actual volume and then divide this product by the total number of moles of COq
fed into the system throughout the entire simulation, as previously reported in Albrechts

et al. [8], resulting in the rate of COy conversion expressed in s7L.

The dominant reactions governing COs conversion in our model are:

CO,+ M =CO+0+M (R4.1)
COy+0 = CO + O, (R4.2)
COy+ H = CO+OH (R4.3)

where reaction R4.1 shows the thermal dissociation reaction (collision with a third body
is denoted as M), reaction R4.2 represents dissociation upon collision with O atoms,
and reaction R4.3 is H-mediated conversion. Indeed, we can assume that the chemistry
is thermal, both inside the plasma (due to the high temperatures of 7000 K) and in

the afterglow (where electrons and ions are no longer present). The rate coefficients
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FIGURE 4.4: Calculated net rates of CO45 conversion as function of time, for secondary
injection quenching with CHy (4.A, solid lines) and Ar (4.B, dashed lines), at a p = 700
mbar, P = 1250 W, and CO5:CH,4 (or COq:Ar) ratio of 10:14 slm. The temperature
is plotted on the right y-axis. The vertical dashed grey line indicates the instance of
CHy4 (or Ar) injection (£ = 2.33 ms). The reference rates for CHy quenching have been
shaded in Figure 4.4.B for easy reference. The graph demonstrates that the temperature
decreases more rapidly when CH, is used as a quenching gas, due to its higher heat
capacity compared to Ar.

are defined by the GRI-Mech 3.0 reaction mechanism [46], where the reverse rates are

calculated according to the principle of detailed balance.

As shown in Figure 4.4.A, at the start of the simulation, COs is primarily converted
through thermal dissociation (R4.1) due to the very high temperatures (7" > 5000 K). As
the temperature decreases due to the addition of cold COz (grey vertical dashed line), the
contribution of thermal dissociation decreases, and the reaction of CO2 with O (R4.2),
which has a significantly lower energy barrier, becomes the dominant COy conversion
pathway. Around t = 0.83 ms, the rate of R4.1 becomes negative, indicating that the
reverse reaction becomes dominant, as there is insufficient energy for efficient thermal
dissociation of COg, resulting in net creation of COy by this reaction. Initially, the
temperature is sufficiently high for the O atoms to convert more COy via R4.2; however,
as the temperature decreases, the destruction of CO via the reverse reaction of R4.1
(which has a significantly lower energy barrier) becomes more prominent compared to the
forward rate of R4.2, leading to net CO2 production when the temperature drops below
approximately 3000 K, as indicated by the model. This is where cold CHy is introduced
into the simulation, i.e., at t = 2.33 ms, representing the post-plasma injection of CHy,
as indicated by the sudden presence of COgy conversion by H atoms (R4.3). One of the

reasons for using CH4 as a quenching gas for CO» conversion is to remove O atoms through
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CH,4 oxidation, thereby preventing it from reacting with CO to form CO2 and enhancing
the net COy conversion. This is evident from Figure 4.4.A, which shows that the net rate
of CO destruction via R4.1 rapidly goes to zero after CHy injection, preserving more of the
CO produced in the hot CO2 mixture. The results presented in Figure 4.4 demonstrate
that CHy4 injection provides enhanced performance through two complementary chemical
pathways: 1) effective suppression of CO recombination reactions, and 2) additional COq

conversion via the Reverse Water-Gas Shift (RWGS) reaction.

To further elucidate the specific advantages of using CHy as a reactive quenching agent,
we conducted additional modeling calculations comparing CH4 injection with inert Ar
quenching under identical conditions to the 10:14 slm, CO5:CH,4 ratio at 1250 W and
700 mbar, as shown in Figure 4.4.B. This comparison reveals two distinct mechanisms
by which CH4 enhances COo conversion compared to thermal quenching. Figure 4.4.A
presents the calculated net rates of COy conversion reactions for both CHy (transparent
solid lines) and Ar (dashed lines) quenching. When cold Ar gas is injected as a quenching
agent, significant CO recombination occurs through the reverse of R4.1. This is evidenced
by the pronounced negative peak at ¢t = 2.33 ms, corresponding to the moment of injec-
tion, which destroys ~30% of the CO present upon injection of Ar. In contrast, when
CHy is used, CO destruction due to recombination with O atoms is negligible (< 1%),
owing to the efficient scavenging of O atoms through CHy oxidation. We observe that CHy
effectively scavenges these O atoms through oxidation reactions (e.g., CHy + O — CHgs +
OH), before they can participate in recombination with CO, resulting in < 1% destruction
of CO upon CHy injection. In addition to suppressing CO recombination, Figure 4.4.A
highlights a substantial additional COs conversion attributed to reactions with H atoms,
linked to the RWGS reaction. This reaction accounts for approximately 33% of total CO
production, effectively generating an additional 50% of the CO present at the instance
of quenching. These combined effects lead to a notably higher COs conversion of 36.1%
when CHy is used as a quenching agent, compared to only 15.8% when cold Ar is injected

post-plasma.

The calculation from Figure 4.4.B demonstrates that the temperature decreases more
rapidly when CHy is used as a quenching gas, due to its higher heat capacity compared to
Ar; however, it is important to note that the enhanced cooling effect of CHy as a quench-
ing agent contributes minimally to the mitigation of CO recombination. Although CHy

provides a higher cooling rate compared to Ar, the temperature profiles remain similar
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during the critical time frame of t < 3.3 ms due to compensatory exothermic oxida-
tion reactions. During this timescale, all O atoms undergo recombination, making CO
recombination (R4.1) insignificant when temperature divergence begins, highlighting the
importance of not only fast cooling but also quickly removing O atoms in the afterglow re-
gion. As a result, we conclude that the stronger cooling effect of CH4 does not significantly
influence CO4 conversion when CHy is injected at this distance from the waveguide. The
model convincingly demonstrate that reactive quenching with CHy effectively removes the
O atoms, thus preventing them from the undesirable recombination reaction, CO + O —
COg. In addition, the dissociation/oxidation of CHy supplies H atoms, which contribute
to additional COs dissociation (R4.3). Both mechanisms predicted by the model explain

the enhanced COy conversion upon post-plasma CHy injection.

In Figure 4.5, we investigate the overall changes to the absolute conversion of COy and
CHy4 as a function of plasma power, for a primary flow rate (CO2) of 10 slm. The data
is organized into two graphs by the secondary injection flow rate of CHy (Figure 4.5A
10:5 slm, CO92:CHy and Figure 4.5B 10:14 slm, CO2:CHy), for two power conditions
(1000 W, solid and 1250 W, striped). The data at p = 500 mbar, 1250 W for 10:5 slm,
CO9:CHy is unavailable. A clear trend emerges when comparing the effect of the secondary
injection of CHy: increasing the flow rate consistently decreases its absolute conversion,
observed both in the experiment and modeling results. This is likely a result of the lower
effective SEI (i.e., total SEI distributed between both reactant gases). Note that the
CO2 conversion without post-plasma CHy injection is between ~18 — 10% (respective
to increasing pressure, see also Figure 4.3) across all conditions, demonstrating a clear
enhancement from reactive quenching, which is most pronounced at higher power, and,

thus higher SEI.

For example, at P = 1250 W, p = 900 mbar with a primary flow rate of 10 slm COo,
we observe the highest absolute CHy conversion (~34 + 4%) when using a relatively low
secondary injection flow rate (10:5 slm, CO9:CHy, Figure 4.5A), with a clear increase
compared to P = 1000 W, p = 900 mbar conditions (~24 + 4%). As mentioned, we
also observe that the absolute conversion of CH4 drops significantly when the secondary
injection increases to 14 slm. For example, at P = 1250 W, p = 900 mbar, the absolute
conversion of CHy is ~14 + 2% (10:14 slm, CO2:CHy ratio, Figure 4.5 B). We note

that increased power directly enhances conversion, which can be observed in Table 4.1,



Dual Injection in a COy Plasma: Exploring Reactive Quenching 88

B CO: (Exp) [ CHa (Exp) [/ 1000 W
W CO:2 (Model)  ww CHa (Model) 1250 W
60
A o
3 1250 W
g0 .
3 S 7
10 % g % %
0 7 8 7 7
60
10:14 slm
- CO,:CH,
g
S 401
2 ol 7 2 Z 7
8% ? ? 5 é
: ¢ ¢ . %
3 201 2 Z é g
/ f ¢ 4
0 7 . é s é

500
Pressure (mbar)

FI1GURE 4.5: Comparison of the absolute CO2 and CH,4 conversion for a primary flow rate
(CO3) of 10 slm with two different post-plasma injections of CHy A) 10:5 slm CO5:CHy
(1000 W, solid and 1250 W, striped), and B) 10:14 slm CO5:CH4 (1000 W, solid and
1250 W, striped). The modeling results are presented directly next to the corresponding
experimental data. In cases where data collection was not possible due to technical
constraints, the corresponding data points are marked as ‘Data Unavailable.’

where we show the absolute increase of conversion between 1250 W and 1000 W for the

conditions presented in Figure 4.5.

Importantly, we note that the model correctly captures the absolute COo conversion un-
der the conditions presented in Figure 4.5 A, B, but is not able to capture the slight
increase in CO4 conversion upon decreasing pressure in Figure 4.5 B, P = 1250 W, p =
200 mbar, see also Table 1. However, overall, there is reasonable agreement between the
absolute conversion of both CO9 and CH, calculated by the model and those measured

experimentally. Furthermore, the trends presented in Figure 4.5 suggest that there may



Dual Injection in a CO2 Plasma: Exploring Reactive Quenching 89

TABLE 4.1: Absolute increase (%) of conversion between 1000 W and 1250 W for the
conditions presented in Figure 4.5 (10 slm primary inlet of COs).

Ratio Pressure COy Conversion CH, Conversion
(CO5:CHy, slm) | (mbar) | Absolute Increase (%) | Absolute Increase (%)
10:5 200 7 9
10:5 500 N/A N/A
10:5 700 7 9
10:5 900 7 9
10:14 200 12 8
10:14 500 12 8
10:14 700 7 4
10:14 900 8 5

be an optimal ratio between the injection of the primary flow rate and the secondary flow
rate that maximizes the conversion of both feed gases, for example, when the secondary
injection flow rate is smaller than the primary injection flow rate. The reader should
note that when the secondary gas flow rate is lower than the primary flow rate, pres-
sure gradients can develop that may destabilize the plasma, potentially extinguishing the
discharge. Therefore, the stability of this dual-injection configuration depends critically
on the positioning of the secondary injection. In our experimental setup, we mitigated
this by placing the secondary injection approximately 5 cm downstream from the waveg-
uide, providing sufficient distance to maintain stable plasma operation across all tested
conditions; however, moving the secondary injection closer to the plasma may also serve
to enhance conversion of the secondary reactant. We will now examine the results for

increased SEI, with a primary flow rate of 7 slm, shown in Figure 4.6.

Higher SEI to the discharge gas presented in Figure 4.6, where the data is organized
in the same manner as described in Figure 4.5. The results show deviations from some
of the findings with a primary flow rate of 10 slm (Figure 4.5). First, in Figure 4.6 we
note that higher SEI to the discharge gas consistently shows better absolute conversions
compared to the conditions presented in Figure 4.5 across all flow configurations. For
example, the best overall performance shown in Figure 4.6 A is noted for P = 1250 W
(7:7 slm, CO2:CHy), where the absolute conversions of CO2 and CHy reach ~ 55 + 1%
and ~ 37 & 2%, respectively, at p = 500 mbar. Notably, under these conditions, the
pressure-independent conversion deviates slightly, with enhanced absolute conversion of
CO4 and CH4 with decreasing pressure from 900 mbar, which can also be observed in the
absolute increase shown in Table 2. We will examine these findings in greater detail in

Section 4.3.2 below.
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FI1GURE 4.6: Comparison of absolute CO5 and CHy4 conversion for a primary flow rate

of 7 slm of COy with different post-plasma flow rate injections of CHy, for two power

conditions (1000 W and 1250 W). A) 7:7 slm CO2:CHy and B) 7:14 CO5:CH,. In cases

where data collection was not possible due to technical constraints, the corresponding
data points are marked as ‘Data Unavailable.

It is clear from these results that a higher SEI to the discharge gas facilitates an in-
crease in COs dissociation within the reactive volume and will subsequently increase the
temperature of the afterglow region, in turn allowing more energy exchange and greater
conversion of both the primary reactant (CO3) and the reactive quenching gas (CHy). As
discussed in Section 4.2.1, the secondary injection housing was designed to monitor the
afterglow region for carbon formation in real time, with an additional quartz tube placed
downstream of the secondary injection. Although a qualitative observation is all we can
make regarding carbon formation, we feel it is worth noting that during the experiments,

no carbon formation was visible below 700 mbar. Upon transition between 700 to 900
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TABLE 4.2: Absolute increase (%) of conversion between 1000 W and 1250 W for the
conditions presented in Figure 4.6.

Ratio Pressure COy Conversion CH, Conversion
(CO5:CHy, slm) | (mbar) | Absolute Increase (%) | Absolute Increase (%)

i 200 N/A N/A

77 500 15 17

77 700 13 10

77 900 10 7

7:14 200 N/A N/A

7:14 500 11 4

7:14 700 12 5

7:14 900 12 4

mbar, characteristics of irradiance of carbon particles appeared in the afterglow region,
noted as an orange ‘flame-like’ plume, which became more pronounced as the pressure
increased to 900 mbar. This plume was the largest at higher power conditions (1250 W);
however, overall, the accumulation of carbon particulates was still found to be minimal,
only appearing downstream as a ‘light’ deposit along the walls. Most importantly, by
injecting CH4 into the post-plasma region, we observe that the carbon formation occurs
downstream of the discharge; therefore, whatever carbon is formed does not interact with
the MW field and thus allows for higher CH4/CO4 feed gas ratios, resulting in higher

syngas ratios (see Section 4.5.2).

In summary, we examined how injecting CHy as a reactive quenching agent into the post-
plasma region affects the absolute COs conversion under various operating conditions.
We saw in Figure 4.3 that when CHy is used as a reactive quenching agent, the COa2
conversion remains constant (~28%) across all pressures (200 — 900 mbar), regardless
of the CO2:CH4 ratio. This contrasts with pure COs plasma, where the final conver-
sion decreases with increasing pressure due to recombination; therefore, we attribute the
pressure-independent conversion to effective mitigation of the recombination processes
that typically limit COs conversion at higher pressures through reactive quenching with
CHy, confirmed by modeling. Chemical kinetics modeling shows that CHy injection en-
hances the CO2 conversion through two mechanisms: (1) removing O atoms that would
otherwise cause CO to recombine back to COs, and (2) providing H atoms through CHy
dissociation, which further promote CO2 conversion. Higher power and higher SEI show
improved absolute COy conversion, with the best performance (~55%) achieved at 500

mbar with a 7:7 slm, CO4:CHy ratio.
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Having established that injecting CH4 as a reactive quenching agent into the high-temperature
afterglow region of a COs plasma enhances CO production, we will now examine how this
approach performs as a method for DRM. By analyzing key performance metrics such
as syngas ratio and product selectivity, we can fully understand both the potential and
limitations of this dual injection approach compared to the conventional (admixing) DRM

processes.

4.3.2 A Dry Reforming of Methane Perspective:
Syngas Ratio and Product Selectivity Analysis

As discussed in Section 4.1, the difficulty in controlling the produced syngas ratio (i.e.,
H3:CO) presents a critical limitation when admixing CO9 and CHy in plasma-based DRM.
Therefore, we explore the effect of the ratio of primary and secondary injection on the
syngas fraction, shown in Figure 4.7, for 900 mbar, where we were able to investigate up
to a 1:2 ratio (7:14 slm) CO2:CHy. All syngas ratios can be found in Appendix B, Section
B.3.1 for further analysis.

Figure 4.7 presents an analysis of both the Energy Cost (EC, in kJ/mol and eV /molecule,
primary y-axis, calculated accounting for both reactants, COy and CHy) and the syngas
ratio (H2:CO, secondary y-axis). Further details on the calculations can be found in
Appendix B, Section B.1.6. The data reveals a direct correlation between the secondary
CH4 flow rate and the Hs:CO ratios, confirming that increasing the post-plasma CHy
injection does increase the syngas ratio; however, the maximum syngas ratio observed at
900 mbar was only 0.37 £ 0.02, at the highest CHy fraction (1:2 ratio, 7:14 slm) and P =
1250 W.

Although the SET varies slightly between our conditions (i.e., SEI = 132 kJ/mol at a
7.7 slm, CO9:CH4 ratio) and those reported by Kelly et al. for conventional DRM (SEI
= ~144 kJ/mol) [28], our EC is higher at p = 900 mbar, P = 1000 W (346 + 17 kJ/mol)
compared to values ~ 200 - 369 kJ/mol at the same power in Kelly et al. [28]. However,
under the same conditions (SEI = 132 kJ/mol, 7:7 slm, CO2:CHy4) at lower pressure (500
mbar), we obtained an EC as low as 289 + 15 kJ/mol, with a syngas ratio of 0.38 £ 0.04,
see Appendix B, Section B.3.1. This is the same condition discussed in Section 4.3.1
where we observed an absolute CO2 conversion of ~55% (see Figure 4.6B). Importantly,

the highest Hy:CO ratio for our quasi-atmospheric results, i.e., 0.37 £ 0.02 (for 7:14 slm
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FIGURE 4.7: Energy cost (kJ/mol and eV /molecule) on the primary y-axis, and Hy/CO

(syngas) ratio on the secondary y-axis as a function of the CO2:CHj, ratio, at 900 mbar.

A primary flow rate of 10 slm is represented in the 10:5 slm and 10:14 slm data points

(left most markers), and of 7 slm in the 7:7 slm and 7:14 slm data points (right most
markers), for A) 1000 W and B) 1250 W.

CO92:CHy, SEI = 89 £ 4 kJ/mol; EC = 325 £+ 16 kJ/mol), is less than half of the best
reported value for conventional (admixing) DRM in the MW plasma, reported by Kelly
et al. [28], and the dual injection with the extended reforming chamber reported in Cho
et al. [27] (1:1 CO2:CHy4, syngas ratio of ~1, EC = 245 kJ/mol). This is likely due
to a limitation of operational conditions (lower SEI achievable in our reactor), and the

quenching effect limiting the conversion of the quenching reactant, CHy, in the afterglow.
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Figure 4.8 presents a comprehensive analysis of product selectivity of gaseous products
as well as unknown fractions at P = 1250 W across different pressure conditions and flow
configurations. Calculations were made based on GC measurements of gas phase species.
Tables with the values can be referenced in Appendiz B, B.3.1. The data is organized
by the primary flow rate of CO2 (10 slm in Figure 4.8A and 4.8B; 7 slm in Figure 4.8C
and 4.8D) and the secondary flow rate of CHy (lower in Figure 4.8A and 4.8C'; higher in
Figure 4.8B and 4.8D).
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FIGURE 4.8: Selectivity comparison for P = 1250 W for a primary CO5 flow rate of 10

slm (A and B) and 7 slm (C and D), with different post-plasma injection flow rates of CHy

(see text). In cases where data collection was not possible due to technical constraints,
the corresponding data points are marked as 'Data Unavailable.’

All conditions show a high selectivity toward CO formation, particularly prominent in
the 10:5 slm and 7:14 slm, CO,:CH4 ratio configurations. The relatively low syngas
ratio observed in our experiments (as previously shown in Figure 4.7) can be directly
attributed to suboptimal Hs selectivity, which prevents achieving higher Hs:CO ratios
under the conditions presented in this work (i.e., SEI to the discharge gas). The 7:14 slm
CO,:CH4 ratio demonstrates the strongest selectivity toward Hs, corresponding with an
absolute Hy outflow rate of ~1.5 slm (vs. 14 slm of CHy input flow rate). To gain deeper
insight into the low CHy conversion and Hy selectivity, we employed the 0D chemical

kinetic model to elucidate the dominant reaction mechanisms.
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FIGURE 4.9: Comparison between experimental and calculated selectivities at P = 1250
W for a primary COs flow rate of 10 slm (A and B) and 7 slm (C and D), with different
post-plasma injection flow rates of CH4. Only the selectivities towards hydrogen and
carbon are plotted, because the O-based selectivities do not provide additional informa-
tion. In cases where data collection was not possible due to technical constraints, the
corresponding data points are marked as ‘Data Unavailable.’

As shown in Figure 4.9, the model aligns reasonably well with the experimental selectivi-
ties across most conditions; however, note that the model tends to considerably overesti-
mate the Hy selectivity, which is especially prominent at higher CHy fractions. Similarly,
the model does not accurately capture the selectivity towards the C,H, hydrocarbons,
particularly at low pressure (p < 500 mbar); although the reader should note that the
total selectivity of CoH, species found in the experiments was low across all conditions
(< ~6% for C-based, and < ~10% for H-based selectivity), and due to their low concen-
trations, exhibit a high uncertainty (see Appendix B, Section B.3.1). As a result, it is
difficult to highlight their individual contributions to selectivity.

As an example, for a ratio of 7:7 slm, we find the C-based selectivity of C,H, to be ~1.8%
at 900 mbar with an even distribution between species (see Appendix B, Section B.3.1.,
whereas the model shows ~4.8%, with the greatest contribution from CoHs (~4.4%).
This discrepancy suggests that the reactive pathways leading to C,H, hydrocarbons and
species constituting the unknown C fraction are not sufficiently represented by the global

model, as they would require accurate resolution of the temperature gradients and species
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transport within the reactor, but this is outside the scope of a 0D model which cannot
describe these complex dynamics. Nevertheless, the overall agreement is quite reasonable,
especially for the main DRM metrics, i.e., COy and CH,4 conversion and CO and Hy se-
lectivity. Multidimensional kinetic simulations employing the GRIMECH 3.0 mechanism
could potentially improve the selectivity toward C,H, gaseous species by resolving kinetic
pathways that require accurate modeling of temperature gradients and species transport.
However, given that the reaction mechanism does not account for solid carbon forma-
tion [46], the overestimation of Hy selectivity would likely persist. Thus, to adequately
model solid carbon formation, the GRIMECH set would need to be complemented with
additional mechanisms, such as the polycyclic aromatic hydrocarbon (PAH) mechanism,
which is highly complex and comprises an extensive number of species, rendering it im-
practical for multidimensional modeling. While this would be an interesting avenue for

future research, it falls outside the scope of the present study.

A high percentage of unknown O-based and H-based selectivity is reported across all con-
ditions (F'igure 4.8). Particularly, for ratios of 10:5 and 7:14 slm (CO2:CHy), we observe
a pattern of missing H and O atoms in proportions close to 2:1, suggesting substantial
H50O formation with minimal unaccounted carbon. The model provides important insights
into the reaction pathways responsible for this HoO formation, showing that when CHy
is injected into the high-temperature post-plasma region as a reactive quenching agent,
it scavenges O atoms, predominantly through the reaction CHy + O — CH3 4+ OH, and
subsequently CHgs will further consume O atoms via reactions CHs + O — H + CH50
and CHs + O — H 4+ Hy 4+ CO. As CHy is rapidly oxidized to CO in the complex reaction
pathways stated above, H atoms are released that subsequently react with CO4 via the
reaction COy + H — CO + OH. This represents part of the RWGS reaction mechanism,
where the equilibrium between COs, Ho, CO, and H5O is governed by temperature. Our
model reveals that HyO formation peaks at a concentration of approximately 20% when
gas temperatures reach ~2800 K, following the water-gas shift equilibrium. However, as
the temperature rapidly decreases below 2000 K, the reaction kinetics slow down consid-
erably, effectively “freezing” the HoO concentration around 6%, despite the equilibrium
favoring its decomposition at lower temperatures. This kinetic limitation prevents the for-
mation of Ho, resulting in the low Hs selectivity observed in our experiments, as explained
in detail in Appendiz B, B.2.1. Consequently, although the post-plasma CHy injection

enhances COgy conversion through a reaction with H atoms (as shown in the high absolute
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conversion compared to pure COg conversion in Figure 4.3), it simultaneously promotes
substantial HoO formation, explaining the significant fraction of unknown H and O atoms

in the selectivity, as shown in Figure 4.8.

This trade-off between improved COsy conversion and HsO formation represents a key
limitation in achieving higher syngas ratios in our current reactor configuration at this
relatively low SEI, which confirms the modeling results published by Albrecht et al. [8].
Importantly, our model reveals that higher SEI and CHy ratios (240 kJ/mol or ~12
eV /molecule, 1:4 ratio of COy: CHy4) may result in a higher conversion of both CO2 and
CHy, yielding a significantly better syngas ratio (~2), as discussed in detail in Appendiz
B, B.2.2. However, we note that this SEI is much higher than typical inputs found in
literature, with the highest reported values found to range between 7 — 8 eV /molecule
[43, 49]. Importantly, it is expected that solid carbon formation will increase at higher
CHy4 fractions and elevated SEI values, as this is inherent to the stoichiometry of the
DRM process under CHy-rich conditions, where insufficient oxygen is available to oxidize
all CHy, resulting in the formation of hydrocarbons that either remain in the gas phase or
nucleate into solid carbon, enabling high syngas ratios. In the model calculations, excess
CHy4 is converted exclusively into gaseous C,H, hydrocarbons, without contributing to
solid carbon formation. Thus, the impact on CO and Hs yields will ultimately depend
on the extent of solid carbon formation. Therefore, experimental validation of higher
SFEI conditions would be valuable to assess whether the promising syngas yields and
ratios predicted by the model, which excludes solid carbon formation, can be realized in

practice.

Notably, as reported in Figures 4.8 and 4.9, selectivity patterns remain largely indepen-
dent of pressure. An exception to this is observed in the unknown fraction of species
(obtained from carbon, hydrogen, and oxygen balance). The fraction of unknown solid
carbon was found to be minimal across all conditions and not observed at p < 700 mbar,
which is in line with the selectivity data reported in Figure 4.8. For example, the un-
known C fraction in Figure 4.8B at 900 mbar is likely attributed to solid carbon, which
correlates with our observations of a ‘flame-like’ plume in the post-plasma region under
these conditions. Furthermore, a minimal amount of solid carbon was found in the cy-
clone separator. Although the model points to substantial HoO formation, the unknown
values for 10:14 and 7:7 slm, CO5:CH4 at p < 500 mbar, as shown in Figure 4.8, display a

slightly different trend, we find a large fraction of unknown C atoms (between ~10 —25%).
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Therefore, the unknown fraction of C under these conditions suggests the formation of
products beyond the measured gaseous species and likely points towards the formation of

chemical products that will be examined below.

Quantification of liquid products helps us to understand these trends further. To limit
the number of samples, we collected a single liquid sample for each CO-:CHy ratio in-
vestigated, meaning for both power conditions and all pressure sets, which was analyzed
using the methods outlined in Appendix B, B.1.1, to determine the composition. In each
of the samples collected, the liquid was yellow, with the 7:7, CO5:CH4 mixture being the
darkest. The samples exhibited ‘a strong, sweet, petrol-like odor’, typically associated
with hazardous chemicals. We also note that all the post-plasma bellows were stained
yellow. The analysis revealed that although the liquid was predominantly water (as the
model predicts, which correlates with high unknown O and H selectivity data presented
in Figure 4.8A,D, and at higher pressure in Figure 4.8B,C') three other main compounds
were identified: formaldehyde, acetic acid, and formic acid. Each of these species are
present at all ratios of CO9:CHy; however, the concentration varies according to the ratio,

as shown in Figure 4.10.
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FIGURE 4.10: Concentration (ppm) of the three main components found in each data

set (ratio CO9:CHy). The highest concentration of formaldehyde, the second highest

concentration of a single constituent other than water, was found in the 7:7 slm and

10:14 slm ratios, where we observed the largest unknown quantities of C, O, and H
species.
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As shown in Figure 4.10, formaldehyde, acetic acid, and formic acid are detected, with
formaldehyde as the highest concentration at ~3200 + 160 ppm at 7:7 slm CO2:CHy ratio.
The reader should keep in mind that although the samples were taken per ratio, based
on the selectivity data, a correlation between the oxygenates detected and the unknown
species ratios in the 7:7 slm and 10:14 slm CO9:CH,4 samples suggests that these molecules
of interest are likely formed in greatest concentration at p < 500 mbar at P = 1250 W
(Figure 4.8B and 4.8C). The extreme temperatures (T >> 1000 K) found in the reactive
volume and afterglow generate radicals that can produce a variety of compounds from
CH4:COs. Furthermore, we link the dependency between the model and experimental
selectivity (Figure 4.9) to the significant fraction of unknown C (from for e.g., hydrocar-
bons, aromatics, oxygenates), which is not captured by the model since GRIMECH 3.0
is exclusively a gas-phase reaction mechanism, and therefore, it does not include reactive
pathways leading to solid carbon formation. Noting the oxygenate measured in the water
fraction are too dilute to explain the substantial unidentified carbon fraction, we believe
that the majority of the unknown carbon fraction consists of solid carbon carried away
as nanoparticles by the flow at lower pressure, where coagulation/agglomeration may not
occur and therefore would not be captured by the cyclone separator. Consequently, the
model over predicts the gaseous carbon species, particularly CO and C,H,. In reality, the
gaseous CO that would ultimately contribute to solid carbon formation would consume
H atoms while simultaneously generating HoO due to stoichiometric constraints, both

factors contributing to the observed overestimation of Hy selectivity by the model.

However, we conjecture that CHy fragmentation and COs dissociation (CO + O) may lead
to the formation of these oxygenates, and especially CO + Hy can form formaldehyde [50],
which could also explain the reduction in CO and Hy selectivity under these conditions
(Figure 4.8B and 4.8C'), although a reaction between -CHj3 and O is also possible [51]. As
shown in Figure 4.11, we investigated the total carbon count and analyzed the spectrum
of the 7:7 slm sample using UV-Vis, as the presence of these oxygenates did not fully

explain the yellow hue of the liquid collected.

Figure 4.11A presents the theoretical total carbon count calculated from the concentration
in the samples detected using High-Performance Liquid Chromatography (HPLC) and the
measured Total Organic Carbon (TOC) in the sample. Comparison of both allows us to
assess the completeness of compound identification. The difference is small, indicating

that much of the carbon-containing species have been accounted for in the analysis. The
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FI1GURE 4.11: A: Theoretical total carbon count of the samples, as measured by HPLC

(black), and measured by TOC analysis. B: UV-Vis spectrum from the 7:7 slm sample

with a sharp peak (Amax) found at 269 nm, indicative of a m — 7* electronic transition
in a conjugated system.

UV-Vis analysis (Figure 4.11B) reveals Apax at 269 nm, suggesting a m — 7 electronic
transition from a conjugated system. In general, simple carbonyls (like formaldehyde and
acetic acid) absorb only in the deep — mid UV and produce peaks between ~190 — 250 nm
[52-54]. Furthermore, the addition of a C=C adjacent to a C=0 will bathochromically
shift the 7 — #* band into the visible region [55, 56]. The ”sweet, petrol-like” odor of
the yellow liquid and Apax= 269 nm point towards the presence of e.g., «, S-unsaturated
acids, aldehydes, or aromatic hydrocarbons. Therefore, we believe the remaining, unchar-
acterized liquid to be a mixture of many trace molecules, including aromatic species, as
evidenced by the small difference between HPLC-detected compounds and total organic
carbon (Figure 4.11A). This complexity makes direct comparison with individual refer-
ence compounds challenging, as the observed spectrum likely represents a composite of

multiple absorbing species rather than a single compound.

Overall, it is interesting to consider that the formation of these oxygenates, e.g., formalde-
hyde, can be ’tailored’ to some extent, according to the CO2:CHy ratio (Figure 4.8) and,
given the selectivity data, formed in greater concentrations at lower pressure (i.e., < 500
mbar, Figure 4.8B and 4.8C"). This suggests dual injection designs in MW-based plasma
reactors can help to control temperature distributions, radical pathways, and thus prod-
uct formation, such as for the production of oxygenates. The reader should note that the
absolute concentrations at a given condition are subject to high uncertainties and further
research is needed to accurately resolve the yields and potential for application; however,

as a first approach, we made an approximation of the oxygenate production based on the
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available gas phase conversion, selectivity data, and liquid phase oxygenate concentra-
tions. We take the 7:7 slm CO-:CHy condition as an example, as it exhibits the highest
measured oxygenate concentrations. As noted in Appendiz B, B.1, those concentrations
represent an average across all pressure and power data sets, encompassing a total of
eight different conditions. As it has been typically reported in literature that the liquid
by-product found in admixing DRM conditions is pure water, the experiment was not
designed to make a distinction between conditions for the liquid fraction and thus it is
not possible to quantify with accuracy, since one would need precise inflow and outflow

quantities for a fixed data set.

As a first approximation, we assume that all missing O in the O balance (see Appendiz
B, B.3.1, Table B.20) can be attributed to HyO formation, and thus we can estimate
the production rate of HoO, given that the oxygenate concentrations are small compared
to the HoO fraction. Since CO and HO are the only dominate O-containing product
species, each containing a single O atom, the HoO production rate can be calculated
by multiplying the COy molar flow rate (Fro,) by the COg conversion (xco,) and the
fraction of unidentified oxygen (Sp). To obtain the oxygenate production rate, we then
multiply this value by the corresponding oxygenate concentration (coyy), resulting in the

following expression for the approximated oxygenate production rate (PRogy):

PRomy = FCO2 X XCO, X So X Cozy (E44)

As the oxygenate concentrations represent averages, we also compute the average COq
conversion and unknown O fractions across the different conditions. This yields an esti-
mated average PR, of formaldehyde (2.1 umol/s), acetic acid (0.7 pmol/s), and formic
acid (0.1 pmol/s).

Our study’s main research question was to establish a proof-of-concept for dual injection
systems, where we identified (unexpected) oxygenate formation pathways that, in our
opinion, warrant a dedicated investigation with more sophisticated multi-phase quantifi-
cation protocols. Unfortunately, as this was not the initial goal of this study and thus
given the data and the limitation of this configuration, we cannot provide accurate reso-

lution of the temporal formation of the liquid fractions. Future work should indeed focus
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on time-resolved analysis of all product phases to enable accurate mass balance closure
and absolute production rate determination. We believe this is an interesting case for
future work, especially because the industrial production of formaldehyde is very energy
intensive [57, 58], and it would be of interest to the community to know whether we might
be able to optimize the production of these valuable products in warm plasmas with care-
fully configured injection schemes, allowing for further progress towards electrification of

the chemical industry.

In summary, dual injection with CHy as a reactive quenching agent in a DRM context
presents limitations for application. The low syngas ratios observed across all conditions
result primarily from significant HoO formation through the RWGS reaction, as confirmed
by modeling. However, one important merit of the dual injection approach is that solid
carbon formation is formed downstream of the discharge, mitigating instabilities associ-
ated with carbon coupling to the MW field when formed in the reactive volume. Thus,
this approach successfully demonstrates that dual injection allows for higher CH, fractions
without the plasma instability issues that typically occur with conventional admixing in
DRM. Furthermore, the model predicts that at higher SET and CHy ratios (240 kJ/mol,
1:4 CO9:CHy), we may yield increased syngas ratios (~ 2), discussed in detail in Appendix
B, B.2.2.

4.3.3 Carbon Formation and Morphology in a Dual Injection Flow

To compare the carbon morphology from the dual injection flow (COg plasma with CHy
post-plasma injection) with conventional DRM in MW plasma, as e.g., reported in Kelly
et al. [28], we investigated the structure of the solid carbon collected from the walls of the
viewing quartz and in the cyclone separator, observed to be formed at p > 700 mbar. We
collected a carbon sample for each CO2:CHy ratio and then treated it using the methods
outlined in Appendix B, Section B.1.2, to determine the structure. All accompanying
analysis was conducted by Robin De Meyer (Ph.D. student within PLASMANT). The
deposits were characterized by SEM and TEM, revealing monodisperse samples (apart
from one exception observed by TEM, see Appendix B, Section B.3.2), and representative
images are presented in Figure 4.12. Understanding the structure and morphology of the
collected carbon can provide additional insights into the cooling rates using reactive post-

plasma quenching.
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FiGURE 4.12: A, B: SEM images of the deposited carbon materials, revealing large

agglomerates, seemingly consisting of many smaller particles (see different scale bar in

A and B). C, D: BF-TEM images of the deposited materials. The same morphology of

agglomerated particles as found by SEM is observed, but higher magnification images

(D) reveal that the particles are fused together, and the material is amorphous, confirmed
by Fast Fourier Transform (FFT) (as shown in the inset).

Figures 4.12A and 4.12B show that agglomerates of sub-um to several um in size are
observed in SEM, appearing to consist of many smaller particles, somewhat resembling a
carbon black-like morphology [59]; however, the TEM analysis shows that the individual
particles are, in fact, completely amorphous (Figure 4.12C and 4.12D). The amorphous
structure of the material is confirmed by the high-magnification imaging and the Fast
Fourier Transform (FFT) of this image (Figure 4.12D and the inset) revealing no spots or
sharp rings in the FFT that would suggest the presence of local crystallinity. This indicates

that the formed material is not carbon black, contrary to the carbon materials generated in
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conventional DRM in the same MW plasma reactor, including the work by Kelly et al. [28].
Furthermore, the seemingly individual particles observed by low-magnification imaging
(Figure 4.12A and 4.12B) are completely fused together at the nanoscale (Figure 4.12C
and 4.12D). Therefore, individual primary particles, as commonly defined for carbon
black, cannot be readily described, thus preventing the definition of an average particle

size for this material.

Studies have shown that the cooling rate plays a critical role in determining the crys-
tallinity and structure of carbon materials formed during plasma-based carbon synthesis
[38, 60, 61]. In the case of the fused amorphous carbon structures shown in Figure 4.12C
and 4.12D, the post-plasma injection of CHy appears to significantly influence the final
morphology. Determining the exact parameters of the cooling rate is not straightforward;
however, as a first approximation, we consider the cooling rates determined by the 0D
model. The model predicts the cooling rate of the total mixture upon CHy4 injection to be
in the order of 10° — 10 K/s. We note that these values represent the global cooling rate
of the simulated gas mixture, which is likely to be significantly lower than the microscopic
cooling effects occurring over the length scale of particle diffusion. Literature studying
carbon amorphous structures suggests rapid cooling rates trigger the transition to a more
disordered morphology. For example, Dozhdikov et al. demonstrated that cooling rates
between 10'2 — 10'* K/s produce specific structural changes in carbon materials, with
higher rates leading to more amorphous structures [62]. In the model developed by Gir-
shick et al., very high cooling rates were shown to ”freeze” carbon particles at smaller
sizes because the temperature drops below the threshold where significant atomic rear-
rangement can occur [60]. Moreover, Girshick emphasizes two critical parameters, i.e.,
monomer concentration and cooling rate, and their influence on nucleation and growth
of carbon particles in thermal plasma synthesis [60, 63]. Girshick establishes that high
monomer concentration and low cooling rates favor the nucleation of larger and fewer
particles, whereas low monomer concentration and high cooling rates produce numer-
ous smaller particles. According to Girshick, this relationship between nucleation rate
and growth rate determines final particle morphology. In our case, the counter-flow CHy
injection likely creates a high cooling rate, potentially diluting the carbon monomer con-
centration and pushing the system toward numerous small nuclei rather than organized

growth.
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Girshick also explains that particle formation occurs when supersaturation exceeds a crit-
ical threshold [60]. The counter-flow CHy injection likely creates a sharp supersaturation
gradient that triggers rapid, uncontrolled nucleation throughout the secondary injection
region, rather than sequential growth on existing nuclei, as we might find with carbon
particles formed around the reactive volume near the plasma in the case of DRM, i.e.,
when CO2 and CHy are admixed [28]. Fabry et al. also reports that internal mixing, or
recirculation cells, significantly affect particle structure [38]. The counter-flow secondary
injection of CHy is designed to enhance mixing conditions, likely creating a complex flow
pattern where the CHy counter-flow would disrupt the carbon aggregation process nor-
mally found in plasma-based dissociation of CH4. If the counter-flow injection of CHy
created an extreme local temperature gradient, as would be expected, carbon precursors
would solidify before they could organize into the typical spheroidal primary carbon par-
ticles, as previously reported by Kelly et al. [28]. This may explain the completely fused,

amorphous structure observed in the TEM images shown in Figure 4.12D.

The amorphous structure represents an interesting morphological state outside of typ-
ical plasma-generated carbon materials found in literature [27, 28, 38, 39, 64-66]. In
our dual injection system, the particles appear to have undergone partial coagulation,
forming the agglomerated structure seen in Figure 4.12D, but they lack the energy for
surface reorganization that would normally occur in carbon black formation, resulting in
completely fused interfaces between particles. Likely, a rapid temperature drop from the
counterflow injection of CHy into the afterglow region ”freezes” the carbon in an amor-
phous state before proper nucleation, growth, and graphitization can occur, resulting in
the fused, completely amorphous morphology observed in the TEM images ( Figure 4.12C
and 4.12D) [60, 67].

We also note that in our dual injection system, no carbon formation was observed in
the afterglow viewing quartz below p = 700 mbar. Fabry et al. discusses the thermody-
namic equilibrium of the C-H system and how carbon formation has specific pressure and
temperature requirements [38]. Additionally, the reactions leading to carbon formation
typically involve multiple collision steps [38, 59, 67]. Below 700 mbar, the mean free path
increases, reducing collisional frequency, which would affect the kinetics of carbon forma-
tion, potentially shifting reaction pathways toward other products. This suggests that
pressure affects the balance between different reaction pathways, where the selectivity of

carbon species will shift toward gaseous products (such as C;H,, CO) or to oxygenate
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formation, as discussed in Section 4.3.2, rather than condensing into solid carbon. Fi-
nally, at lower pressures, the interaction between the COs plasma afterglow and reactive
quenching of CH4 may change significantly. The pressure threshold of 700 mbar might
represent a critical point where flow dynamics create appropriate mixing conditions for
carbon agglomeration/coagulation, suggesting a minimum pressure environment is needed
to achieve the necessary supersaturation, residence time, and reaction kinetics for solid
carbon growth in a dual injection plasma system. Our findings suggest that pressure
may affect the nucleation kinetics or shift the selectivity in dual injection plasma systems.
However, given the large unknown fraction of C atoms in the selectivity data, we believe
that carbon agglomeration/coagulation maybe be limited at lower pressures, and there-
fore not detectable in the post-reactive volume (i.e., in the viewing quartz), nor would
it be collected in the cyclone separator, which is limited to particles down to 1 um with

95% efficiency.

Amorphous carbon can exhibit valuable properties for specific applications; however, the
characterization of the carbon materials in this study serves primarily to provide insights
into the cooling dynamics of the reactive quenching process rather than to optimize carbon
as a product. Nevertheless, it is worth noting that amorphous carbon materials can find
applications in various fields depending on their specific morphological and structural
characteristics. For instance, highly porous amorphous carbons with large surface areas
are valuable for energy storage applications such as supercapacitors and battery electrodes
[68], while dense, non-porous amorphous carbons may be suitable for protective coatings
or as reinforcement materials [69, 70]. The fused, completely amorphous morphology
observed in our study (Figure 4.12C and 4.12D) suggests a dense, low-porosity structure
that would likely be more suitable for applications requiring mechanical strength rather
than high surface area applications [71]. However, a comprehensive characterization of
properties such as surface area, porosity, electrical conductivity, and mechanical properties
would be necessary to fully assess the potential applications of these materials. Since the
agglomeration into amorphous solid carbon formation represents only a minor fraction
of our products and appears to agglomerate only at higher pressures (p > 700 mbar),
our primary focus remains on understanding how the carbon morphology reflects the

underlying cooling mechanisms inherent to the dual injection approach.
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4.4 Conclusions and Outlook

In this chapter, we investigated the effects of dual injection in a 2.45 GHz COy MW
plasma system, where CHy was strategically injected as a reactive quenching agent into
the high-temperature post-plasma afterglow region. Our findings provide novel insights
into how this configuration affects conversion, product selectivity, as well as liquid and

carbon formation.

The introduction of CHy in the post-plasma region demonstrates approximately a three-
fold increase in absolute COs2 conversion compared to pure COq plasma, reaching consis-
tent values of ~28% at 1000 W and 10 slm primary CO5 flow rate, for different secondary
CH4 flow rates and across the entire investigated pressure range from 200 to 900 mbar.
This pressure-independent behavior suggests that post-plasma CHy injection effectively
mitigates the recombination processes that typically limit CO2 conversion at higher pres-
sures, which is also convincingly predicted by our model as the RWGS reaction does not
show strong pressure dependence. Overall, reactive quenching with CH4 appears to be
more effective at higher SET input, and when the flow rate of the secondary injection
(CHy) is less than the flow rate of the primary injection (COg2). It would be of inter-
est to further explore the parameter space to enhance the CO9 conversion with reactive
quenching. In all the data collected, no characteristic H, emission was observed to indi-
cate upstream migration of CHy into the discharge zone, confirming that the secondary
injection remained confined to the afterglow region (see Appendix B, Section B.1.3 for
additional details). We believe this is likely due to the distance of the secondary injection
inlet, or perhaps a suboptimal design profile of the secondary tangential injection. This
opens the possibility for future studies to explore alternative injection profiles, such as
ring injection geometries, to enhance mixing and potentially to allow for controlled up-
stream interaction between CHy and the plasma volume. Furthermore, investigating the
effects of reducing the distance between the secondary injection and the waveguide may
help determine the optimal positioning for maximum conversion of both reactive gases

while maintaining plasma stability.

The highest CO2 and CHy4 conversion (55% and 37%, respectively) is achieved at 500 mbar
for the 7:7 slm, CO2:CHy4 ratio at 1250 W, i.e., higher SEI conditions, under which solid
carbon formation is not observed as an irradiated plume nor does it collect along the quartz

walls in the secondary viewing quartz. Furthermore, our study reveals that the limited
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carbon formed at higher pressures exhibits an unusual fused amorphous morphology,
distinctly different from the spheroidal carbon black particles typically formed during
traditional admixed DRM conversion. This atypical morphology is attributed to the high
cooling rates (likely > ~ 10% K/s) created by the counter-flow injection of CHy4, which

produces carbon in an amorphous state.

While the dual injection approach improves COy conversion, the syngas ratio shows a
maximum Hsy:CO ratio of only 0.37 at quasi-atmospheric pressure, and our modeling
reveals that the low syngas ratios are likely due to the relatively low SEI applied in
this work (due to power supply limitations). This low syngas ratio is attributed to sig-
nificant HoO formation, confirmed through our 0D kinetic model analysis. The model
revealed that when CHy is injected as a reactive quenching agent under limited SET
conditions, partial oxidation of CHy by O2/0 radicals generated in the COy discharge
proceeds rapidly, and the resulting H atoms react with CO» to form CO and OH radicals.
The reactive mixture quickly relaxes to the RWGS equilibrium, leading to further COq
conversion and ultimately producing HoO. As temperatures rapidly decrease below 2000
K, these reactions become kinetically limited, preventing Hs formation and increasing
the final HoO concentration. Given the fast kinetics of the RWGS reaction, suppressing
H5O formation by manipulating the rate of CHy addition or the cooling trajectory may
be very challenging to achieve in practical applications. Moreover, actively cooling the
system to temperatures where partial oxidation of CH4 remains kinetically feasible but
RWGS kinetics is effectively frozen would not be an effective strategy, as it would result
in low CHy4 conversion. Indeed, the fraction of oxygen available in the COs plasma is
inherently limited. Once all available oxygen is consumed in the partial oxidation of CHy,
maintaining high mixture temperatures remains essential to facilitate the reforming pro-
cess. Experiments using isotopically labeled "*CH,4 or Hy would be of interest to confirm
additional CO formation through the RWGS reaction. Furthermore, our model predicts
that a higher SET will likely yield higher Hy selectivity, and thus syngas ratios, which

could be of interest to future research initiatives.

Therefore, we argue that injecting all CHy as close to the discharge (at the end of the
waveguide) as possible, coupled with reactor isolation, is the optimal strategy for maxi-
mizing the residual CO4 plasma heat in the reforming process. This approach eliminates
the need for alternative strategies such as staged CHy addition or temperature-buffered

zones. Moreover, higher CO2 conversion will lead to lower HoO concentration, following
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the constraints imposed by the RWGS equilibrium. As a result, this mechanism would
enhance Hs selectivity and likely improve the syngas ratio. At the SEI used in this study
(a limitation of our reactor’s maximum power output), the residual heat following CO,
discharge is insufficient to sustain significant DRM chemistry. The effective SETI applied
(~ 132 kJ/mol) are relatively low compared to optimal conditions reported in other DRM
studies; however, to avoid impractically high power-to-CO4 flow rate ratios in the COs
discharge, total energy input could be enhanced through methods such as preheating of
the CO4 and CHy streams, ideally via heat recovery, which would further improve energy
efficiency. Since maintaining elevated temperatures during post-plasma conversion is cru-
cial for optimizing performance, minimizing thermal losses by insulating the reactor could
provide additional benefits. Research involving preheating the primary injection gas to
help reduce the SET to the discharge gas may prove to be an advantageous strategy to

increase conversion of both reactants.

Importantly, this work demonstrates that dual injection configurations are promising for
enhancing COs9 conversion while minimizing or eliminating carbon deposition, a signif-
icant challenge in conventional plasma-based DRM. Moreover, larger fractions of CHy
can be treated with post-plasma injection. Future research should focus on refining the
injection location, increasing the SEI to the discharge gas, and developing reactor de-
signs that enhance mixing dynamics to control product selectivity more precisely. The
liquid product analysis identified formaldehyde, acetic acid, and formic acid as the pri-
mary oxygenates formed during the process, with the highest concentrations observed in
the samples with a 7:7 slm, CO2:CHy4 ratio. UV-Vis spectroscopy revealed a Apax ~ 269
nm, suggesting the presence of trace molecules with conjugated systems. These findings
indicate that dual injection can potentially be optimized for selective oxygenate produc-
tion, particularly at sub-atmospheric pressures, where selectivity analysis suggests higher
concentrations are likely to form. Additionally, further investigation of the pressure-
dependent carbon nucleation and coagulation mechanisms could provide valuable insights
for designing carbon-free plasma conversion systems or tailoring to higher value molecules

(e.g., oxygenates).

Our experimental data reveals significant insights into the complex interplay between
plasma dynamics, flow geometry, reaction thermodynamics, and carbon deposition be-
havior when introducing CHy as a reactive quenching agent. While our results demon-

strate proof-of-concept benefits, including enhanced COs2 conversion, we recognize that
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the current performance metrics pose significant challenges for industrial scale-up. Several
key challenges must be addressed before considering industrial scaling of a dual injection
system, including understanding how spatial delivery and injection geometry may affect
mixing and injection efficiency, which are important factors for scale-specific reaction.
Furthermore, changes to these aspects of the process may affect temperature gradients
and cooling rates, which may change product selectivity and kinetic pathways. We also
believe it would be of great interest to the community to further understand the potential
for warm plasma based oxygenate production through targeted studies with dual injection
systems. Understanding this is crucial for realizing additional avenues for electrification

of the chemical industry using MW plasma technology.

Therefore, further optimization studies, with for example, higher SE conditions, altering
the injection geometry, as well as investigating changes to gas distribution with injection
position, are necessary to evaluate industrial potential, as the energy cost and syngas ratios
are far below what would be interesting for industrial applications. Although our model-
ing work suggests that higher SFEI may improve these metrics, experimental validation is
needed, which may require substantial process redesign; however, we believe that the pri-
mary value of this work lies in the improved mechanistic understanding of plasma-based
reactive quenching mechanisms rather than immediate commercial application. The in-
sights gained regarding oxygen scavenging mechanisms and product selectivity shifts with
pressure provide a foundation for future research directions. However, these findings not
only advance our understanding of plasma-based DRM mechanisms but also provide prac-
tical guidance for optimizing process engineering and operation parameters. By leveraging
the thermal energy of the plasma afterglow through strategic reactive quenching, this ap-
proach represents a step toward more precise control of plasma chemistry and potentially
opens new pathways for the selective production of fuels and chemicals from greenhouse

gases, contributing to the development of carbon-circular economy technologies.
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Chapter 5

Beyond Earth:
Martian Atmosphere Conversion

for In-Situ Resource Utilization

In this chapter, we explore the potential of plasma-based In-Situ Resource Utilization
(ISRU) on Mars through the conversion of simulant Martian atmosphere (~96% COs,
2% Na, and 2% Ar) into life-sustaining chemicals. As the Martian surface pressure is less
than 1% of the Earth’s, it is an ideal environment for plasma-based gas conversion using
MW plasma reactors, because the latter can operate in a wide pressure regime, including
at low pressures. At 1000 W and 10 In/min, we produced ~76 g/h of Oz, 128 g/h of CO,
and ~8 g/h of NO, using a 2.45 GHz waveguided reactor at ~3.5 times Mars ambient
pressure (25 mbar). The energy cost required to produce Oy was ~0.013 kWh/g, which is
very promising compared to recently concluded Mars OXygen In-Situ resource utilization
Ezxperiment (MOXIE) experiments on the Mars surface [1]. This marks a crucial step

towards realizing human exploration of the Red Planet.

This chapter is derived from the following publication:

e Plasma-based Conversion of Martian Atmosphere into Life-sustaining Chemicals:
The Benefits of Utilizing Martian Ambient Pressure
S. Kelly* and E.R. Mercer*, Y. Gorbanev, I. Fedirchyk, C. Verheyen, K. Werner, P. Pullumbi,
A. Cowley, A. Bogaerts

https://doi.org/10.1016/j.jcou.2024.102668

The work presented in this chapter was carried out in collaboration with the European Space
Agency, and is in co-first authorship with Dr. Sedn Kelly, a distinguished post-doctoral mentor
whose guidance was instrumental to this research.
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5.1 Introduction

In February 2021, the Perseverance rover landed on Mars. It was a mission full of firsts,
and on April 20", the Mars OXygen In-situ resource utilization Experiment (MOXIE)
completed its initial test for converting Martian atmosphere into life-sustaining molecules,
including O9 at ~ 98% purity [2]. Using ~120 W of power, the atmospheric gas mixture
was brought through a Solid OXide Electrolyzer (SOXE) to produce up to ~10 g/h of
O9 at peak efficiency [1]. In total, it is estimated that returning just four astronauts
home from the Martian surface would require over 25 metric tons (25 x 10° g) of Oy for
rocket propellant [3]. This enormous requirement highlights why advancing technologies
like MOXIE are so critical. The experiments that MOXIE conducted mark a giant leap
forward and show a glimpse of what is possible for utilizing the Martian atmosphere
to produce valuable and life-sustaining supplies; however, it is apparent from the sheer
magnitude of resources needed for just one mission that the future expansion of human
exploration to planets like Mars demands significant improvements or novel technologies

to efficiently utilize all of the resources available on the Red Planet.

A recent article by Engeling et al. outlined how plasma-based applications could be used
for advanced chemical processing in space to support human life during crewed transit and
planetary habitation [4]. This study focused on several plasma-based applications being
investigated at the National Aeronautics and Space Administration’s (NASA) Kennedy
Space Center, including plasma waste gasification, plasma-assisted nutrient recovery, hy-
drogen plasma Lunar regolith reduction, plasma for space agriculture, plasma-activated
water, and plasma cleaning and processing [4]. Moreover, the European Space Agency
(ESA) has displayed a keen interest in utilizing plasma-based applications and has under-
taken several projects aimed at extracting key molecules from Mars’ COsq-rich atmosphere
[5]. Although plasma research is still in its early stages, it can potentially influence future
planetary colonization strategies. It is clear from the research conducted by both NASA
and ESA that plasma-based ISRU is instrumental in advancing space exploration, as well

as realizing future human-led missions to Mars.

MW plasma reactors show great potential in an ISRU context. As an emerging technology,
MW plasma reactors have demonstrated favorable energy efficiencies and gas conversion
at low-sub-atmospheric pressures, such as those found on the surface of Mars, and many

studies have reported encouraging results [6-10]; however, few have applied this technology
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in a Mars ISRU context [5, 11, 12]. As discussed in Chapter 2, currently, MW plasma-
based gas conversion has a Technology Readiness Level (TRL) of approximately 3 (i.e.,
achieved experimental proof of concept) [13]. Plasma technology in an ISRU context is
less developed than Earth-based applications, with an estimated TRL of 1 — 2, (i.e., basic
principles and technology concepts formulated). Progress for Earth-based applications,
however, should significantly speed up the development of plasma technology for ISRU and
aerospace, with substantial overlap and complementarity anticipated. By employing MW
technology in an ISRU context for Mars, it is possible that we can realize the potential for
more efficient and sustainable ISRU here on Earth as well. It has been demonstrated that
MW plasma conversion can produce valuable resources like propellants (CO and O3), Oq
for habitats, and fixed nitrogen (as NO,) for agriculture at a low energy cost, making it
an excellent candidate for local generation [5, 11, 14-16]. In a previous study, Kelly et
al. reported that when using MW plasma at sub-atmospheric pressures (i.e., 340 mbar),
they could achieve an energy cost of approximately 0.04 kWh/g compared to 0.19 kWh/g
reported from the first MOXIE experiments to produce Oz [2, 5]. In conjunction with
47 g/h of O production, they also showed that other valuable chemicals, such as key

molecules like CO and NO,, can be produced and utilized in an ISRU context.

In an optical analysis comparing pure CO2 plasma versus a simulated Mars atmosphere
plasma conducted by Raposo [12], it is shown that the conversion process in MW plasma
may be enhanced by near-Mars surface pressure conditions (i.e., compared to higher
operating pressures). Raposo’s work demonstrated that when operating at typical Martian
surface pressure, the plasma afterglow exhibited distinct temperature and gas fraction
profiles [12]. Raposo reported a distinct difference in the afterglow chemistry observed by
chemiluminescent enhancement, attributing the observation to NO + O recombination
[12]. Furthermore, Raposo states that the presence of Ar plays a significant role in the
ionization and dissociation processes [12]. Although more research is needed to confirm
these findings, the author infers that the overall rate of CO9 dissociation is increased in
a Martian mixture, likely due to the presence of Ar and Ns. Notably, Raposo reflects a
change in the plasma regime from a homogenous to a contracted plasma with increased
pressure from 6 mbar to 300 mbar [12]. As discussed in Chapter 2, the resulting shift into
a contracted state will decrease the intersection of the plasma filament and the transiting

gas, increasing gas slippage and reducing conversion.
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In this chapter, we investigate the benefits of using MW plasma technology for the con-
version of a Martian atmosphere-like mixture (with a composition of approximately 96%
COgq, 2% N, and 2% Ar) into life-sustaining chemicals at near-Mars surface pressure
conditions (25 mbar). We pay special attention to ascertaining the key performance met-
rics at these low pressures (i.e., key species production rates and energy costs). These
central aspects, crucial to understanding MW plasma technology for gas conversion on
Mars, have not been previously investigated. Notably, the conversion process involves
dissociating CO9 and Ny molecules, creating target products, such as CO, Os, and NO,,
which can be utilized as building blocks for liquid bi-propellants and fertilizers [15]. The

proposed method can provide valuable resources for future human missions to Mars.

5.2 Experimental Methods

The experiments used a forward vortex waveguided configuration with a 2.45 GHz solid-
state power supply composed of laterally diffused metal oxide semiconductor (LDMOS)
power amplifiers, as shown in the schematic in Figure 5.1 and thoroughly discussed in
Chapter 2. The output from the amplifiers is combined and guided through an isolator
and auto-tuner to the WR340 coupling chamber. A 27 mm inner diameter quartz tube
is perpendicularly mounted through the waveguide terminated by a sliding short, where
plasma ignition occurs. The auto-tuner matches the electric field transition into the
resonance chamber such that the reflected power is kept below 1% for all conditions. The
gas is injected using a helical swirl inlet to sustain a vortex flow within the discharge area.
After that ignition, a surface-wave mode is generated and sustained, isolating the plasma

discharge from the quartz tube walls.

The post-plasma composition was analyzed using Non-Dispersive InfraRed and UltraVi-
olet (NDIR/UV) absorption spectrometry (Rosemount X-STREAM XEGP Continuous
Gas Analyzer) for NO, NO2, CO, CO2 molecules, whereas Oy was measured using an
Infra-Red luminescent quenched absorption technique (Pyroscience GmbH FDO2 Optical
Oxygen Sensor). In calibrating these diagnostic instruments, we utilize pre-mixed cali-
bration gases (Air Liquide, e.g., NO, 16 % in Helium and NOg, 7.8 % in Helium). Cross-
checks using Gas Chromatography (GC) with Interscience Compact GC to corroborate
calibration. This GC features two channels, each equipped with a Thermal Conductivity

Detector (TCD), Carboxen, and Molsieve columns (1010 PLOT and 5A, respectively).
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FI1GURE 5.1: Schematic overview of the 2.45 GHz plasma reactor with a Martian simulant

atmosphere at 25 mbar pressure and 1 kW power. The ignition occurs in the coupling

chamber of the rectangular WR340 waveguide, where the plasma is stabilized in the

center of the quartz tube. The viewing port allows for real-time plasma imaging, as seen
in the image of the plasma filament.

These are used to detect Oz, Ng, and CO, while two RT Q-bond columns (one with a
length of 3 m and the other 10 m) are utilized for the detection of CO2 [5]. The primary
gas converted in our experiments is COg (~ 96% of the Martian atmosphere), with oxi-
dation of the small Ny content (~ 2%). The argon fraction (~ 2%) is not converted due

to its inertness. The key overall reactions for consideration are therefore:

2 COy = 2 CO + Os (R5.1)
05+ Ny = 2 NO (R5.2)
2 O+ Ny =2 2 NOy (R53)

During any gas conversion process, the changes in stoichiometric proportions result in

changes in the molar flow rate in the plasma exhaust compared to the inlet flow rate.
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In our experimental setup, COg is the primary component of the gas fraction. When
it is converted into CO and Os, it leads to an expansion of the flow rate, which means
an increase in the molar flow rate. The extent of this increase is directly related to
the degree of conversion. It’s worth noting that the formation of NOs results in gas
contraction; however, due to the relatively small proportion of Ny and an even smaller
fraction of NOg formed in comparison to CO and Oo, this contraction effect is expected to
be negligible when compared to the expansion resulting from COg conversion; therefore,
it is neglected in our analysis. In our case, given the predominant COs conversion, we

can infer the degree of expansion by examining the COgy conversion as follows [5, 17]:

a=1+05x%y (E5.1)

yZIn —a X yiOut

I
y"

X = (E5.2)

Where « represents the gas expansion factor (i.e., a > 1), x is the fraction of COq

converted, 3 is the fraction of COy in the mixture when the plasma is off (i.e., 0.96 in

our case) and ylout is the measured COs fraction when the plasma is on. Notably, we do
not add a dilution gas to measure the gas expansion in our experiments, approximating
the conversion as a pure COs conversion given the negligible effects of the No conversion
in our context [5, 17]. Rearranging E5.1 and E5.2 we can solve them to find « based on

the measured CO5 data:

1.5 x ym
0= e o (E5.3)

(2

Subsequently, when calculating «, we obtain the COy conversion by E5.3. The CO, Oo,
and NO, production rates are calculated based on the fraction of each species measured
in the exhaust ( y;), their molar mass (M; (g/mol)), the inlet mass flow rate (¢i,) in

normal liters per minute (In/min, EU - 0°C, 1 atm), as well as a.
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The individual production rates (PR, g/h) are then calculated for CO, Oz, and NO, (NO
+ NO3y) as:

o M- i i
PR; = % - @i g (Hin) (E5.4)

where v, is the molar volume (22.4 (1/mol)) of a gas for which our mass flow controllers
(Bronkhorst) are calibrated. The energy cost (EC, (kWh/g)) to produce CO, O3, or

NO, is then obtained using:

EC; = — (E5.5)

where the power (P, kW or kJ/s) is the absorbed MW power measured during steady-state

plasma operation. Additional details regarding the setup are described in Chapter 2.

5.3 Results and Discussion

We discuss our experimental results using our solid-state surface-wave MW plasma reac-
tor, modified for operation at reduced pressures close to Martian ambient conditions. All
experiments were carried out using the 2.45 GHz MW reactor described in Section 5.2,
with a ¢in = 10 In/min (i.e., 1,131 g/h COq, 30 g/h Ng, and 21.4 g/h Ar mass flow rate for
a Martian mixture in a ratio 96:2:2 v/v CO2:Ng:Ar), a pressure of 25 mbar, and 1000 W
of absorbed plasma power. Throughout the text, NO, indicates the sum of NO and NOs.
For comparison, we have included the reported results from the work on Kelly et al. [5],
which were investigated under the same pressure conditions as the MOXIE experiments

(340 mbar) [5].

The production rates of CO, Oz, and NO,, (PRc0,0,,N0, ) measured in the plasma exhaust
are presented in Figure 5.2(A). The measured rates were 127.7 £ 1.0, 75.7 + 0.9, 2.9 +
0.1 g/h, respectively, representing increases of approximately 66%, 50%, 100% compared
to the conditions reported by Kelly et al. at 340 mbar [5]. Overall, the sampled exhaust
mixture has a percentage ratio of approximately 15.9% CO, 8.3% Os, and 0.3% NO,..
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FIGURE 5.2: Comparison of (A) production rate and (B) energy cost at 25 mbar (~3.5
x Martian atmosphere) with 340 mbar (dashed lines) [5].

The NO, concentration in the exhaust mixture was equivalent to 3015 £ 14 ppm, where
the primary species produced were NO and NOg, with a ratio of NO/NOg of ~9 (i.e., NO
concentrations dominate). This corresponds to ~15% of the Ny inflow being fixed. Thus,
we conclude that reducing the pressure closer to Mars’ ambient conditions increases the
overall production of CO/O2/NO,, despite a significant reduction in gas residence time
under the low-pressure conditions (estimated to be nearly a factor of ten). Furthermore,
in Figure 5.2(B) we observe that the corresponding energy cost (ECco,0,,n0,) of produc-
ing CO, Og, and NO, is 0.0080 + 0.0004, 0.013 £ 0.006 kWh/g, and 0.35 £+ 0.03 kWh/g,
respectively. Given the boost in PRco.0,,N0,, the EC drops similarly by approximately
50 — 70% for Oy and CO, respectively, and by more than a factor two for NO, under
these reduced pressure conditions compared to the metrics reported by Kelly et al. [5].
It is evident from these results that plasma-based conversion of CO9 and fixation of Ng
is significantly more productive at pressures similar to the Martian environment. The in-
creased gas velocity at this low pressure (25 mbar) may serve to remove the products from
the reactive volume before they can participate in recombination reactions. Furthermore,
the gas velocity undergoes dynamic changes as a result of variations in temperature and
stoichiometry within the gas mixture. Due to the relatively inert nature of N9 and COaq,
considerable energy is required for thermal conversion; however, low-pressure plasma-
based conversion provides additional reaction pathways [14]. Given the low pressure
reported in our results, electrons have the energy needed to induce excitation towards the
lowest vibrational levels in CO2/Ng (~1 eV), followed by further vibrational-vibrational
(V-V) collisions, which enable a “ladder-climbing” process, gradually populating higher
vibrational levels (denoted as COz(v) and Na(v)).
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Production of NO, (R5.2 and R5.3) in plasma depends on atomic nitrogen (N) and oxygen
(O) formation. In a plasma, this can also proceed via an electronically or vibrationally
enhanced Zeldovich mechanism consisting of the following reactions [16, 18] (besides the

thermal Zeldovich mechanism from the ground-state molecules):

O + N /Na(E, v) 2 N + NO (R5.4)

N+ OQ/OQ(E, ’U) = 0+ NO (R5.5)

The contribution of the first Zeldovich reaction R5.4, is facilitated by electronically or
vibrationally excited No molecules. Given the strong Ny triple bond, the above reaction
pair is typically rate-limited by R5.4. Compared to the purely thermal Zeldovich mech-
anism (i.e., involving only ground state Ny and Og2), plasma-based conversion has the
additional presence of vibrationally or electronically excited No and Og molecules, which
lower the dissociation threshold required to break the Ny bond (~9.8 eV) by colliding
with O atoms (R5.4). The N atoms formed here further react with both ground state and
vibrationally/electronically excited Oz molecules (R5.5) to produce another NO. More-
over, R5.5 also produces an additional O atom, which can again react with ground state
and vibrationally/electronically excited No molecules (R5.4). Furthermore, it can oxidize

NO to produce NOa:

NO + O = NO; (R5.6)

It is likely that No molecules in the ground state play a negligible role in NO formation. On
the other hand, vibrationally excited No(v), mainly from levels near the threshold energy
for No oxidation (v = 10 — 14), may contribute significantly more, as the production of
No(v) requires less energy than of Nyo(E) (i.e., the excitation energy for Na(v) (v = 10 —
14) is in the range 2.7 - 3.7 eV, while for Ny (E) it is over 6.2 ¢V). This would explain why
the energy cost for NO production at 25 mbar is more than a factor two lower than at

340 mbar (see Figure 5.2) [5].
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When considering CO; dissociation, a similar reaction pathway applies. The overall re-
action shown in R5.1 includes the following elementary sub-reactions involving atomic

oxygen:

CO5(E,v) = CO + 0 (R5.7)
COs(E,v) + 0 = CO + O, (R5.8)

where direct dissociation proceeds in R5.7, such as electron impact dissociation, have an
energy threshold of 5.5 eV to overcome the (ground state) COy bond energy, but the O
atom produced in R5.7 can further react (i.e., R5.8) with CO4 (and its vibrationally or
electronically excited states). This coupling lowers the threshold considerably (e.g., for
ground state COg, this lowers the overall energy threshold to 2.9 eV [? ]). The production
of CO and Og are likely to be primarily formed via R5.8, involving the collision of O atoms
with COg, yielding CO and Oy. This reaction involves the symmetric stretch and bending

vibrational modes of CO3, namely CO2(v4-v4) (ranging 0.08 — 0.33 eV in energy) [19].

Therefore, it is possible that the enhanced conversion results from vibrational excitation,
as these levels are stated to be overpopulated in homogeneous or L-mode plasmas at lower
pressure (p < 100 mbar) [9, 12, 20] due to reduced losses upon collisions with ground
state molecules, resulting in a more pronounced vibrational-translational non-equilibrium,
which gives rise to efficient routes for conversion [14, 21-23]. An important factor in
utilizing the near-ambient Martian pressure (25 mbar), while keeping the same mass flow
rate as in the work by Kelly et at., is the limited residence time of the gas in the reactive
volume at reduced pressures. At 340 mbar, the gas is estimated to spend approximately
75 ms within the reactive volume (i.e., 0 — 20 cm). At 25 mbar, using the same mass flow
rate (i.e., ¢y = 10 In/min), we estimate the residence time to be approximately 7.5 ms
within the reactive volume. Therefore, exploiting the benefits of low-pressure conditions
while increasing the gas residence time within the reactive volume, e.g., by applying a

lower mass flow rate or creating a longer plasma, could have further benefits to conversion.
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5.4 Considerations for Plasma-based ISRU on Mars

As we have outlined, plasma-based conversion of Martian atmosphere enables not only
O production but also the formation of CO and NO,. These life-sustaining molecules
can be utilized as ISRU precursors for both fuels and fertilizers. Numerous studies have
shown that ISRU on Mars will be essential in realizing cost-effective missions and future
colonization of The Red Planet [14, 15, 24]. To explore Mars, we need propulsion systems
that require less mass to be launched from Earth, as reaching Mars requires substantial
resources, although the exact amount of propellant will depend on the weight of the launch
vehicle and mission outline, according to NASA [25]. Plentiful sources of hydrogen have
yet to be identified on the surface of Mars; therefore, traditional rocket propellants are
likely unavailable for in-situ production. In an article assessing and comparing potential
hydrogen-free propellants for an In-situ Mars Ascent Vehicle (IMAV) [26], Conley et al.
determined that a liquid propulsion system using a mixture of CO and O was the most
favorable regarding performance, safety, and feasibility. The CO/Og9 propellant combina-
tion is a top candidate for a Martian in-situ propellant rocket engine, and the feasibility
of a pump-fed engine has been detailed in a report by Roncace et al. [27]. As we have
shown, plasma conversion of Martian atmosphere can provide a low energy cost method

to produce this bipropellant.

In May 2008, the Phoenix Scout Mission landed on the surface of Mars in search of
water and signs of life. Within the data, the Martian regolith was found to consist
of essential nutrients for plant growth, including both macronutrients, such as oxygen,
carbon, hydrogen, nitrogen, potassium, phosphorus, calcium, magnesium, and sulfur, and
micronutrients, such as iron, manganese, zinc, copper, molybdenum, boron, and chlorine
[28, 29]. However, the Martian regolith was also shown to be laced with an abundance
of heavy metals and, of particular interest, perchlorates, which can be highly toxic to
humans if ingested or inhaled. This will pose a significant issue for future explorers, as
any heavy metals will be taken up by the plants and subsequently consumed by Martian
colonists. Moreover, perchlorates pose a chemical hazard to any astronauts on Mars [30—
32]. Nevertheless, some studies have been conducted on the feasibility of growing plants on
the surface of Mars with fair success using Martian soil simulants [29]; however, it is clear
that due to the nature of Martian regolith, inoculation of organic matter and fertilizer to

the growth medium will be critical to crop success, a critical resource for self-sufficient
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colonies. Although the production of NO, species from plasma-based application will
most likely not be the only source for enrichment of Martian regolith, it is a key product
formed in the dissociation of Mars atmosphere that can be utilized in the production of

ISRU fertilizers.

5.5 Post-Plasma Separation:

Harnessing the Martian Atmosphere

As outlined in the previous section, plasma-based conversion of Martian atmosphere pro-
vides a gateway to produce Oo, CO, and NO, as precursors to bi-propellants and fer-
tilizers. The challenge lies in efficiently separating these value-added molecules in the
post-plasma effluent mixture. Various separating schemes exist in industry [33-38], in-
cluding several hybrid designs, combining gas separation by pressure swing adsorption
(PSA), vacuum swing adsorption (VSA), or temperature swing adsorption (TSA); how-
ever, in theory, the most promising separation scheme for this application is vacuum and
temperature swing adsorption (VTSA), to profit from the available low pressure at the

Martian surface and the heat generated by the MW reactor.

Furthermore, oxygen transport membranes (OTMs) for Oy separation can be utilized in
the separation from the post-process stream [39]. These are comprised of a material that
is conductive for oxygen ions and electronic charge carriers (electrons, defect electrons).
The OTMs are referred to as mixed ionic electronic conductor (MIEC) membranes or
ion transport membranes (ITMs), with the driving force for O2 permeation created by
the difference of partial pressures of oxygen (pOsz) determined by a gradient of oxygen
vacancies across the membrane [40]. The oxygen ion transport mechanism is a thermally
activated process; therefore, such membranes work at high temperatures, typically 800°C
—1300°C. The post-plasma region of a MW plasma falls well within this temperature range
[41, 42]. Among the studied OTM materials, Bag 5Srg5CogsFep203_s (BSCF) appears
to be among the most promising for O9 separation from a gas mixture, showing excellent
performance in terms of oxygen flux and separation [39, 43, 44]. Although promising, it
should be noted that BSCF has shown inadequate chemical stability when in contact with

reacting gases such as COg, CO, and NO,, [44, 45], which poses a significant challenge.
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It is theoretically possible to address this by operating the membranes in a “protected”
mode. A scheme for this might consider utilizing a VIT'SA unit for purifying the effluent
mixture before these reacting gases come into contact with the OTM. Following this, the
permeated oxygen could be removed by vacuum on the permeate side of the membrane,

followed by pressurizing or condensing using cryopumping equipment.

Finally, it is feasible to utilize VT'SA units to separate and recycle unreacted CO9, No and
Ar back into the reaction stream. This could be achieved by using a multi-layer structure
of adsorbers following the conversion characteristics of the plasma reactor, as well as the
needs of post-plasma processing, such as protecting the OTM. The separately collected
gases could then be pressurized or condensed using cryopumping for storage and later use.
In a continuous plasma process, converted gas can be stored in intermediary equipment
and, following industrial standards, should be made of at least two capacities installed in
parallel that are cyclically compressed and connected to the VI'SA unit. In some of the
proposed gas separation schemes, particularly relating the introduction of inert gas, such
as Ar (recovered and recycled in the separation system), has been considered to enhance
the separation performance. It is also feasible to utilize MW-based Mars atmosphere
conversion entirely for bi-propellant production, as our results show that it produces a
mixture mainly consisting of CO and O, which as discussed in Section 5.4, can be used

as building blocks for liquid bi-propellants [26, 27].

5.6 Microwave Reactors on Mars

As discussed in Chapter 2, during space applications like ISRU on Mars, available power
might be limited (e.g. a few kW from a rover’s power system or a few tens of kW from a
small nuclear reactor on a habitat). Therefore, energy efficiency is paramount, as ’every
watt counts’, but so is reliability. Magnetrons at first glance would be attractive for
efficiency reasons; however, their limited lifespan is a serious issue in space. A magnetron
that lasts 5,000 hours (approximately 7 months continuous) could become a maintenance
headache on a Mars mission that is expected to operate for years. Replacing a magnetron
on Mars is not trivial. Solid-state devices, rated for >>30,000 hours, could run for the

entire mission without replacement.
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Moreover, the mass and volume of the system also matter, and magnetrons require a heavy
high-voltage power converter. In a spacecraft design, having to generate and handle kV
is undesirable [25]. Solid-state generators only need whatever bus voltage is available
(e.g. 28 V DC is common in spacecraft) stepped up to ~50 V, which can be done
with lightweight switch-mode converters. Thus, for an equivalent MW output, a solid-
state system might have higher electronic complexity but lower overall mass and better
integration with spacecraft power systems. Additionally, the modular redundancy of solid-
state is valuable in space. For example, if a single transistor element fails, the system can
continue at slightly reduced power. If a magnetron fails, such as if the vacuum tube
breaks, the whole unit can be lost, requiring the mission to carry spares, which is extra
mass and the associated extra cost. Furthermore, as discussed in Chapter 2, solid-state
systems will not deteriorate in power output or efficiency with time, as is with magnetron
sources, making them ideal candidates in an ISRU context. As we outlined in Chapter
2, radiation hardness is a concern on Mars due to the lack of a protective ionosphere
[25, 46], and devices made with GaN semiconductors have shown to be more robust against
radiation and are already in use in the aerospace sectors [46, 47]. As well, GaN offers
benefits in miniaturization and weight reduction [47]. As we have shown in this chapter,

semiconductor-based HF generators hold a lot of potential for Mars ISRU missions.

5.7 Conclusion and Outlook

Mars presents favorable low-pressure conditions ideal for efficient conversion through
vibrationally-induced dissociation pathways of COg and N9 using solid-state MW plasma
reactors, positioning such devices as promising candidates for In-Situ Resource Utilization
(ISRU). However, the potential of these devices in the context of ISRU remains largely
untapped [5, 11, 12]. In the MOXIE experiment [1, 2, 48], the energy cost to compress the
Martian atmosphere using a scroll pump was about one-third of the total energy cost of
the CO2 conversion into Oy. Hence, the overall energy cost may be considerably reduced
if Mars ambient pressure can be used. In this chapter, we presented our experimental
findings from our solid-state surface-wave MW plasma reactor, adapted to operate at
pressures closely mirroring Martian ambient conditions, thus avoiding additional costs
associated with gas compression. We achieved an Oy, CO, and NO, production rate of

75.7 £ 0.9, 127.7 £ 1.0 g/h, and 2.9 £+ 0.1 g/h, respectively. Remarkably, the rate of Og
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production is about 7 times larger than that of the MOXIE experiment (~10.4 g/h) [1].
This was accomplished at an energy cost of 0.013 kWh/g, hence it is lower compared to
the MOXIE experiments, which ranged between ~ 0.025 — 0.05 kWh/g for the electrolysis
stack alone [1]. In contrast to the work by Kelly et al., who performed experiments at
higher pressures (~340 mbar) [5], the tests conducted at 25 mbar showed an increase of
50 — 70% in Oz and CO production rates. Moreover, roughly 15% of the incoming Ny
transformed into NO,, exceeding a twofold gain compared to conditions at higher pressure
[5]. This uptick in production, accompanied by a comparable drop in energy cost, was
observed despite the gas residence time in the plasma region being reduced (estimated to
be by a factor of ten). Our results show that COy conversion and N fixation via plasma
are notably more efficient at Martian ambient pressure, likely through the contribution of

vibrationally excited ’ladder climbing’ mechanisms.

Our MW plasma-based conversion of Martian atmosphere yields a combination of Os,
CO, and NOQOg; therefore, separation is essential to fully harness these products in an ex-
traterrestrial ISRU context. Although post-plasma separation is out of the scope of this
research, we highlight potential gas separation systems and their theoretical integration
with a solid-state MW plasma reactor. However, this integration is intricate due to nu-
merous parameters and should be carefully considered. Future studies should focus on
utilizing a multi-objective optimization strategy, drawing from comprehensive numerical
simulations of the entire process. As of October 2023, various components of the gas
separation system, including the MIEC membrane module, the dedicated VITSA, cryop-
umping systems, and the dual-capacity gas pressurizing system are under construction
and simulation at Air Liquide. These efforts aim to validate the models intended for
scaling the design to meet ISRU-specific applications, although we have not been updated

on the progress of these studies.

It is clear that exploration and colonization of Mars present enormous challenges that
extend beyond just reaching the planet. Establishing a sustainable and self-reliant habi-
tat on a foreign world requires innovative technologies and efficient resource utilization
strategies. Plasma-based applications, as highlighted, offer a promising avenue for ad-
vanced chemical conversion in the challenging Martian environment. The capability to
produce life-sustaining chemicals and propellants from Mars atmosphere points to a future
where humanity can truly live off Martian land. Research geared toward the advance-

ment of space exploration also provides valuable insight into sustainable practices that
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could benefit civilization as a whole. The lessons learned from these endeavors of achiev-
ing ISRU on a foreign planet will undoubtedly shape our approach to sustainability and

resource management on our home planet.
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Chapter 6

Conclusions and Future Outlook

This thesis has advanced MW plasma technology for carbon utilization with a dual focus
on terrestrial decarbonization via COs conversion and interplanetary ISRU. Through a
series of experiments, we demonstrated that by leveraging thermal management, chemical
quenching strategies, and low-pressure operation, marked improvements to both conver-
sion and energy efficiency can be obtained. Furthermore, the fundamental insights gained
through this work reveal that strategic thermal management plays a pivotal role in en-

hancing CO» conversion performance.

Chapter 3 showed the effect of inlet gas preheating, which demonstrate that expanding the
reactive volume, i.e., the region where temperatures exceed COs dissociation thresholds
(>>1500 K), directly correlates with improved conversion, particularly at higher pres-
sures. This relationship between temperature distribution and conversion challenges the
conventional understanding of contracted plasma behavior by highlighting how upstream
thermal conditions influence downstream reactive chemistry. Importantly, our findings

reveal distinct pressure-dependent responses to preheating.

e Preheating is most beneficial at higher pressures (> 300 mbar), where plasma is fully
contracted, and substantially benefits conversion by expanding the spatial temper-

ature profile.

e Preheating negatively affects performance at lower pressures (< 300 mbar), as con-
traction dynamics cause a smaller reactive volume by decreasing the radial temper-

ature profile.
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This pressure-dependent behavior reveals that gas density and flow dynamics critically
determine spatial temperature distribution beyond what electron density alone would
predict. The high-temperature reactive volume in which CO dissociation dominates is
not limited to the plasma volume as defined by electronically excited species emission but

extends into regions where thermal processes continue to drive chemistry.

Of course, these insights into thermal management extend beyond preheating, specifically
with afterglow quenching strategies. Chapter 4 investigated a dual injection configura-
tion, in which CHy is introduced as a reactive quenching agent into the afterglow region,
demonstrating a significant increase to CO4 conversion compared to a pure COs plasma.
This enhancement remains consistent across various secondary injection flow rates of CHy,
and at varying pressure, specifically, the decrease in performance normally observed at
higher pressure in COs plasma is eliminated. Chemical kinetics modeling carried out by
Matthias Albrechts reveals underlying mechanisms, showing that CHy injection enhances

conversion through complementary pathways.

e Reactive quenching with CHy allows for effective scavenging of oxygen that would

otherwise participate in CO recombination reactions.

e Additional COy conversion is obtained via the Reverse Water-Gas Shift (RWGS)

reaction, extending higher conversion to atmospheric pressure.

This enhancement remains consistent across various secondary injection flow rates of CHy
and varying pressures due to the lack of pressure dependence of the RWGS reaction.
Importantly, the decrease in performance normally observed at higher pressure in COs
plasma is eliminated through reactive quenching. The model also compared our results
from reactive quenching with CH4 to thermal quenching with Ar. This revealed that upon
injection, CHy reduces the destruction of CO from ~30% (as observed with Ar) to < 1%,
while simultaneously providing additional COs conversion through the RWGS reaction,

highlighting the importance of chemical quenching over thermal quenching approaches.

This demonstrates that post-plasma CHy injection effectively mitigates the recombination
processes that typically limit CO5 conversion at higher pressures, by CHy4 acting as an O or
O2 scavenger, which has been found to enhance back reactions to CO4. This highlights the
promise of reactive quenching as an approach for enhancing conversion. Again, showing

that effective thermal management plays a central role in enhancing COs conversion.
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Our findings suggest several promising avenues for future research and development. A
logical next approach is through integrated heat recovery systems, which could not only
enhance overall system efficiency by recycling thermal energy but also provide insights
into whether preheating and quenching strategies can be combined. Our preheating ex-
periments demonstrate that redirecting even small portions of input power (< 14%) for
preheating significantly improves energy efficiency and conversion. Implementing heat
recovery from downstream processes could thus substantially enhance industrial system

performance, potentially extending high-efficiency operation to atmospheric conditions.

As discussed in Chapter 3, preheating COs can come from any downstream process and
doesn’t necessarily need to be coupled to the efluent gas directly. Therefore, it is interest-
ing to consider the effect of enhanced recombination observed at higher inlet temperatures
(i.e., 850 K); this excess heat has the potential to be utilized for reactive quenching, mit-
igating the enhanced downstream recombination. This approach might result in a lower
specific energy input requirement for the system while still increasing the afterglow tem-
peratures needed for higher CHy dissociation. The observed pressure-dependent effects of
preheating suggest that combining optimal inlet temperature with effective downstream
quenching could create a more favorable temperature profile throughout the reactor, max-

imizing conversion while minimizing energy consumption.

In Chapter 5, we investigated MW plasma performance under Martian atmosphere con-
ditions, which demonstrated that the natural low-pressure environment of Mars (approx-
imately 7 mbar) creates ideal conditions for efficient conversion. The low pressure on
Mars naturally complements MW plasma-based conversion by mitigating recombination
and possibly favoring vibrationally driven (COg and Ng) dissociation pathways. The
Martian atmosphere, composed of approximately 96% COs, presents an ideal feedstock
for resource utilization using MW plasma reactors. The demonstrated synergy between
low-pressure MW discharges and CO4 conversion indicates that plasma technology could
serve as a valuable complementary approach to electrochemical techniques, like MOXIE,
in the Martian environment. Based on the experimental performance metrics observed
under simulated Martian conditions, we conclude that MW plasma technology represents
a highly promising candidate for ISRU applications on Mars, capable of efficiently pro-

ducing essential resources such as Oy, CO, and NO, from the native atmosphere.
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The promising results obtained from our simulated Martian atmosphere experiments re-
veal significant potential for specialized low-pressure MW plasma applications, yet several
fundamental aspects remain unexplored. A critical next step would be to develop a deeper
understanding of the mechanisms behind the enhanced performance metrics observed un-
der Martian conditions. Specifically, characterizing the temperature profiles and plasma
contraction state at near-Martian atmospheric pressure would provide crucial insights
for optimizing system performance. It has been shown that contraction dynamics fun-
damentally determine both peak temperatures and thermal gradients within the reactive
volume, directly influencing conversion and energy efficiency. Additionally, systematically
investigating the role of trace gases in the Martian atmosphere, particularly Ar and No,
could reveal important synergistic effects in plasma-chemical processes. Such investiga-
tions would not only advance ISRU technology development for Mars missions but could
also inform plasma-based gas conversion applications on Earth, particularly in scenarios

where reduced-pressure operation might be advantageous.

The deeper insights garnered from this research enhances our understanding of MW
plasma-based COs conversion and points toward promising directions for future devel-
opment. The insights gained demonstrate that the performance limitations traditionally
observed in MW plasma systems can be addressed through strategic approaches to ther-
mal management and flow dynamics, offering pathways toward more efficient and selective

processes for both terrestrial and extraterrestrial applications.

Beyond these specific research directions, our work highlights the importance of under-
standing the interplay between MW engineering, plasma chemistry, and flow dynamics.
Across all experimental investigations, the critical thread shows that control over the flow
topology in relation to the plasma’s thermal and chemical gradients is key to enhancing
conversion and energy efficiency. Flow effects on contraction dynamics, or in the case of
reactive quenching with dual injection, highlight that carefully managing flow and cool-
ing trajectories greatly affects downstream recombination processes, the reactive volume
profile, and overall system efficiency. Advancing our understanding of flow configurations
and heat recovery will be crucial to moving toward industrialization. Furthermore, the
distinction drawn between plasma volume and reactive volume challenges conventional re-
actor design approaches, suggesting that optimizing temperature distribution rather than
solely focusing on power and flow input could yield more efficient and selective processes.

Similarly, the pressure-dependent response to thermal management techniques indicates
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that process designs should be tailored to specific operating conditions rather than apply-
ing universal approaches. Succinctly, the interplay of flow dynamics, pressure, and power

density is key to scale-up.

In conclusion, this thesis has demonstrated that MW plasma technology offers remarkable
versatility and potential for addressing global challenges related to resource utilization.
The insights gained through this research also have broader implications for sustainable
chemical processing. The ability to strategically manage thermal energy and flow dynam-
ics to enhance conversion and selectivity while minimizing unwanted byproducts aligns
with the principles of green chemistry. By systematically investigating the effects of
thermal management, reactive quenching, and pressure on plasma performance, we have
identified key mechanisms that govern conversion and efficiency, providing both funda-
mental insights and practical guidelines for future development. The pathways identified
offer promising directions for advancing MW plasma technology toward industrial imple-

mentation, contributing to a more sustainable future here on Earth and beyond.
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Preheating

This chapter is derived from the following publication:
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Prof. Dr. Ir. Richard van de Sanden, and is in co-first authorship with my esteemed colleague,
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A.1 Analysis of Thermal Losses

We utilize Infrared (IR) thermography to gain insight into the thermal losses in the
CO2 MW reactor. These losses can be split into two different terms: radiative and
convective. The radiative losses were calculated using Stefan Boltzmann’s law (A.1), with
the emissivity of the quartz tube being the same as used in the work of van Deursen et

al. [1]:

P = Aso(Tor* — Taum?) (A1)

in which P is the radiated power (W), A is the surface area of the radiating body (m?),
¢ = emissivity of the radiating body (-), o is the Stefan Boltzmann constant, Tor is the
temperature of the quartz tube (K), and T}, is the ambient temperature of the room

(K).

The heat loss (W) through free convection (Q)) was calculated according to A.2:

Q = hA(Tor — Toms) (A.2)

in which A is the surface area over which convection takes place (m?), h is the average

heat transfer coefficient (W/m?K) which can be calculated using A.3.

(A.3)

in which £ is the thermal conductivity of air (W/m - K), H is the Height of the tube
(m), and Nu is the Nusselt number (-). In all cases in Chapter 3, the airflow outside the

quartz tube is considered laminar (Ra < 10%), so Nu can be calculated as:

1

0.68 + (0.67Ra1
Nu = + ai)
95

1+ (%42

in which Pr is the Prandtl number (-) and Ra is the Rayleigh number (-).
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The value of Pr is calculated according to:

1%
Pr= — A5
=2 (A.5)

in which v is the kinematic viscosity of air (m2s™!), and & is the thermal diffusivity (m?s)

of air of the so-called film temperature (T¢, see A.8). The Ra number is calculated as:

Ra = Gr- Pr (A.6)
where Gr is the Grashof number (-) can be calculated according to:

N G'Oé'(TQT—Tamb)~H3
= 3

Gr (A7)

in which G is gravitational acceleration (m s2), and « is the expansion coefficient of air
(K1). Furthermore, it is important to note that the fluid properties used in the above

formulas should be that of the T, which is calculated as follows:

TQT + Tamb

Ty = 5

(A.8)
with all variables defined above. The calculated radiative and convective losses can then be
added together to give the total thermal losses over the quartz tube inside the waveguide,

where losses are the largest.

A.2 Thermometric Probes

A.2.1 Optical Emission Spectroscopy Data Treatment

Optical Emission Spectroscopy (OES) measurements were performed to characterize the
plasma emission. The acquired spectral data underwent a comprehensive treatment pro-
cess to ensure accurate quantitative analysis. This section details the step-by-step method-

ology employed for data processing and analysis.
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A.2.1.1 Raw Data Acquisition and Pre-Processing

Spectral measurements were conducted using a USB spectrometer with a wavelength
range of 180 — 900 nm. The optical setup (Figure 3.2, Chapter 3) included a focal
length of 540 mm and an iris opening of 11.7 mm, which was used to calculate the solid
angle of collection. Dark current measurements were acquired for each integration time
to account for detector background noise. Raw spectral data underwent dark current
subtraction to eliminate detector background noise. The wavelength axis was calibrated

using a quadratic correction function:

Aeorrected = A2 + bx + ¢ (A.9)
where x represents the measured wavelength, and the coefficients (a = -2.797x10°%, b
= 1.003, ¢ = -0.067) were determined through calibration with known spectral lines.

This correction compensates for any systematic deviations in the wavelength scale of the

spectrometer.

The spectral intensity was calibrated using a reference standard lamp with known spectral
radiance. The calibration process involved: 1) Converting raw counts to absolute spec-
tral radiance using calibration factors derived from the reference lamp measurements; 2)
Accounting for varying integration times and detector response; 3) Applying solid an-
gle corrections based on the optical geometry. The calibration factors were interpolated

across the full wavelength range to ensure continuous correction of the spectral response.

To account for varying integration times used during measurements, the spectral data was

normalized (I(A)normalized) according to:

I(/\)measured

tintegration

I(A)normalized = (AlO)

where I(A)meqsured is the calibrated intensity and tintegration is the integration time in
milliseconds (ms). This normalization enables direct comparison between spectra acquired

with different exposure times.
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The radial emission profile was reconstructed using Abel inversion. The process involved
determining the plasma center through fitting a double Gaussian function to the emission

profile at 777 nm, an example is shown in Figure A.1 [2].

I
140 —— Summed Intensity (776-778 nm)

=== Double Gaussian Fit

120 === Plasma Center (Used): 0.00 mm

100

80

60

40

Summed Intensity (a.u.)

20

-10 -5 0 5 10
Radial Position (y_mm)

FIGURE A.1: Summed intensity with double Gaussian fit using the 777 nm emission
intensity.

The emission spectra were centered around this determined axis to ensure any offset of
captured spectra was corrected. Finally, the Hansen-Law Abel inversion algorithm was
applied to reconstruct the radial emission profile (Figure A.2). The Hansen-Law method
was chosen for its stability in handling experimental noise without requiring numerical
differentiation of the data. The inversion assumes cylindrical symmetry of the plasma

emission.

The calibrated and Abel-inverted spectra were converted to photon flux using the rela-

tionship:

B(\) = : (A.11)

where ®()\) is the photon flux at wavelength A, I(\) is the normalized, calibrated intensity,
h is Planck’s constant, and c¢ is the speed of light. This conversion provides the absolute

number of photons emitted per unit area (photons s' m2) and time at each wavelength.

Figure A.3 shows an example spectrum after the preprocessing treatment outlined in this

section.
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FIGURE A.2: Abel-inverted intensity profile in logarithmic scale.
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FIGURE A.3: Example spectrum after preprocessing treatment.
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A.2.1.2 Uncertainty Considerations

The integrating sphere calibration certificate gives an expanded uncertainty (k = 2), with a
range between 0.88 — 1.88% and a mean of 1.19%. We also account for the calibration of the
spectrometer while considering possible variations of alignment, temperature, and current
stability, uncertainty in each integration time (taken between 1 — 2000 ms), which we
estimate to add between ~1-2% uncertainty to our measurement. Therefore, we consider

the combined calibration uncertainty to be: v/1.19% 4+ 1.5% = 1.9%.

The quadratic fit coefficients (a = -2.797x10°%, b = 1.003, ¢ = -0.067) showed excellent
alignment with our data, with a deviation from unity in the linear term (b = 1.003)

suggesting wavelength accuracy better than 0.4%.

Dark current subtraction performed for each integration time eliminates systematic bias,
and using multiple integration times and normalizing helped reduce random noise; there-

fore, we estimate the uncertainty to be < 2%.

The optical collection and geometry were well defined in terms of the iris radius (11.7
mm) and focal length (540 mm); therefore, we assume precise calculation of the solid
angle, 1.47 x 1073 sr, with these fixed parameters, and estimate the contribution to our

uncertainty to < 1%.

The Hansen-Law method was chosen specifically for stability, and the use of a double-
Gaussian fitting for the plasma center determination helps to reduce asymmetries that
might occur due to fluctuations in the position of the plasma filament. The assumption of
symmetry is further validated by the quality of our fits, which generally showed residuals

under 10%. Therefore, we assume the contribution to systematic uncertainty < 3%.

The total uncertainty in the spectra is estimated to be approximately 4.2%. This esti-
mation is derived from quadrature addition of the following components: base calibration
uncertainty (1.9%, determined from calibration certificate with k=2 expanded uncertainty
of 1.19% and transfer calibration), wavelength calibration (0.4%), detector response (<
2%), optical collection geometry (1%), and Abel inversion process (< 3%). The relatively
low total uncertainty is supported by the high quality of the calibration standard (uncer-
tainty range 0.88 - 1.88%) and the implementation of the Hansen-Law method for Abel

inversion, as described above.
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The data treatment procedure was implemented using Python, utilizing specialized li-
braries including NumPy for numerical operations, SciPy for signal processing and opti-
mization, and the PyAbel package for Abel inversion. Finally, a Savitzky-Golay filter was
applied to reduce noise while preserving spectral features. All raw and processed data

were systematically archived to ensure the reproducibility of the analysis.

A.2.2 C, Swan Band as a Thermometric Probe using Massive OES

The Cq (d®11, — a®I1,) Swan band system was analyzed to determine rotational (7o)
and vibrational temperatures (T,;,) using the open-source MassiveOES software package,
with the relative intensities of these transitions governed by Boltzmann distributions when
in thermal equilibrium [3]. The spectral fitting was performed using MassiveOES, which
employs a least-squares optimization algorithm to fit synthetic spectra to the experimental
data. The Av = 0 sequence of the Swan band system was primarily used for determining

rotational temperatures, as this region shows the highest sensitivity to 1.

The uncertainty in the derived temperatures comes from the statistical uncertainty from
the fitting routine, estimated through the covariance matrix of the least-squares optimiza-
tion, uncertainty in molecular constants and transition probabilities, which are estimated
to be < 2%, and fitting convergence verification through residual analysis and multiple
starting conditions. The reliability of the temperature determination was verified by ex-
amining the residuals between experimental and simulated spectra, ensuring no systematic
deviations that would indicate non-Boltzmann behavior or other spectroscopic artifacts.
The fitting routine showed good convergence across the analyzed dataset. Deviations

between T+ and T,;, that exceeded 1500 K were excluded from the reported values.

To assess additional uncertainties beyond the residual fitting error, we leveraged the ex-
pected radial symmetry of the discharge. Measurements from one side of the centerline
(r = 0 mm) were reflected and compared against the measurements from the opposite
side. The temperature differences between the measured and reflected profiles were in-

corporated into the total error.
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A.2.3 Flame Band Emission Model

Flame band emission spectroscopy was utilized as a secondary temperature diagnostic
to capture the periphery temperature surrounding the core plasma region. Flame band
spectroscopy measures the emission intensity from the radiative transition of excited CO2
to ground-state COg9 after recombination [4]. All spectra were preprocessed using the
methods outlined in Section A.2.1. The base of the theoretical background is presented
in Chapter 2, Section 2.4.2.

A.2.3.1 Flame Band Fitting Routine and Model Implementation

The fitting routine employs a wavelength-dependent Arrhenius model calibrated using
empirical data from spectroscopic measurements combined with independent temperature
measurements via rotational Raman scattering [4]. The model incorporates wavelength-
dependent activation energies (Efl‘) ranging from ~1100 K at A > 400 nm to ~5800
K in the UV region, pre-exponential factors (/16\) following a power law relationship:
kY A 2.78 x 10710 x \=%2! and contributions from Oz Schumann-Runge emission for
T > 1500 K. Additional details on the theoretical framework of this approach is outlined

in Raposo et al. [4].

The spectral fitting process follows an initial parameter estimation for the temperature
(T'), intensity scaling factor, and O contribution scale (for 7' > 1500 K). The optimization
uses a least-squares algorithm that minimizes the residuals between the measured spec-
trum and the model prediction, while accounting for the wavelength-dependent sensitivity

and signal-to-noise across the spectral range.

Some known spectral peaks were excluded in the fit (e.g., 360-365 nm, 370-395 nm, 460-
480 nm, 505-520 nm, 540-565 nm), and can be observed in Figure A.4 as greyed regions.
All fits reported in Chapter 3 had an R? > 0.95, ensuring that the models accurately
captured the spectral features with minimal residual variance, consistent with established

standards for reliable quantitative analysis [5].
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FIGURE A.4: Example of a fit from Pypw = 1000 W, Tinet = 700 K, p = 700 mbar,
mass flow rate = 10 In/min.

A.2.3.2 Model Limitations

The primary limitation of this spectroscopic method lies in its temperature range validity,
which is effectively constrained to below 1500 K. At temperatures exceeding this thresh-
old, the spectral analysis becomes complicated by the emergence of Os Schumann-Runge
emission bands (180 - 450 nm). The intensity of Og emission scales with both the Oq
molar fraction and the CO 4+ O chemiluminescence, introducing additional uncertainty in
conditions where Og concentrations are not well-characterized or vary significantly with

temperature.

The spectral shape exhibits significant temperature dependence, characterized by a sys-
tematic shift of the intensity maximum toward shorter wavelengths with increasing tem-
perature, changes in the relative intensities of different spectral regions, and varying contri-
butions from different vibrational levels of the excited states. These effects are empirically
accounted for through wavelength-dependent Arrhenius parameters, but the underlying
quantum mechanical processes are not fully characterized. The pre-exponential factor

(K())‘) follows an empirically determined power law, which encompasses changes in natural
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radiative lifetimes, quenching probabilities for different excited states, and populations

distribution among vibrational levels [4, 6].

The model assumes complete thermalization of the CO2(!B) state prior to photon emis-
sion, which is supported by collision frequency calculations. At typical operating pres-
sures (> 100 mbar), the time between molecular collisions (< 2 ns) is significantly shorter
than the natural radiative lifetime of the CO2(!B) state (~200 ns) [6, 7]. However, this
introduces pressure-dependent considerations, such as at pressures < 100 mbar, where
incomplete thermalization may occur, as discussed in Chapter 2, Section 2.4.3. Although
these conditions are out of the scope of Chapter 3, where pressure was kept above 200

mbar, they should be considered with future research.

A.2.3.3 Analytical Uncertainties

The total uncertainty in the fitted temperature incorporates systematic components of
absolute calibration uncertainties, wavelength-dependent detector response, and optical
system throughput variations, discussed in Section 2.1.2 above. Statistical analysis of the
spectral noise propagation, fitting residuals, and parameter correlation effects were utilized

in calculating the analytical uncertainty. The temperature uncertainty is calculated using:

08
as
dT

0T = (A.12)
where 6.5 represents the RMS residual and % is the numerical derivative of the spectrum

with respect to temperature.

A.2.3.4 Method Validation

The fitting routine has been validated against independent rotational Raman temperature
measurements, literature data for CO flame band emission, and theoretical predictions
of spectral features, which have been outlined extensively by Raposo et al.. [4]. Typical
uncertainties in the fitted temperatures range from 5 — 10%. The method provides reliable
temperature measurements in the range of 300 — 1500 K, with increasing uncertainty above

this range due to the growing contribution of O2 Schumann-Runge emission; however, the
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fitted results did not reveal temperatures above 1000 K for all data (cf. Figure 3.5 in
Chapter Three).

A.3 Analytical Techniques and Performance Indicators

We utilized Gas Chromatography (GC) to measure the composition of the post-plasma
effluent mixture. From this, the degree of dissociation (conversion, x) can be calculated
using the following formula, which accounts for gas expansion due to the reaction of COq

splitting into CO and § O [8]:

_ 1ov, (A.13)
ves, '
1+ 252

where y%uotz represents the output fraction of CO4 taken from the GC measurements, with

which we calculate the energy efficiency, 1, as follows:

AHy
=X A.14
1= Xgg (A.14)
where AH/ is the formation enthalpy (2.93 eV /molecule) of the net reduction reaction
of COy to CO, and SEI is the Specific Energy Input (SEI = %), both given in the
same units, e.g., eV/molecule. For the calculation of the SEI reported in this work, only

the MW power is accounted for, not the power to heat CO2, we consider this as a ’free

parameter’ in the case of heat recycling.

A.3.1 Conversion Measurements

All conversions reported in this work were determined using a G.A.S. CompactGC 4.0.
Samples were taken through a sampling line through which a small part of the efluent
was continually flowed, ensuring representative sampling of the plasma exhaust. The GC

uses three separate loops, all shown in Table A.1.

The effluent composition was then determined from the resultant chromatograms. In

order to assess the accuracy of the measurements, the 95% confidence interval of each
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TABLE A.1: Specifications of the loops inside the GC and detected species on each
channel.
Loop | Pre-column Length - 1D Column Length - ID Species
1 Rt-Q-Bond | 4 m — 0.32 mm | TC-Molsieve 5A | 10 m — 0.53 mm CO,
2 Rt-Q-Bond | 2 m — 0.32 mm | CP-PoraBOND Q | 20 m — 0.32 mm | CO, Os, Ny
3 Rt-Q-Bond | 3m — 0.32 mm | TC-Molsieve 5A | 10 m — 0.53 mm | Hy (not used)

composition determination was calculated according to equations A.E15 — A.E17, taken

from [9].

Sy/a: 1 1 (ysample - yavg)Q
Sy 11 Al
S sample b \/m + n + b2 . Zz(xl — xavg)Z ( 5)
—a
Tsample = (yob) (A.16)
0195 = Tsample + t(n72) : S$sample (A17)

in which the standard deviation (S,

e ) of each measured component was calculated
sample

using the standard deviation of the calibration standards (Syb/ =), the slope of the regres-
sion line (b), the number of replicas of the measurement (m), the number of calibration
standards (n), the response value of the measurement (ysample), the average response of
the calibration standards (yave), the concentration (in %) of standard (x;), the average
concentration (in %) of all standards (Zavg). Tsample Was determined using the intercept
(yo — a) and slope of regression line. The student t-value for a two-tailed distribution at
n degrees of freedom (t(,_p)) Was used to determine the 95% confidence interval, which
was used to calculate the propagation of errors of the performance metrics reported in

this work.
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A.4 Power to Heat CO,

Since the specific heat of CO4 is not linear with respect to temperature, the power to each

standard liter per minute (slm) of CO2 was calculated using the following formula:

Ty
AQ=1h | Cpeo,(T) dT (A.18)
where Cp,, (kJ - (kg K)~!) is the specific heat of CO3 at a given temperature, T' (K) is
the temperature, and 7 is the mass flow rate of 1 normal liter per minute (In/min) of

CO2 (3.23 x 1075 kg - s71), as shown in Figure A.5. The power values were calculated
from 300 K, using different sources for the specific heat of COs.

Different solutions to absorbed power for 1 In/fmin
of CO, at different temperatures
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FIGURE A.5: The power absorbed by 1 In/min of COs in watts (W) using different
sources for the specific heat of COs.

The final value used for Cy,, was obtained from NIST [10]. The added power to CO; for
a given temperature and mass flow rate was calculated from 300 K for 10 and 20 In/min
[8]. The values for 10 In/min of COqy are Tiye = 500, 700, 850 K and Pco, = 62, 132,
189 W, respectively. The values for 20 In/min of COgz are Tiyet = 500 K and Pco, = 134
W.
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A.5 Additional Results and Discussion

A.5.1 Impact of Preheating at Higher Power

Having established the pressure-dependent effects of preheating at moderate power input
(1132 and 1500 W) in Chapter 3, we examine here how these phenomena evolve under
higher power conditions (2124 W). This progression is particularly relevant for under-
standing the scalability of preheating benefits and their interaction with plasma dynamics
at elevated power levels. Below are experimental results obtained for Pryia = 2124 W,
Pin/min = 20 In/min, Tiyer = 300 K (green) and 500 K (yellow) for different pressures.
The total power added to the system was kept constant across all measurements. Error

bars are given but fall under the data markers in all cases.
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FIGURE A.6: Energy efficiency (A) and conversion (B) plotted for Prota = 2124 W, ¢

= 20 In/min, Tipet = 300 K (green) and 500 K (yellow), for different pressures, with the

corresponding radial temperature profile for 900 mbar (C). Error bars are given but fall
under the data markers in all cases.

Figure A.6(A and B) show similar trends to those observed under lower power conditions
(Figure 3.3 and 3.4, Chapter 3). At 200 mbar, we again see a decrease in conversion
between 300 K and 500 K, from 22.99 4+ 0.08% to 21.30 £ 0.09%, respectively. At 500
mbar, the conversion is nearly unchanged, at 15.40 & 0.06% vs 15.46 &+ 0.07%, between
Tinlet = 300 K and 500 K, respectively. However, we observe an increase in energy efficiency

(Figure A.6(A)) due to the exclusion of Pco, in these calculations.
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The most significant improvements occur at near atmospheric pressure (900 mbar), where
conversion increases by approximately ~47% compared to baseline conditions, rising from
3.89 4 0.03% at Tinet = 300 K to 5.71 & 0.04% at Tiye; = 500 K. We see an increase in
conversion of more than a factor of 4 when comparing to the 1000 W results, where we
observed a ~10% increase in conversion. This suggests that preheating benefits not only
persist across power regimes, but the relative impact appears to increase as total power
increases. In Figure A.6(C), the radial temperature profile does not show a larger reactive
area that reflects the improvements to conversion. It is likely that because the available
temperature values from the Cy swan emission end at 3 mm from the center region for

Tintet = 300 and 500 K, we are not able to observe the increased reactive area.

A.5.2 Changes to Reactive Volume and Plasma Size

Figure A.7 shows the radial temperature profiles for constant Pyiwy = 1000 W and P;oia1
= 1132 W and varying Tiner = 300, 500, and 700 K, which correspond to Pco, = 0, 62,
and 132 W, respectively. The radial temperature profiles are again complementary to the

conversion data across different pressure regimes shown in Figure 3.5 in Chapter 3.

In Figure A.7, the temperature profiles show characteristic contracted plasma behavior
with steep thermal gradients between the core and peripheral regions. The radial tem-
perature profiles at 200 mbar (top row Figure A.7, A and D) indicate a decrease in the
reaction area with increasing Tyt for both Pyw and Piota. In Figure A.7 (middle row,
B and E, and bottom row, C and F), we again observe the opposite effect on the reac-
tive area appears at 700 and 900 mbar, where a higher Tj,jst increases the reactive area
(T > 1500 K). We do not observe a significant change in the plasma diameter (FWHM
of the 777 atomic oxygen emission) between either high-pressure condition. The reader
should note that the data for Tiet = 500 K is unavailable for 700 mbar (Figure A.7.E)
(values not collected), and Tines = 700 K is unavailable at 900 mbar (Figure A.7.CEF)
due to plasma instability. However, for the values we have available for p = 900 mbar in
Figure A.7C, we can again observe a direct correlation between the reaction area at the
height of the plasma and conversion, using the same method as described in Chapter 3,

Figure 3.6.
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FIGURE A.7: Radial temperature profile plotted for Pyrw = 1000 W (lefthand side, A-C)
and Piotal = 1132 W (righthand side, D-F), @1 /min = 10 In/min, Tine; = 300 K (green),
500 K (yellow), 700 K (dark orange), for p = 200 (top row, A and D), 700 (middle row,
B and E), and 900 (bottom row, C and F) mbar. The center-shaded region represents
the plasma diameter determined by the 777 nm atomic O emission captured by CCD
images. The connecting lines between the Cg swan band (T = ~6000 — 7000 K) and the
flame band (T < 1500 K) derived temperatures are for visualization purposes only.

Figure A.8 shows that for Pyw = 1000 W, ¢co, = 10 In/min, p = 900 mbar, Tiyet =
300 (green) and 500 (yellow) K, the reaction area increases for Tipe = 500 K by ~ 56%

alongside a ~51% increase in conversion compared to baseline conditions.

These findings suggest that while preheating influences the spatial distribution of the
plasma and reactive area, it does not fundamentally alter the core plasma properties or
peripheral quenching conditions. The pressure-dependent response to preheating implies
complex interactions between gas dynamics, thermal gradients, and plasma contraction
mechanisms. Further investigation of the emission profiles indicates additional changes

to the plasma profile, as shown in Figure A.9 below.
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FIGURE A.8: Reaction area (left y-axis) and conversion (right y-axis) as a function of
pressure for Pyw = 1000 W, ¢co, = 10 In/min, p = 900 mbar for Tiyer = 300 (green)
and 500 (yellow) K.

Under non-preheated conditions, 200 mbar is at the ’edge’ of the hybrid regime, depending
on the input power [11]. We observe that the benchmark condition for 200 mbar shows
only slight hybrid characteristics, where the center region of the filament is contracted
but grows outward towards the tip of the column. With an increase in Tiye, these
characteristics become more pronounced, accompanied by a notable decrease in the plasma
height (h), as defined by the FWHM of the emission profile for all conditions presented,
which will be explored further in Section A.5.4 below. It is clear from these images that
contraction dynamics likely contribute to the reduction in the reaction area observed in
Figure A.7(A) and A.7(D), as evidenced by the less pronounced hybrid characteristics of
the plasma observed at 200 mbar for the 300 K case vs. at 700 K (Figure A.9, top right).

In summary, when comparing plasma characteristics between simulated heat recovery
(Pvw held constant) and power redistribution (Pt held constant) experiments, small
differences emerge in how the plasma responds to preheating. While both approaches
demonstrate temperature-dependent effects on plasma behavior, the magnitude and na-
ture of these changes vary significantly between the two strategies. This will be further

elaborated in the next section.
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FIGURE A.9: CCD imaging of the 777 atomic oxygen emission for Pyrw = 1000 W, ¢co,
= 10 In/min, Tiye, = 300 K (green), 500 K (yellow), 700 K (dark orange) for p = 200
(top), 700 (middle), and 900 (bottom) mbar. The data for Tiyes = 700 K at p = 900
mbar is unavailable due to plasma instability under these conditions. The values for the
plasma diameter (d) and height (h) are shown at the bottom of each image in white.
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A.5.3 Comparative Analysis: Constant Microwave Power vs Constant

Total Power

At low pressures (200 mbar), despite maintaining similar core temperatures (~ 7000 K),
the reaction area shows distinct responses depending on power distribution. Under con-
stant Pyrw, higher Tiet produces a marked reduction in reactive area, but only at Tiyjer =
700 K. In contrast, when maintaining constant Pi.t, by reducing Pyw input to compen-
sate for preheating power (Pco,), the reaction area decreases more uniformly across all
preheated conditions. This suggests that the plasma’s response to preheating is sensitive
not only to Tine; but also to the absolute microwave power available for sustaining the
discharge, which aligns with the current understanding of plasma contraction dynamics

[2, 11, 12].

The behavior at higher pressures (700 - 900 mbar) shows consistent trends between both
approaches, with preheating leading to increased reactive area in both cases. However,
these effects are more pronounced under constant Pyw conditions. A significant increase
in plasma diameter was only observed for constant Pyrw. Temperature profiles at 700
mbar demonstrate that increasing inlet temperature from 300 K to 700 K enlarges both
the plasma diameter (2.0 mm to 2.4 mm) and the surrounding reactive area, where 7" >>
3000 K. These findings suggest that absolute microwave power plays a crucial role in

determining the magnitude of preheating effects on plasma behavior.

Notably, despite these differences in plasma dimensions and reactive area, core temper-
atures remain consistent at approximately 6000 - 7000 K across all conditions for both
approaches. This consistency in core temperature, regardless of how power is distributed
between preheating and microwave input, indicates that the fundamental plasma proper-
ties are primarily determined by the thermal-ionization instability, where electron-neutral
collisions increase electron density, thus shifting the permittivity, ultimately resulting in a
narrowing of the filament. In preheating the inlet gas as a constant pressure, there will be
a reduction in the collisionality. For example, at a pressure of 900 mbar, we can calculate
the average collisional frequency of COs under two temperature conditions. At 300 K,
the collisional frequency approaches approximately 3.9 GHz, while at 900 K, it is about

2.3 GHz, a 41% decrease in collisional frequency.
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A.5.4 Axial Contraction of Plasma Filament

We observed that the plasma discharge exhibited notable axial contraction as Tine in-
creased (cf. also Figure 3.3, Chapter 3), in addition to changes in its radial characteristics
at higher pressure. Figure A.10 illustrates this behavior through atomic oxygen 777 nm
emission images captured using a 780 nm narrow bandpass filter at different Tt while

maintaining Piota; = 1500 W, p = 900 mbar, and ¢co, = 10 In/min.
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FIGURE A.10: (Top) Images of the atomic oxygen 777 emission as taken with CCD

using a 780 nm bandpass filter for Piota1 = 1500 W, p = 900 mbar and ¢co, = 10 In/min

at different Tiyjes. (Bottom) Plasma lengths at different Tiyjes for Piotar = 1500 W, 10
In/min plasma, as a function of pressure (mbar).
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To determine whether the observed contraction resulted primarily from an increase in
volumetric flow rate due to gas expansion from the preheated input gas, experiments
were conducted at a constant volumetric flow rate across different Ti,jet. The different

conditions tested are visible in Figure A.11.

—— 10 In/min
61 —— 14 In/min
—— 24 In/min

Volumetric flow of gas (m3/h)

300 400 500 600 700 800 900 1000
Temperature of injected gas (K)

FIGURE A.11: Volumetric flow rate as a function of Tj,je¢ for mass flow rates of 10, 14,

and 24 In/min. The intersecting dashed red line shows a constant volumetric flow rate of

1.8 m3/h between the varying Tiye; for different mass flow rates (24, 14 and 10 In/min),

giving an equal volumetric flow rate at Tiyet = 300, 500 and 700 K, respectively. Note

that 850 K is not included since the resulting flow rate (~8 In/min) would be too low to
operate without possible damage to the system.

As shown in Figure A.11, to compensate for gas expansion, the mass flow rate was adjusted
to maintain an equivalent volumetric flow rate of 1.8 m3/h. The mass flow rate was
reduced from 24 In/min at Tiyer = 300 K to 14 In/min at 500 K, and further to 10 In/min
at 700 K.

The results of these constant volumetric flow rate experiments, presented in Figure A.12,
revealed nearly identical plasma lengths across the temperature range. This strong cor-
relation between plasma length and volumetric flow rate suggests that the observed axial
contraction is primarily driven by changes in the gas flow dynamics rather than direct
temperature effects. This finding highlights how preheating alters flow dynamics, af-
fecting both residence time and the spatial distribution of reactive molecular species.
This finding provides valuable insight into the mechanisms controlling plasma dimensions
and highlights the importance of considering volumetric flow effects when interpreting

temperature-dependent plasma behavior.
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lengths at different Tinjer for Piotal = 1500 W, the mass flow rate at 300 K equaled 24
In/min, 14 In/min at 500 K, and 10 In/min at 700 K, as a function of pressure (mbar).
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Appendix B

Dual Injection in a CO5 plasma:

Exploring Reactive Quenching

This chapter is derived from the following publication:

e Dual Injection in a CO2 Microwave Plasma:
Exploring Post-Plasma Quenching with CH; and Comparison with DRM
E.R. Mercer, M. Albrecht, R. De Meyer, I. Fedirchyk, E. Morais, Sara Bals, A. Bogaerts
(Submitted Manuscript)
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B.1 Analysis

B.1.1 Liquid Analysis

The liquid samples collected from the post-plasma condenser during dual injection exper-
iments were characterized using multiple analytical techniques to identify and quantify
various components. Each set of data was defined by a single CO4:CHy ratio, meaning for
both power conditions and all pressure sets, a single liquid sample was collected (e.g., 1
sample = 7:7 slm CO2:CHy, 7:7 slm; Power = 1000 and 1250 W, and pressure between 200
— 900 mbar). This approach was chosen to limit the number of samples requiring external
analysis and because the experimental setup was not designed to collect individual liquid

samples for each condition while in operation.

Since this study represents the first approach to investigating dual injection in a CO; MW
plasma as a method to utilize reactive quenching, the experimental design prioritized cap-
turing overall trends rather than optimizing sample collection for every parameter com-
bination. As such, certain limitations in data resolution were unavoidable. However, the
results provide a foundational understanding of the process, highlighting key trends that

will inform future studies where more refined collection strategies can be implemented.

The liquid samples were analyzed using an Interscience Focus GC equipped with a Flame
Ionization Detector (FID). Analysis was performed using a Stabilwax column (30 m X
0.32 mm ID, 1.00 pgm film thickness) through a split/splitline (S/SL) injection. De-
spite comprehensive analysis, no significant volatile compounds were detected using this

method.

High-Performance Liquid Chromatography (HPLC) analysis was performed using a Wa-
ters Alliance 2695 system equipped with both PhotoDiode array (PDA) and Refractive
Index (RI) detectors. Separation was achieved using a Shodex RSpak KC-811 column (6
pum particle size, 8.0 x 300 mm), which is specifically designed for organic acid analysis.
The mobile phase consisted of 10 mM HoSOy4 run under isocratic conditions. This analy-
sis successfully identified and quantified formaldehyde, formic acid, and acetic acid in the

liquid samples.
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Total Organic Carbon (TOC) was measured using a Shimadzu TOC-L analyzer. Samples
were appropriately diluted prior to analysis to ensure measurements fell within the cali-
bration range of the instrument. The results from this analysis provided the total carbon
content of the liquid samples, which was compared with the sum of carbon-containing
compounds identified by the HPLC analysis to assess the completeness of compound
identification. Only a small difference was found, and can be seen in Figure 4.9A, in

Chapter 4.

Gas Chromatography-Mass Spectrometry (GC-MS) analysis was conducted using an In-
terscience GC 8000 Top system. The separation was performed on an Agilent DB-5MS
UI column (30 m x 0.320 mm, 0.25 pm film thickness). This technique did not yield

significant additional information about the composition of the liquid samples.

Liquid Chromatography-Mass Spectrometry (LC-MS) analysis was performed using a
Waters Acquity Arc system. Separation was conducted on a CORTECS C18 Column
(90 A, 2.7 pm particle size, 4.6 mm x 50 mm), which is a general-purpose reverse-
phase column. A gradient elution method was employed with the following mobile phase

composition:

TABLE B.1: Mapping of the gradient elution employed in LC-MS analysis.

Time (min) | Water (%) | Acetonitrile (ACN%)
Initial 95 )
0.5 95 )
8.0 5 95
8.5 5 95
10 95 )

The flow rate was maintained at 1.2 mL/min. This analysis revealed the presence of an
unidentified compound with a molecular weight of 180 g/mol, which was not detected by

other analytical methods.

UV-visible spectroscopy (UV-vis, Shimadzu UV-2600i), equipped with a deuterium lamp,
a tungsten halogen lamp, and a photomultiplier detector, was used to characterize the
chromophoric properties of the liquid samples. This analysis helped identify the absorp-
tion maxima and provided insights into the presence of conjugated systems within the

unidentified compounds in the liquid products.
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B.1.2 Carbon Analysis

All accompanying analysis was conducted by Robin De Meyer (PhD student within PLAS-
MANT). After each of the experimental runs, carbon was collected from the bellows and
cyclone separator. A set of data is again defined by a single CO5:CHy ratio, meaning for
both power conditions and all pressure sets, a single sample was collected (e.g., 1 sample
= 7:7 slm CO3:CHy, 7:7 slm; and either 1000 or 1250 W, and one pressure in the range
of 200 — 900 mbar, although no carbon formation was observed at p < 700 mbar), for the

same reason as explained for the liquid analysis.

A small amount of dark carbonaceous deposits was also found on the reactor walls and
in the KF piece downstream of the quartz tube, with only very few deposits found in the
cyclone separator. All deposits were collected using a paper tissue for subsequent char-
acterization. The different samples were characterized via scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). A portion of the collected material

was suspended in acetone (for SEM) or chloroform (for TEM) and dispersed by sonication.

For SEM analysis, a few drops of the suspension were deposited onto an aluminum stub
and left to dry before being placed in the SEM for characterization. For TEM analysis, a
holey carbon TEM grid was positioned on filter paper, and a few drops of the suspension
were applied to the grid and allowed to dry. After a brief drying period, the grid was
ready for TEM analysis.

The deposited carbon is analyzed using two methods, Scanning Electron Microscopy
(SEM), executed using a ThermoFisher Scientific Quanta FEG 250 operating at 20 kV
in high vacuum mode, and Transmission Electron Microscopy (TEM) performed using a
ThermoFisher Scientific Tecnai Osiris G20 operating at 200 kV, with images acquired in
bright-field TEM (BF-TEM) mode.

B.1.3 Optical Emission Spectroscopy Data Treatment

Optical emission spectroscopy (OES) measurements were performed to characterize the
plasma emission. The acquired spectral data (200 — 800 nm) underwent a comprehen-
sive treatment process to ensure accurate quantitative analysis. Spectral measurements
were obtained within the resonance chamber of the reactor to determine plasma composi-

tion. Spectra were acquired using an Ocean Insight mini spectrometer (HR-4UVV250-5)
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equipped with a solarization-resistant fiber with a diameter of 400 pm (QP400-2-SR) and
cosine corrector with Spectralon diffusing material (CC-3-UV-S). For each experimental
condition (varying power, pressure, and flow rates), a single-shot spectrum was collected

along with an electronic dark measurement.

The raw spectral intensities were calibrated using a standard irradiance calibration to
convert arbitrary intensity counts to absolute radiometric units (uJ/count), accounting
for the spectrometer’s wavelength-dependent response. The collection geometry was cal-
culated accounting for the cosine corrector properties, with a diffuser diameter of 3900
pm. For the cosine corrector following Lambert’s law, the radiance was integrated over
a hemisphere (27sr). The calibrated energy values were then converted to photon flux
(photons/s/m?). An adaptive Savitzky-Golay filter was applied to the photon flux data
with parameters optimized for spectroscopic data. Different smoothing parameters were
applied to baseline and peak regions to preserve spectral features while reducing noise.
Finally, the spectra were normalized by their maximum intensity values for comparative
analysis across different experimental conditions. An example spectrum is presented in

Figure B.1.

The rotational temperatures (T,o;) were determined using the Swan band system, Co
(d®11, — a®11,), within the open source MassiveOES software package by fitting to a sim-
ulated spectrum. Here we consider T, as a reliable proxy for the gas temperature in
contracted plasmas [1], which are typically observed at p > 200 mbar [2]. The accu-
racy of the temperature determination was assessed by analyzing the residuals between
experimental and simulated spectra to ensure the absence of systematic deviations in-
dicative of non-Boltzmann behavior or other spectroscopic artifacts. The uncertainties in
the extracted temperatures arise from several factors, as described in Appendix A. All
temperatures were found to be between ~7000 — 8000 K, with the lowest pressures (200
mbar) showing somewhat higher temperatures (see Figure B.2), consistent with values

reported in the literature [1].

The temperatures were consistent across powers, all overlapping within the error bar, as
is typically observed in COg plasmas [1, 3, 4]. Therefore, for better visualization, the
values were averaged and presented in Figure B.2, with a shaded deviation to show the
(small) variability between the two power conditions (1000 and 1250 W), since we do

not expect much deviation in temperature between these power conditions, this provides
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FIGURE B.1: Example of treated spectrum of Co (d3II, — ¢®II,) Swan band, used in

MassiveOES fitting, as well as an indicator for where the H, at ~ 656 nm (red dashed
line). No peak was observed in any of the treated spectra.
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FIGURE B.2: Averaged rotational temperature between 1000 and 1250 W, as a function
of pressure, for the four different CO2:CHy ratios investigated.
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further indication of the error in this measurement. The presented error bar is taken as
a 5% error of this average, as this data was only used as a starting temperature for the

model.

The spectra were used during the experiments to monitor whether CHy traveled upstream
into the reactive volume, as would be indicated by additional peaks from, for example,
H, at ~656 nm. The treated data indicated that no CH, was detectable within the
emission spectra, as two examples are shown in Figure B.1. These spectra were chosen
as they represent the ‘extreme’ circumstances, where we might see the greatest back flow,
if present. We expect to observe the H, even in small concentrations, as reported by
Kuijpers, who showed that H, can be observed in concentrations as low as 0.75% CHy
[5]. Therefore, the derived temperatures were taken as the core plasma temperature and
used as input for the CO2 plasma temperature in the 0D model, before CH, injection,

described in Section S.2.

B.1.4 Secondary Injection Housing

The secondary, counter-flow injection of CHy is applied in the afterglow region, 5 cm from
the waveguide, where temperatures exceed 1500 K. A diagram is presented in Figure B.3.
The secondary counter-flow tangential injection was designed to enhance mixing between

CH4 and the post-plasma afterglow region, with two 1 mm inlet nozzles.

B.1.5 Gas Chromatography

Gas sampling was performed using gas chromatography (Agilent 990 MicroGC, two-
channel configuration) and an infrared luminescent quenched absorption technique (Py-
roScience GmbH FDOg optical oxygen sensor). The MicroGC system was equipped with
two analytical channels, Channel 1 consists of a Molesieve 5A column with argon as the
carrier gas, used to measure CO, Hs, O9, and CHy, and Channel 2 uses a PoraPLOT U

column with helium as the carrier gas, used to measure CO9, CoHy, CoHy, and CoHg.

Both channels included a CP-PoraBond Q precolumn to improve separation. Before en-
tering the columns, the gas mixture was heated to 70 °C to ensure consistent analysis
conditions. The composition of the post-plasma mixture was determined from the chro-

matograms. In order to assess the accuracy of the measurements, the 95% confidence
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interval of each composition determination was calculated according to the equations

outlined in Appendixz A, Section A.3.1.

B.1.6 Performance Calculations

All calculations for the performance metrics shown in this work follow the methods out-
lined by Wanten et al. [6], to properly account for gas expansion or contraction during
the reaction, which is very important to obtain the correct values for the final reported
data. We utilized the internal standard method in which nitrogen is mixed downstream
before the vacuum pump, as shown in Figure 4.1, in Chapter 4. Therefore, we take both
the measured input and output fractions directly so that the flux ratio is equal to the
ratio of the obtained fractions of the standard, during the blank (plasma off) and plasma

on measurement [6]. The gas expansion coefficient, or flux ratio («), was calculated using

[6]:

. out in in
_ Mot _ Cstandard _ Astandard (B 1)
7 ,';Lin - cout - Aout :
tot standard standard

where the molar flow rate (n) is assumed constant, with Agandarg the signal (e.g., peak
area in the GC chromatogram) corresponding to the internal standard. The signal and

the concentration (c¢) of the standard are assumed to be linear, and the gas streams are

in

both stable and sufficiently mixed before entering the analytical equipment. A% . . is

measured using a blank (or 'plasma off’ measurements on the reactants and the internal

standard). A 4 1s measured during the experimental run, thus giving the relative

out
standar

change in gas expansion or contraction.

The absolute conversion (x4ps) is calculated using:

in out
Yi —ay;

— (B.2)
Y,

Xabs,i =

where ¢! is the concentration of the inlet reactant (given by a blank measurement), Y2t is
the concentration of the unreacted species at the outlet, as measured by GC. This metric

only considers a single reactant.
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However, when considering the whole input mixture, it is necessary to calculate the effec-

tive conversion (x.s f), which is the weighted s with the fraction of the gas at the inlet

(")

Xeff = Xabs * y;n (B3)

The value for x.rs is used to calculate the total conversion X;otai:

Xtotal = Z Xeff; (B4)

)

which takes the sum of the x.¢s of each reactant (in our case, CO2 and CHy). The value

for Xtotar 18 used to calculate energy cost (ECi):

SEI
Xtot

E Ctot =

(B.5)

where SE1 is the specific energy input to all reactants (i.e., COy and CHy) (in kJ/mol,
kJ/L, or eV/molecule). Furthermore, the selectivity for a certain reaction product (j) is

defined as the ratio of the atoms (a) that are from the conversion of the reactants (7):

L. . pout

> i Mia (02" —o C?Ut)

Sja = (B.6)
where pj, is the number of atoms (a) per molecule of j, and p;, is the number of
atoms for reactant (). The measured output concentrations are multiplied with the gas
expansion factor, such that the input and output become inflows and outflows instead
of concentrations. For the metrics reported, a standard error propagation analysis was
derived using the standard deviation in each of the variables (e.g., concentration, as
discussed in Section B.1.5, flow rates and power measurements) to determine the overall

uncertainty in each value.
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B.2 Modeling

B.2.1 Water-Gas Shift Equilibrium and H;O Formation

As shown in the main text in Section 3.1, the dominant reactions governing COs conver-

sion in our model are:

CO,+ M=CO+0+M (B.R.1)
COy + 0 = CO + O, (B.R.2)
CO, +H = CO + OH (B.R.3)

where B.R.1 shows the thermal dissociation reaction (which occurs upon collision with
a third body, denoted as M), B.R.2 represents oxidation by O atoms, also leading to
dissociation, and B.R.3 is H-mediated conversion. As discussed in the main text, we can
assume the chemistry is thermal. The rate coefficients are defined by the GRI-Mech 3.0
reaction mechanism [7], where the reverse rates are calculated according to the principle

of detailed balance.

Besides the reduction in back reactions, as explained in Section 4.3.1 in Chapter 4, the
addition of CHy also leads to a substantial further conversion of COs via B.R.3. The
reaction of COq with H atoms is related to the reverse water-gas shift reaction, where Hy
reacts with COs to produce CO and HyO. As CHy is oxidized by the available oxygen,
the dissociated hydrogen reacts with COs, forming CO and H5O, following the water-gas

shift equilibrium:

_ [COq] - [Hy]
Keg(T) = 1CO] - [1,0] (B.ES)

where K4(T') is the temperature-dependent equilibrium constant of the water-gas shift

reaction.

Figure B.4 illustrates the formation of HyO through the reverse water-gas shift reaction.
The solid dark blue line represents the HoO molar fraction obtained from the kinetic

simulation, while the dashed light blue line indicates the HoO molar fraction calculated
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from the CO9, CO, and Hy concentrations in the model, adhering to the equilibrium

defined by Kq(T).
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Ficure B.4: H50 molar fraction as function of time, calculated by the kinetic simulation

(solid dark blue line) and predicted by the water-gas shift equilibrium (dashed light blue

line), for a pressure of 500 mbar, a power of 1000 W and CO5:CHy4 ratio of 10:14 slm.
The temperature is plotted in red on the right y-axis.

From Figure B.4, it is evident that the HoO concentration initially follows the water-gas
shift equilibrium, reaching a maximum H5O fraction of 20%, corresponding to a gas tem-
perature of approximately 2800 K, which is plotted on the right y-axis. As the simulation
proceeds, the HoO molar fraction diverges from that predicted by the equilibrium, as
the temperature is no longer high enough for the reaction kinetics to keep up with the
water-gas shift equilibrium. Since K,(T') decreases with increasing temperature due to
the negative Gibbs free energy of the reaction (AG? = —28.6kJ/mol), the HoO fraction
predicted by the water-gas shift equilibrium drops below 1% when the temperature falls
below 700 K. In contrast, the HoO molar fraction predicted by the kinetic simulation
stabilizes at a molar fraction of 6%, as the kinetics are too slow to degrade the H5O.
This results in a significant amount of HoO being formed, leading to a relatively low Hs

selectivity of 47%, as shown in Figure 4.6 in Chapter 4.

B.2.2 Model Projections for Higher SEI Conditions

Since the addition of CHy4 to the hot CO9 mixture leads to further CO9 conversion via the
reverse water-gas shift reaction involving the H atoms generated from CHy oxidation, the
benefit of increased COs conversion is offset by the loss of Ho, leading to low syngas ratios

and lower value products formed (H20). Additionally, the CH4 conversion is relatively
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low, as there is insufficient energy in the COy plasma effluent to achieve efficient CHy

reforming downstream.

The fact that at these lower SEI there is low CHy4 conversion and low Hy selectivity when
CHy is injected post-plasma was also predicted by the modeling calculations in Albrechts
et al. [8], and is confirmed experimentally in this study. These modeling calculations show
that increasing the SEI would increase the CH,4 conversion and Hy selectivity, therefore

increasing the syngas ratio.

Therefore, we predict that if the plasma input power could be increased while avoiding
plasma instability by injecting CH4 post-plasma, significantly higher syngas ratios can be
obtained. This is supported by the model calculations performed in this work, where for
a pressure of 900 mbar, SET of 267 k.J/mol and CO2:CHy4 ratio of 7:14 slm, absolute COq
and CH, conversions are obtained of 99.4% and 87.8%, respectively, with a syngas ratio
of 1.38, where we assumed a more ideal reactor setup with instant CHy injection after the
plasma and reduction in wall losses by a factor of 10. Applying an SEI = 240 kJ/mol
and CO4:CHy ratio of 1:4 yields absolute COy and CHy conversions of 99.7% and 74.6%,
with an ideal syngas ratio of 2.06. However, it should be noted that in this scenario, 1200
kJ of heat must be applied per mole of COa, likely necessitating a specific and challenging

plasma reactor setup.

B.3 Additional Results and Discussion

B.3.1 Additional Results

Comparing the 1000 W data of Figure B.J with the 1250 W results (Figure 4.7, Chapter
4) reveals several important trends. At the lower power input, all configurations maintain
high selectivity toward CO formation, though generally 3 — 5% lower than at 1250 W. This
reduction is most pronounced for the 7:14 slm CO2:CHy ratio (Figure B.4D), particularly

at higher pressures.

The selectivity toward Hso is consistently lower at 1000 W compared to 1250 W across all
conditions, indicating less efficient CHy4 conversion at the lower power input. This aligns

with the reduced CHy conversion observed at 1000 W (discussed in Figure 4.4 and 4.5
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FIGURE B.5: Selectivity data as a function of pressure at p = 1000 W for the primary
CO4 flow rate of 10 slm (A and B) and 7 slm (C and D), with different post-plasma
injection flow rates of CHy.

in Chapter 4), suggesting that the reduced thermal energy in the afterglow affects both

conversion and product distribution.

The formation of Cy hydrocarbons (CoHa, CoHy, and CoHg) appears slightly enhanced at
1000 W, particularly evident in the 10:14 slm and 7:7 slm CO2:CHy ratio configurations
(Figures B.4B and B.4C'). This increased selectivity toward CoHy species at lower power
suggests that the milder temperature conditions in the afterglow region may favor reaction
pathways that produce higher hydrocarbons rather than complete reforming to syngas

components.

Similar to the 1250 W data, the "unknown” fractions in C, H, and O balances remain;
however, the unknown fraction of C atoms remains low in all conditions presented. There-
fore, we conclude that the significant unknown component observed in Figure B.4 is likely
H>0, as discussed in Section B.2.2. The unknown fractions of C likely correspond to car-
bon (at p > 700 mbar) and the liquid oxygenates (formaldehyde, acetic acid, and formic
acid) identified and discussed in Figure 4.8 of Chapter 4 (at lower pressure), although

here the values for unknown C are much lower than those presented in Chapter 4.
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For clarity of the reported values, the conversion (Tables B.2 — B.5), energy cost (Tables
B.6 — B.9), selectivity and yield (Tables B.10 — B.33), data are reported below, with the

error derived from the error propagation analysis given.

TABLE B.2: Conversion data (%) for the 10:5 slm, CO2:CH, set.

CO2:CHy Power Pressure Expansion . . Total
oIm (W) (mbar) (@) COy Conversion (%) CH,4 Conversion (%) Conversion
Absolute Effective Absolute Effective
10:5 1000 200 1.04 28.0+ 14 188 +0.7 23.5+37 77+09 265=+1.1
10:5 1000 500 1.04 283+ 14 189+0.7 23.7+37 77+£09 268=+1.1
10:5 1000 700 1.04 282+ 14 189+0.7 23.9+37 78+09 268=+1.1
10:5 1000 900 1.03 28.1+14 188+ 0.7 23.9+37 78+09 268=+1.1
10:5 1250 200 1.05 352+ 13 23.6+0.7 32.7+36 10.7+£09 344+1.1
10:5 1250 500 No data
10:5 1250 700 1.05 35.4+13 23.7+0.7 329+36 108+09 346=+1.1
10:5 1250 900 1.05 35,6 +1.3 23.9+0.7 334+36 109+09 349+1.1
TABLE B.3: Conversion data (%) for the 10:14 slm, CO2:CHy set.
CO49:CHy Power Pressure Expansion . . Total
oIm (W)  (mbar) (@) COg Conversion (%) CH4 Conversion (%) Conversion
Absolute Effective Absolute  Effective
10:14 1000 200 1.02 276 £19 11.7+07 874+24 50+£1.1 16.7+1.3
10:14 1000 500 1.04 27.5+19 11.6 +£0.7 81+25 47+1.1 163=*1.3
10:14 1000 700 1.04 28019 11.8+07 83+24 48+1.1 16.7+1.3
10:14 1000 900 1.03 283+19 11.9+0.7 88+24 51x1.1 17.0£1.3
10:14 1250 200 0.98 391 +£16 165+06 168 +22 9.7+1.0 26.2+1.2
10:14 1250 500 0.98 395+ 1.6 16.7+0.6 165+22 95+1.0 26.2=*1.2
10:14 1250 700 1.04 355+16 15006 120+22 69 +1.0 21.9+1.2
10:14 1250 900 1.02 39.6 £1.8 156 +0.7 139+24 80+1.1 23.6=*1.3
TABLE B.4: Conversion data (%) for the 7:7 slm, CO5:CHy4 set.
CO2:CHs Power Pressure Expansion . y Total
<Im (W) (mbar) (@) COy Conversion (%) CH,4 Conversion (%) Conversion
Absolute Effective Absolute Effective
77 1000 200 1.06 388 1.5 196 +£0.6 198 2.6 9.8+ 0.9 294 + 1.1
77 1000 500 1.06 39.54+15 200406 198+£26 98+09 29.8+1.1
77 1000 700 1.06 39.54+15 200406 200%£26 99409 299411
77 1000 900 1.06 39.3+15 199406 198+26 98+09 29.6+1.1
77 1250 200 No data
77 1250 500 1.02 54.6 £ 1.3 276 +0.6 36.7+23 18109 458+ 1.0
77 1250 700 1.04 521 £ 1.3 264 +£06 29.9+23 148 +09 411410

77 1250 900 1.08 496 £14 251 +£06 266=+24 132+09 382+£1.1
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TaBLE B.5: Conversion data (%) for the 7:14 slm, CO4:CHy set.

CO9:CHy Power Pressure Expansion . . Total
2 P CO4 Conversion (%) CH, Conversion (%) .
slm (W) (mbar) () Conversion

Absolute  Effective ~ Absolute  Effective
7:14 1000 200 No data
7:14 1000 500 1.03 411 +13 139+£05 103+16 68+08 20.7+09
7:14 1000 700 1.05 403+13 136+05 96+16 63+08 20.0+09
7:14 1000 900 1.03 403+13 13.7+£05 103+16 68+08 20.5+09
7:14 1250 200 1.07 51.2+1.2 173+0.5 142+15 944+0.8 26.7+0.9
7:14 1250 500 1.08 523+ 12 17.7+05 144 +15 95+£08 272+0.9
7:14 1250 700 1.07 526 £ 1.2 178 £0.5 146+ 15 9.7+08 275+£0.9
7:14 1250 900 1.07 524+ 11 17.7+05 144 +15 95+08 27.3+09
TABLE B.6: Specific Energy Input (SEI) and Energy Cost (EC) data for the 10:5 slm,
COQICH4 set.

CO9:CHy Power Pressure SEI Energy Cost SEI Energy Cost SEI Energy Cost Hy/CO
slm (W) (mbar)  [kJ/mol] [kJ/mol] [kJ/L] [kJ/L] [eV/molecule]  [eV/molecule] — Ratio
10:5 1000 200 98 £ 5 371 £ 19 4.09 £ 0.20 1540 = 0.77  1.02 £ 0.05 3.84 £ 0.19 0.17
10:5 1000 500 98 £ 5 367 £+ 18 4.09 £ 0.20 15.27 £ 0.76 1.02 £ 0.05 3.81 £ 0.19 0.16
10:5 1000 700 98 £ 5 367 £ 18 4.09 £ 0.20 15.28 = 0.76 1.02 £ 0.05 3.81 £ 0.19 0.16
10:5 1000 900 98 £ 5 368 £+ 18 4.09 +£ 0.20 14.86 £ 0.76 1.02 £+ 0.05 3.81 £ 0.19 0.17
10:5 1250 200 123 £ 6 357 £ 18 5.11 £ 0.26 14.57 £ 0.74 1.27 £ 0.06 3.70 £ 0.19 0.21
10:5 1250 500 No data
10:5 1250 700 123+ 6 356 + 18 5.11 £ 0.26 14.78 £ 0.74 1.27 + 0.06 3.68 + 0.19 0.20
10:5 1250 900 123 £ 6 352 £ 18 5.11 £ 0.26  14.64+ 0.73 1.27 £+ 0.06 3.65 £ 0.19 0.20

TABLE B.7: Specific Energy Input (SEI) and Energy Cost (EC) data for the 10:14 slm,
CO5:CHy set.

CO9:CHy Power Pressure SEI Energy Cost SEI Energy Cost SEI Energy Cost Hy/CO
slm (W) (mbar)  [kJ/mol] [kJ/mol] [kJ/L] [kJ/L] [eV/molecule] [eV/molecule]  Ratio
10:14 1000 200 62 +3 371 £ 19 2.57 £0.13 1541 +0.77  0.64 £ 0.03 3.84 £ 0.19 0.21
10:14 1000 500 62 + 3 380 + 19 2.57 £ 0.13 15.77 £ 0.79 0.64 £ 0.03 3.93 £ 0.20 0.22
10:14 1000 700 62+ 3 371 £ 19 257 £0.13 1543 £0.77  0.64 £ 0.03 3.85 £ 0.19 0.22
10:14 1000 900 62 +3 364 £+ 18 2.57 £0.13 15.12 +0.76  0.64 £ 0.03 3.77 £ 0.19 0.22
10:14 1250 200 =x" 295 £ 15 3.21 £0.16 12.25 + 0.61 0.80 £ 0.04 3.05 £ 0.15 0.27
10:14 1250 500 == 295 £ 15 3.21 £0.16 12.26 = 0.61  0.80 £ 0.04 3.06 £ 0.15 0.26
10:14 1250 700 7T+ 4 353 £+ 18 3.21 £0.16 14.67 £0.73  0.80 &+ 0.04 3.66 + 0.18 0.26
10:14 1250 900 =x" 327 £ 16 3.21 £0.16 13.60 £ 0.68  0.80 £ 0.04 3.39 £ 0.17 0.26

TABLE B.8: Specific Energy Input (SEI) and Energy Cost (EC) data for the 7:7 slm,
CO5:CHy set.

CO9:CHy Power Pressure SEI Energy Cost SEI Energy Cost SEI Energy Cost Hy/CO
slm (W) (mbar)  [kJ/mol] [kJ/mol] [kJ/L] [kJ/L] [eV/molecule] [eV/molecule]  Ratio
77 1000 200 106 £+ 5 360 £ 19 4.40 £ 0.22 14.96 = 0.75 1.10 £+ 0.05 3.73 £0.19 0.24
77 1000 500 106 £ 5 355 £+ 18 4.40 £ 0.22 14.76 £ 0.74 1.10 + 0.05 3.68 £+ 0.18 0.23
77 1000 700 106 £ 5 354 £ 18 4.40 £0.22 14.72 £ 0.74 1.10 £ 0.05 3.67 £ 0.18 0.23
77 1000 900 106 £+ 5 357 £ 18 4.40 £0.22 14.84 = 0.74 1.10 £+ 0.05 3.70 £ 0.18 0.23
77 1250 200 No data
77 1250 500 132 £ 7 289 £ 18 5.50 £ 0.27 12.01 = 0.60 1.37 £ 0.07 3.00 £ 0.15 0.30
77 1250 700 132 £ 7 322 £ 18 5.50 £ 0.27 13.37 £ 0.67  1.37 £ 0.07 3.33 £ 0.17 0.29
77 1250 900 132 £ 7 346 + 18 5.50 £ 0.27 14.38 + 0.72 1.37 £ 0.07 3.59 £+ 0.18 0.29
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TABLE B.9: Specific Energy Input (SEI) and Energy Cost data for the 7:14 slm, CO5:CHy

set.

CO2:CHys Power Pressure SEI Energy Cost SEI Energy Cost SEI Energy Cost Hy/CO
slm (W) (mbar)  [kJ/mol] [kJ/mol] [kJ/L] [kJ/L] [eV/molecule]  [eV/molecule] — Ratio
7:14 1000 200 No data
7:14 1000 500 714+4 342 +£ 17 2.94 £ 0.15 14.23 £ 0.71 0.73 £ 0.04 3.55 £ 0.18 0.29
7:14 1000 700 71+4 3565 £ 18 257 £0.15 1474 +0.74 0.73 £0.04 3.68 £ 0.18 0.29
7:14 1000 900 71+4 346 £ 17 2.57 £0.15 1437+ 0.72  0.73 £ 0.04 3.58 £ 0.18 0.29
7:14 1250 200 89 £4 332 £ 17 3.68 £0.18 13.78 £0.69 0.92 £ 0.05 3.44 £ 0.17 0.37
7:14 1250 500 89 +4 325 £ 16 3.68 £0.18 13.51 = 0.68  0.92 £ 0.05 3.37 £ 0.17 0.38
7:14 1250 700 89 +4 322 £ 16 3.68 £ 0.18 13.38 +£0.67  0.92 £ 0.05 3.34 £ 0.17 0.38
T4 1250 900 894 325+ 16 3.68+0.18 1349+0.67 092+005  336+017 037

TABLE B.10: Carbon selectivity (%) for the 10:5 slm, CO9:CHy set.

Power - Pressure CcO CoH CoH CoH Unknown
(W) (mbar) 2114 2116 2112

1000 200 87.0+24 18402 1.14+0.1 1.6 =+0.2 8.5
1000 500 89.0+25 12402 054+01 0.7+0.2 8.5
1000 700 89.2 +£25 11402 044+0.1 0.6 =+0.2 8.7
1000 900 88.0+24 104+02 03401 05=+0.2 10.1
1250 200 90.7 2.0 1.74+0.1 08401 12+0.2 5.5
1250 500 No data

1250 700 919 +£20 1.0#4£0.1 03+0.1 05=+x0.2 6.3
1250 900 93.1+20 10401 03401 04+0.2 5.3

TABLE B.11: Carbon selectivity (%) fractions for the 10:14 slm, CO5:CHy set.

Power Pressure C,H C,H C,H,  Unknown
(W) (mbar) 2114 2116 2112

1000 200 89.9+45 24403 19402 2.7+0.3 3.1
1000 500 9.0+51 20£+£03 1.14+£02 1.64+0.3 -3.7
1000 700 98.8+ 50 1.74+03 094+01 1.2+0.3 -2.5
1000 900 978+ 48 154+03 074+01 09=+0.3 -0.9
1250 200 73.5+23 184+02 13401 1.8+0.2 21.7
1250 500 76.6 24 134+02 074+01 1.0+0.2 20.3
1250 700 974 +35 154+02 074+0.1 1.0+0.2 -0.6
1250 900 88.7+32 12402 054+01 0.7+0.2 8.8

TABLE B.12: Carbon selectivity (%) for the 7:7 slm, CO2:CHy4 set.

Power  Pressure CcO CoH CoH CoH Unknown
(W) (mbar) 2114 2116 2112

1000 200 91.24+22 24402 154+0.1 20=x0.2 2.9
1000 500 934 +23 164+02 074+0.1 1.0+0.2 3.4
1000 700 943+23 13+02 054+01 07+0.2 3.1
1000 900 9556 +23 12402 044+0.1 0.6 =+0.2 2.3
1250 200 No data

1250 500 725+12 1.2+£01 044+£01 06=+x0.1 254
1250 700 85.6+15 1.14+0.1 034+0.1 0.54+0.1 12.5
1250 900 94.7+1.8 11401 034+01 04+0.2 3.6
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TABLE B.13: Carbon selectivity (%) for the 7:14 slm, CO5:CHy set.
Power Pressure
(W) (mbar) CcO CoH,y CoHg CyH, Unknown
1000 200 No data
1000 500 91.5+35 20+£02 11+£01 1.5+0.3 4.0
1000 700 96.6 3.8 1.8+02 09+01 12+0.3 -0.4
1000 900 926 +£35 15+02 0.74+01 09+0.3 4.3
1250 200 9294+ 28 26+02 15+01 2.1+0.2 0.9
1250 500 95.7+28 19+02 09+01 12+£0.2 0.4
1250 700 954 4+28 16+02 07+£01 09=+0.2 1.4
1250 900 964 +28 14+02 054+01 07+£0.2 1.0
TABLE B.14: Carbon yield (%) for the 10:5 slm, CO5:CHy set.
Power Pressure
(W) (mbar) CO CoHy CoHg CoHs Unknown
1000 200 23.1+0.2 05 =+5e2 03+3e2 04+ 6e-2 2.2
1000 500 2394+ 0.2 0.3 £5e2 0.1+%3e2 0.2+£6e2 2.2
1000 700 239+ 0.2 03+5e-2 0.1+3e2 0.2+ 6e-2 2.3
1000 900 23.6 £0.2 0.3+ 5e2 0.1+3e2 0.1+ 6e-2 2.7
1250 200 31.2 £ 0.3 0.6 £5e2 0.3=x3e-2 04+ 6e-2 1.9
1250 500 No data
1250 700 31.8 £ 0.3 0.4 £ 5e2 0.1+ 3e-2 0.2 £ 6e-2 2.2
1250 900 325+ 0.3 03+5e2 0.1+£3e2 0.1%6e-2 1.8
TABLE B.15: Carbon yield (%) for the 10:14 slm, CO2:CHy set.
Power Pressure
(W) (mbar) CO CoHy CoHg CoHsy Unknown
1000 200 153 0.2 04 +4e-2 0.3 £ 22 0.5+ be-2 0.2
1000 500 16.5 0.2 0.3 +4e2 0.2+ 2e2 0.3+ 5e-2 -1.0
1000 700 16.8 £ 0.2 0.3 &+ 4e-2 0.1 & 2e-2 0.2 £ 5e-2 -0.8
1000 900 170 £ 0.2 0.3 £4e-2 0.1 &2e-2 0.2 £ 5e-2 -0.5
1250 200 19.6 =2 0.2 0.5 +*4e-2 0.3 £ 22 0.5+ be-2 5.4
1250 500 204+ 0.2 0.4 4 4e-2 0.2+ 2e2 0.3+ 5e-2 5.0
1250 700 21.7 £ 0.2 0.3+ 4e2 0.2+ 2e-2 0.2+ 5e-2 -0.6
1250 900 21.3+0.2 0.3+ 4e2 0.1 +£2e2 0.2+ 5e-2 1.7
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TABLE B.16: Carbon yield (%) for the 7:7 slm, CO5:CHy4 set.

Power Pressure o T 1 ol Unknown
(W) (mbar) 2114 2116 2112 oW
1000 200 271 4+£0.2 0.7+ 5e-2 044+ 3e-2 0.6 & 6e-2 0.5
1000 500 2811 £0.2 0.5+ 5e2 0.2+ 3e-2 0.3+ 6e-2 0.7
1000 700 285 £ 0.2 04 £ 5e2 0.2+ 3e-2 0.2+ 6e-2 0.6
1000 900 2806 £ 0.2 0.4 £ 5e-2 0.1 & 3e-2 0.2 £ 6e-2 0.4
1250 200 No data
1250 500 334 +£03 0.5+5e2 0.2+3e-2 0.3+£6e-2 11.4
1250 700 355 £ 0.3 04 =+ 5e2 0.1=+3e-2 0.2+ 6e-2 4.8
1250 900 365 03 04 4+5e2 0.1+3e-2 0.2+ 6e-2 1.0

TABLE B.17: Carbon yield (%) for the 7:14 slm, CO5:CHy4 set.

Power  Pressure CO CyH CyH CoH Unknown
(W) (mbar) 2114 2116 2112
1000 200 No data
1000 500 194 4+0.2 04 +4e-2 0.2+ 22 0.3+ 5e-2 0.3
1000 700 19.8 +20.2 04 +4e-2 0.2 £ 2e-2 0.2 £ be-2 -0.6
1000 900 195+ 0.2 03 x£4e2 0.1 22 0.2+ 5e-2 0.4
1250 200 254 +£0.2 0.7+ 4e2 04 =+ 2e-2 0.6 £ 5e-2 -0.4
1250 500 26,7 £ 03 0.5+4e2 0.2+ 2e-2 0.3 +£ be-2 -0.6
1250 700 269 £ 0.3 0.5 +4e2 0.2+ 2e-2 0.3 +£ 5e-2 -0.3
1250 900 26.9 £0.3 04 £ 4e-2 0.1 £ 2e-2 0.2 & 5e-2 -0.4

TABLE B.18: Oxygen selectivity (%) for the 10:5 slm, CO5:CHy set.

Power Pressure

(W) (mbar) CO (O2) Unknown
1000 200 60.1 +32 6.8+1.4 33.0
1000 500 61.5 £3.2 4.1 +0.9 34.3
1000 700 61.9 £33 34+£0.7 34.7
1000 900 61.1 £32 28 +0.6 36.0
1250 200 64.6 = 2.4 3.8+ 0.6 31.7
1250 500 No data
1250 700 65.4 +24 1.7+0.3 32.9
1250 900 66.5 24 14+0.2 32.2
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TABLE B.19: Oxygen selectivity (%) fractions for the 10:14 slm, CO5:CHy set.

Power Pressure

(W) (mbar) CcO (O Unknown
1000 200 62.8 £ 5.6 11.4 + 3.3 25.8
1000 500 679 +£59 82424 24.0
1000 700 68.0 + 5.7 6.7+ 1.9 25.3
1000 900 68.2 456 55+16 26.4
1250 200 56.7 £3.0 59 £1.2 37.4
1250 500 58.6 3.0 3.9 +0.8 37.5
1250 700 69.6 + 3.9 3.74+0.8 26.7
1250 900 65.6 + 3.6 2.8 + 0.6 31.6

TABLE B.20: Oxygen selectivity (%) for the 7:7 slm, CO5:CHy set.

Power Pressure

(W) (mbar) CcO (O2) Unknown
1000 200 66.9 + 3.0 4.6 +0.9 28.6
1000 500 68.1+£29 18+0.3 30.1
1000 700 69.0£29 1.14+0.2 30.0
1000 900 69.7 + 3.0 0.8+ 0.2 29.5
1250 200 No data
1250 500 585+ 1.6 0.94+0.1 40.6
1250 700 65.2 + 1.8 0.3 & 5e-2 34.4
1250 900 70.6 £ 2.1 0.2 4+ 2e-2 29.3

TABLE B.21: Oxygen selectivity (%) for the 7:14 slm, CO5:CHy set.

Power Pressure

(W) (mbar) CO (O2) Unknown
1000 200 No data
1000 500 66.4 + 4.1 4.8 +1.2 28.9
1000 700 69.0 £ 4.3 3.6 0.9 27.5
1000 900 67.7+43 2.7+0.7 29.6
1250 200 69.7 £ 3.0 3.6 0.7 26.7
1250 500 71.6 £ 3.0 1.6 0.3 26.8
1250 700 71.74+ 3.0 1.0%0.2 27.4
1250 900 721 £3.0 0.7+x0.1 27.2
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TABLE B.22: Oxygen yield (%) for the 10:5 slm, CO4:CHy set.

Power Pressure

(W) (mbar)

1000 200 16.8 0.1 1.9 +£0.1 18.9
1000 500 174 +£0.1 1.2+0.1 19.4
1000 700 174 £ 0.1 1.0 £ 5e-2 194
1000 900 172 £ 0.1 0.8 £ 4e-2 19.8
1250 200 22.74+01 13=+0.1 23.3
1250 500 No data

1250 700 23.2 4+ 0.1 0.6 & 3e-2 23.8
1250 900 23.7 0.1 0.5 & 3e-2 23.7

CO O Unknown

TABLE B.23: Oxygen yield (%) for the 10:14 slm, CO2:CHy set.

Power Pressure

(W) (mbar) CcO (O2) Unknown
1000 200 174 £ 0.2 3.2+0.2 2.8
1000 500 187+ 0.2 23=+0.1 2.3
1000 700 191+ 02 19+0.1 2.7
1000 900 193+ 0.2 1.5+£0.1 3.1
1250 200 222402 23+0.1 8.6
1250 500 23.1 +£02 1.6 +0.1 8.7
1250 700 247+ 02 1.3+0.1 4.0

1250 900 242 £0.2 1.0 £ 5e-2 5.9

TABLE B.24: Oxygen yield (%) for the 7:7 slm, CO5:CHy set.

Power Pressure
(W) (mbar)

1000 200 259 +02 18 +0.1 11.5
1000 500 26.9 = 0.2 0.7 & 4e-2 12.4
1000 700 27.3 0.2 0.4 % 2e-2 12.3
1000 900 274 4+ 0.2 0.3 & 2e-2 12.0
1250 200 No data

1250 500 32.0+ 0.2 0.5 4+ 3e-2 22.8
1250 700 34.0 £ 0.2 0.2 & 1le-2 18.6
1250 900 35.0£0.2 0.1 &+ 4e-3 15.1

CO O Unknown
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TABLE B.25: Oxygen yield (%) for the 7:14 slm, CO4:CHy set.

Power Pressure

(W) (mbar) CcO (O Unknown
1000 200 No data
1000 500 27.3+03 204£0.1 -14
1000 700 278 £0.3 14 +£0.1 -1.9
1000 900 273 £0.3 1.1 £ be-2 -1.1
1250 200 35,74+ 03 1.8 4+0.1 -2.9
1250 500 375+ 0.3 0.8 & 4e-2 -2.9
1250 700 377+ 0.3 0.5+ 3e-2 -2.6
1250 900 37.8 £ 0.3 0.3 & 2e-2 -2.7

TABLE B.26: Hydrogen selectivity (%) for the 10:5 slm, CO5:CHy set.

P((i;vvsr PEII‘IGIT)S;SQ HQ C2H4 CQHG CQHQ Unknown
1000 200 274+23 33+04 304+£03 14+0.2 64.9
1000 500 2568 +22 22+£03 144+03 0.7£02 69.8
1000 700 262+22 20403 1.14+£03 05=£0.2 70.2
1000 900 2624+22 18+£03 09+03 04=£02 70.7
1250 200 317+ 17 29+03 21+02 1.0=£0.1 62.3
1250 500 No data
1250 700 309+17 1.7£02 08%+0.2 04=£0.1 66.1
1250 900 315 +1.7 16+£02 07+£02 03=£01 65.9

TABLE B.27: Hydrogen selectivity (%) fractions for the 10:14 slm, CO5:CHy set.

P(O%;I‘ 1:2;61?)8;36 H2 CQH4 CQH6 CQHQ Unknown
1000 200 336 42 42+£06 50+06 23=+04 54.9
1000 500 398 +51 36+£06 32+05 1.5=£0.3 51.9
1000 700 400+49 30£05 23+£04 11403 53.6
1000 900 385+45 26+£05 18+04 0.8=£0.3 56.3
1250 200 281 +£19 26+02 27+£02 13=£0.1 65.3
1250 500 289+19 19+£02 16+£02 0.7=£01 66.8
1250 700 419+34 25+£04 18+£03 08+0.2 53.0
1250 900 354+£27 194+£03 124+£02 06=x0.2 60.8
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TABLE B.28: Hydrogen selectivity (%) for the 7:7 slm, CO5:CHy set.

P((i;\i\//'(;r le;rel;s;ge H2 CQH4 CQH@ CQH2 Unknown
1000 200 348 +21 37£03 35+£03 1.6=x02 64.9
1000 500 341+21 25+£03 1.7+02 08=£02 69.8
1000 700 343+21 21403 12402 0.6 =+0.2 70.2
1000 900 3561+21 19+£03 1.0£02 05=£02 70.7
1250 200 No data
1250 500 287 +10 15+£01 08+0.1 04+£01 66.2
1250 700 359+14 16+02 0701 03=£0.1 66.1
1250 900 415+ 17 16+£02 07+£02 03+0.1 65.9

TABLE B.29: Hydrogen selectivity (%) for the 7:14 slm, CO5:CHy set.

Power

Pressure

(W) (mbar) HQ C2H4 CQHG CQHQ Unknown
1000 200 No data

1000 500 4224+ 37 32+£04 26+03 1.24+0.2 50.9
1000 700 46.5+43 3.0+04 214+03 1.0+0.2 47.4
1000 900 419+ 37 24+£04 15+£03 07+0.2 53.5
1250 200 5224+ 32 40+£03 34+03 1.6=*0.2 39.0
1250 500 542 +33 29+£03 194+02 09=£02 40.1
1250 700 53.5 £32 25+£03 15+£02 0.7=£0.1 41.9
1250 900 541 +33 21+£03 12+£02 05=£01 42.1

TaBLE B.30: Hydrogen yield (%) for the 10:5 slm, CO5:CHy set.

P(O%;I‘ 1:2;61?)8;36 H2 CQH4 CQH6 CQHQ Unknown
1000 200 64+05 08+£01 07+£01 03+0.1 22.6
1000 500 6.1+£05 05+£01 03=£01 02=x0.1 24.0
1000 700 63+05 05£01 03+£01 01=x0.1 24.3
1000 900 63+£05 04+£01 02=£01 01+0.1 244
1250 200 104+£05 09+01 07£01 03=x0.1 30.6
1250 500 No data
1250 700 102+05 06=*x0.1 03+£01 01=x0.1 32.1
1250 900 105 +05 05£0.1 02+£01 01x0.1 32.5
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TABLE B.31: Hydrogen yield (%) for the 10:14 slm, CO5:CHy set.
Power Pressure
(W) (mbar) H2 C2H4 CQHG CQHQ Unknown
1000 200 29+02 04 +4e2 044+ 3e-2 0.2 £ 2e-2 16.1
1000 500 32+02 03+4e2 0.3=+x3e2 0.1 % 2e-2 14.8
1000 700 33+£02 03+4e2 0.2+ 3e-2 0.1+ 2e-2 15.4
1000 900 34+£02 02+4e2 0.2=+3e-2 0.1 % 2e-2 16.4
1250 200 47 +£0.2 04432 05 =+3e-2 0.2F 22 32.9
1250 500 48 £0.2 03 +x3e-2 0.3+£3e-2 0.1 % 2e-2 32.6
1250 700 50+ 0.2 0.3 +4e2 0.2+ 3e-2 0.1+ 2e-2 22.1
1250 900 49 4+0.2 03+x4e-2 0.2+3e-2 0.1 % 2e-2 26.7
TABLE B.32: Hydrogen yield (%) for the 7:7 slm, CO5:CHy set.
Power Pressure
(W) (mbar) H2 CQH4 CQHG C2H2 Unknown
1000 200 6.9+ 03 0.7+5e2 07+4e2 0.3+ 3e2 30.5
1000 500 6.8+ 0.3 0.5+5e2 03=x4e2 0.2+ 3e-2 31.5
1000 700 6.9 +03 04=+5e2 02=x4e2 0.1+ 3e-2 31.9
1000 900 6.9+03 04+5e2 02=+4e-2 0.1+ 3e-2 31.5
1250 200 No data
1250 500 10.5 £ 0.3 0.6 £ 5e-2 0.3 £4e-2 0.1 & 3e-2 61.0
1250 700 10.7 £ 0.3 0.5 x5e-2 0.2 £4e-2 0.1 & 3e-2 47.5
1250 900 11.0 £ 0.3 04 £ 5e-2 0.2 £4e-2 0.1 £ 3e-2 40.9
TaBLE B.33: Hydrogen yield (%) for the 7:14 slm, CO5:CHy set.
Power Pressure
(W) (mbar) H2 CQH4 CQHﬁ CQHQ Unknown
1000 200 No data
1000 500 43 +0.2 03+x3e-2 03+£3e2 0.1 % 2e-2 22.1
1000 700 44 +0.2 03=+3e2 0.2=+3e2 0.1 % 2e-2 20.2
1000 900 43 +02 02+3e-2 02+£3e-2 0.1 % 2e-2 22.5
1250 200 74+02 06 %32 0.5%3e2 0.2+ 22 28.8
1250 500 78+ 0.2 04+32 03=x3e2 0.1+ 22 29.5
1250 700 78 +£0.2 04+ 32 0.2=%3e2 0.1+ 22 30.2
1250 900 78+ 0.2 03=+32 0.2=%3e2 0.1+ 22 29.8
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B.3.2 Carbon Analysis

During TEM analyses, the particles analyzed were amorphous, as shown and discussed in

the main text, except for one group of particles, shown in Figure B.5 below.

FIGURE B.6: (A) Group of particles that exhibit a nano-onion-like structure. (B) Higher
magnification image of one of the nano-onion particles, presenting the indicative layered
structure, highlighted in the inset at double the magnification.

The imaging of the particles in Figure B.5 exhibited a nano-onion type structure, con-
taining some low-range ordering in the form of concentric layers of carbon, in contrast
with the completely amorphous particles observed as the main carbonaceous bi-product,
as outlined in Chapter 4 [9]. These particles were rare and are, therefore, not considered
a significant part of the produced materials. Still, it does illustrate that the formation of
carbon in this system is not trivial and that there may be inhomogeneities in how different

gas fractions are treated.
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