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ARTICLE INFO ABSTRACT

Keywords:

We investigated the effects of inlet gas preheating on plasma performance in a vortex-stabilized 915 MHz CO2
microwave plasma reactor. Spatially resolved spectroscopic measurements of the plasma were employed to
understand how preheating affects the temperature profile. Thermographic measurements of the reaction
Microwave Plasma chamber analyzed losses through the wall, offering deeper insights into the thermal changes within the system.
Preheating The overall conversion performance was evaluated using gas chromatography. We demonstrate that recycling
ccu less than 10 % of the input power to preheat COy (Tine: = 700 K) can increase the energy efficiency of COy
conversion by up to 1.7 times at conditions near atmospheric pressure (700 mbar), at moderate microwave
power (1132 W). The results 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
study provides new insights into the potential of integrating heat recycling in plasma reactors for future in-
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dustrial applications.

1. Introduction

The impacts of anthropogenic climate change are no longer abstract
predictions but rather a stark reality affecting communities worldwide.
Early reports confirmed by the Copernicus Climate Change Service (C3S)
of average global temperatures have shown that 2024 is the second year
to exceed 1.5 °C above pre-industrial levels [1]. The manifestation of
this warming is evident in the unprecedented frequency and intensity of
extreme weather events. Escalating climate disasters underscore the
immediate need for rapid decarbonization of our energy and industrial
sectors. Transitioning to net zero requires not only clean energy but also
sustainable carbon-neutral feedstocks to produce the fuels and chem-
icals that underpin modern society.

The advancement of efficient Carbon Capture and Utilization (CCU)
technologies provides a critical pathway towards creating a circular
carbon economy. By recycling CO; into valuable chemical products and
fuels, we can reduce or eliminate greenhouse gas emissions and create
sustainable alternatives to fossil-based products. However, the chemical
stability of CO, presents significant thermodynamic challenges,
requiring efficient activation processes that can operate at industrial
scales. Microwave (MW) plasma technology has emerged as a leading
candidate for CO; conversion in a CCU context, demonstrating prom-
ising conversion and energy efficiency in laboratory settings due to the
high reactivity of plasma [2-6]. Furthermore, the dissociation of feed-
stock CO- using electricity can be achieved using plasma, which matches
intermittent renewable energies through on/off switching. This allows
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for converting these erratic energy sources into precursors for liquid
fuels that can be easily stored and used in our existing infrastructure [7].
Moreover, plasma reactors can be integrated into local or regional sys-
tems, thereby further reducing CO; emissions from transport. While
results from the study of MW plasmas are encouraging, the energy ef-
ficiency depends critically on operating conditions and reactor design.
Achieving industrial viability requires maximizing overall system
efficiency.

Recent experimental evidence has revealed that thermal processes
play a dominant role in CO, dissociation in MW plasmas, with gas
temperatures in the plasma core ranging from 3000 K to over 6000 K
[2,4,8-11]. This carries significant implications for the design and
optimization of MW reactors. The high temperatures observed in the
core plasma region, exceeding 1500 K where CO; dissociation becomes
significant, highlight the importance of thermal dissociation pathways
and suggest that careful management of gas temperature and thermal
loss mechanisms, from inlet to effluent, are critical for improving overall
system performance. Here, it is essential to distinguish between the
plasma size and the reactive volume. For thermal processes like CO2
dissociation, the reactive volume is primarily determined by the tem-
perature distribution rather than electron density [6]. The temperature-
defined ‘reactive volume’ is fundamental to plasma chemistry and rep-
resents the region where chemically active species are present in suffi-
cient concentrations, driving reactions. For example, in the work of Wolf
et al., 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 measure-
ments from the same study reveal elevated temperatures within a
reactive area of ~5.0 mm in diameter [9].

In microwave plasmas specifically, the power absorption profile,
heat transfer mechanisms, and gas flow dynamics collectively determine
the spatial extent of the 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. Since it is well established
that reactor performance is largely governed by high-temperature
thermal chemistry [2,6,7,10,12-14], strategic heat recovery could
significantly enhance overall system efficiency. These insights also
suggest that preheating the inlet gas could enhance reaction kinetics
while reducing the overall energy requirement for achieving dissocia-
tion temperatures.

The concept of heat recovery in plasma systems has historical pre-
cedents. The Schonherr process for nitrogen fixation, developed in the
early 1900s, demonstrated preheating inlet gas using waste heat
[15,16]. Similarly, the Birkeland-Eyde process utilized heat exchangers
to improve the efficiency of their atmospheric nitrogen fixation system
[17]. The Hiils process for acetylene production from hydrocarbons
provides another historical example of successful heat management in
plasma processes [18,19]. These industrial-scale applications demon-
strate 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 re-
covery strategies. Recent studies have shown that gas-to-gas heat ex-
changers can significantly improve energy efficiencies in chemical
processing [20]. In MW plasma systems specifically, the high tempera-
tures achieved in plasma (>> 3000 K) represent a substantial source of
thermal energy that could be recovered. While MW plasma technology
for CO; conversion has been extensively studied, research specifically
investigating preheating effects remains limited and has primarily been
conducted in other plasma systems. To address the lack of systematic
research into the effects of preheating in plasma reactors, especially in
MW plasmas, this paper aims to study the effects on contraction dy-
namics, thermal profiles, power loss distributions, as well as conversion
and energy efficiency to understand the underlying effects of preheating
the input gas.
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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 re-
quirements by enhancing conversion [21]. 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 COz 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 [22]. 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 [23]. In plasma-
based reactions, preheating the inlet gas stream has the potential to
influence various aspects of plasma dynamics significantly, such as
altering the internal energy distribution, which can affect reaction vol-
ume, radiative losses, particle transport, and energy exchange rates.

To the authors’ knowledge, systematic studies investigating pre-
heating 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 mecha-
nisms, understanding these effects represents a fundamental knowledge
gap for optimizing MW plasma reactor performance. The aim of this
work is to investigate the effects of preheating inlet CO, gas in a plasma
reactor in order to gain insight for future industrial systems by under-
standing the potential benefits of implementing waste heat utilization.
More specifically, we will study how preheating modifies plasma
behavior and contraction dynamics in a vortex-stabilized 915 MHz CO2
plasma reactor by exploring underlying mechanisms, as deeper under-
standing of these effects is an important step for optimizing total plasma
reactor efficiency in an industrial setting. Therefore, the main aim of this
study was not to obtain the highest performance, but to gain more
insight in the underlying mechanisms and how they can contribute to
better performance. The influence of preheating on plasma character-
istics 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 implica-
tions for the system’s energy efficiency. Additionally, this study evalu-
ated the role of preheating in enhancing CO, conversion and energy
efficiency across various pressure regimes and operating conditions.
Finally, the potential for preheating to partially offset MW power re-
quirements while maintaining plasma performance is explored, offering
insights into optimizing energy input for sustainable plasma processes.

2. Experimental setup

The experimental setup consists of a vortex-stabilized waveguided
MW plasma reactor (Fig. 1A) with a GaN solid-state MW source with a
rated efficiency of ~42 % (Wattsine, 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; o mode, forming a standing wave. The MW generator is
protected by an isolator (Fig. 1B), which prevents any reflected power
from returning upstream. Matching components consist of an automatic
stub tuner (HOMER S-TEAM STHT V2.3) (Fig. 1C) set between the
generator (MW source) and the resonance chamber (Fig. 1D) ensuring a
high coupling efficiency by matching the impedance, so that reflected
power remains below 1 % during experiments. The autotuner also
measures the forward and reflected power and frequency applied to the
CO4, gas flow passing perpendicularly through the resonance chamber in
a 27 mm inner diameter Quartz Tube (QT). A QT containing the gas flow
traverses the shorted waveguide (Fig 1D). The gas was tangentially
injected from the preheating section (Fig. 1E) 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
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Fig. 1. Schematic overview of the experimental setup. From right to left, (A) the 915 MHz solid-state MW source (Wattsine, WSPS-915-5000) in a WR975 waveguide,
(B) the isolator, (C) the automatic stub tuner (HOMER S-TEAM STHT V2.3), and (D) the 27 mm inner diameter QT viewed though the cut-off tube. The (E) heating

element and (F) thermocouples were positioned above the reaction chamber.

section were integrated in a single 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.

The preheating system consisted of a custom-designed heating
element (Fig. 1E) positioned 200 mm above the resonance chamber
(Fig. 1D) of the waveguide. The heating element was constructed from 1
mm diameter Kanthal A1 (FeCrAl) wire with a measured total resistance
of 3.5 Q. The wire was 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 was accomplished using K-type thermocouples (TC Direct)
(Fig. 1F). One thermocouple measured the heater temperature directly,
while a second thermocouple was positioned immediately upstream of
the tangential gas injection to measure the gas inlet temperature (Tiner)-
This Tier measurement provided an accurate representation of the gas
temperature immediately before entering the resonance chamber
(Fig. 1D). To enhance thermal efficiency and minimize heat loss, the QT
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Fig. 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) a radially
resolved optical emission profile was collected using stages 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.
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surrounding the heating element was insulated with aluminum oxide
wool. This insulation significantly improved heating efficiency by
reducing radiative and convective heat losses through the quartz walls.

2.1. Diagnostics and performance metrics

A comprehensive overview of the experimental diagnostics setup,
including thermographic measurements and collection optics is pre-
sented in Fig. 2. The diagram illustrates the spatial arrangement and
configuration of all measurement instruments used to characterize sys-
tem performance.

The total dissipated power lost through the QT wall was measured
using an InfraRed (IR) thermography camera (FLIR A655sc) equipped
with a 41.3 mm lens and an open calibrated filter with a spectral range of
7.5-14 pm (Fig. 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. [5]. The convection loss
through the wall were calculated using the method outlined in Supple-
mentary Information (SI), Section 1. As shown in Fig. 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. [24].

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 (Fig. 2C) using an Ocean Insight mini spec-
trometer (FLAME-S) with an optical resolution 0.9 nm equipped with a
custom 20 cm, 400 pm high-OH core fiber (Thorlabs FG400AEA). The
radial temperature profile is derived using two unique spectral charac-
teristics commonly found in contracted CO; MW plasmas. Additional
details optics and preprocessing of the spectral data can be referenced in
the S, Section 2. The Cy (d®I1, — a®I1,) Swan band system can be utilized
to derive the rotational and vibrational temperatures [8]. We can,
therefore, exploit this spectral feature to derive the core plasma tem-
perature profile, under the assumption that the rotational temperature is
equal to the gas temperature. Details of the data processing and uncer-
tainty of the MassiveOES fits can also be found in SI, Section 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 in-
tensity from the radiative transition of excited CO5 to ground-state CO5
after recombination of CO and O [25]. Details of the data processing,
fitting routine, error analysis, and uncertainty of the flame band fitting
can also be found in SI, Section 2.

We utilize Gas Chromatography (GC) (G.A.S. Compact GC 4.0) to
measure the composition of the post-plasma effluent mixture (Fig. 2C).
From this, the conversion and energy efficiency were calculated using
the methods outlined by Wanten et al. [26]. SI, Section 3 outlines further
details on analytical techniques and performance calculations. The
methods used to calculate the power to heat CO2 (Pco,) can be refer-
enced in SI, Section 4.

2.2. Experimental outline

To comprehensively assess the preheating effects on CO5 conversion
in a MW plasma, two experimental series were investigated:

1) Constant MW Power Measurements: In this series of experiments,
the MW power (Pyw) was held constant, while the inlet mass flow
rate of CO2 was preheated to set temperatures. This approach
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simulates scenarios where heat recycling could be leveraged to
enhance conversion, while providing insight into overall changes in
performance. Since the P¢o, used for preheating is assumed to orig-
inate from waste heat recovery, it is excluded from the energy effi-
ciency calculation, which normally only accounts for the MW power
coupled to the chemistry. By maintaining constant Py, this exper-
iment is designed to isolate the thermal enhancement effects on
plasma performance.

Constant Total Power Measurements: The total input power to the
system (Pyq; = Puw + Pco,) was held constant, isolating the role of
preheating in reducing the required MW power on conversion rate.
This set of experiments directly evaluates whether preheating allows
for a proportional reduction in Py, while maintaining or improving
dissociation efficiency. The assumption remains that Pgo, originates
from heat recovery and is therefore decoupled from the energy ef-
ficiency calculation, ensuring that any observed gains in perfor-
mance reflect the redistribution of power rather than an increase in
total energy input.

2

—

The benchmark condition with a T = 300 K serves as the baseline
reference and is represented in green throughout the text.

3. Results and discussion

The results presented in this section were investigated at varying
power levels and Tin: with a mass flow rate (¢¢,) of 10 normal liters
per minute (In/min - STP IUPAC, 0 °C, 1 bar) [26]. First, we discuss the
reactor performance, analyzed in terms of CO5 conversion (y) and en-
ergy efficiency (i7). Next, we explore the effects of preheating on the
plasma characteristics, focusing on changes to the reaction volume (Tgqs
> 1500 K, where dissociation of CO3 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 thermog-
raphy. 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.

3.1. Preheating effects on conversion and energy efficiency

Fig. 3 presents a comparative look at conversion and energy effi-
ciency between constant P, and Pyy. All conditions are represented
with a ¢¢p, = 10 In/min, and varying Tine: = 300 (green), 500 (yellow),
and 700 K (orange), which correspond to P¢o, = 0, 62, and 132 W,
respectively. The results for constant P,y = 1132 W are shown on the
lefthand side (Fig. 3A and Fig. 3B), while constant Pyy = 1000 W is on
the righthand side (Fig. 3D). A visualization of the plasma imaging
defined by the 777 nm atomic oxygen emission is shown for p = 150
mbar and different Ty (Fig. 3C).

Fig. 3A and Fig. 3B reveal that at near-atmospheric pressure (p =
700-900 mbar), preheating provides modest but measurable benefits to
the conversion and energy efficiency. When Py, is kept constant, con-
version increases by ~1.2 at 700 mbar for Ty = 700 K and ~ 1.1 at
900 mbar for Tiper = 500 K compared to baseline conditions. The reader
should note that in literature typical conversion in atmospheric CO; MW
plasmas is reported around 10 % [2,4,8-11]; however, as this study
represents a first approach to preheating, the reactor configuration was
not optimized by downstream quenching (to avoid back-reactions), and
thus benchmark conversion is lower (~5 %). This is likely a result of the
specialized quartz injection housing and non-optimized flow dynamics
in the system. The data for Tje = 700 K at p = 900 mbar is unavailable
due to plasma instability. On the other hand, at low pressure (p = 200
mbar), preheating reduces conversion at higher Tiye, with values
dropping from 23.92 + 0.09 % at 300 K to 18.26 + 0.07 % at 700 K.
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Fig. 3. Conversion and energy efficiency for Tin. = 300 K (green), 500 K (yellow), 700 K (dark orange) as a function of pressure, at constant Py = 1132 W (A, B) or
constant Ppy = 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 p =
150 mbar. All conditions were taken with ¢¢o,= 10 In/min. Error bars are given but fall under the data markers in all cases.

Fig. 3D shows larger improvements to the conversion and energy effi-
ciency at constant Py = 1000 W, which is logical, because the power
used to preheat the inlet CO; 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 SI, Section 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 Tipget 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.

Indeed, it is well documented that CO; MW plasmas exhibit distinct
discharge modes characterized into three categories, which are broadly
determined by power, pressure, and gas flow rate [9,11,13]. 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 [9]. As pressure increases,
the hybrid mode arises (typically between 100 and 200 mbar), balancing
partial contraction with sufficient homogeneity to maintain high energy
efficiency and mixing [9]. 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
(Fig. 3C). With increasing Tiy these characteristics become more pro-
nounced, 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 Fig. 3C). The
decrease in plasma length (along with a drop in radial temperature
profile, i.e., reactive area) may explain the observed decline in perfor-
mance at 150 mbar (Fig. 3D), due to the reduced reactive volume.

Above ~200 mbar, steep radial gradients arise, leading to a

contracted mode (H-mode). These transitions are driven by thermal-
chemical instability [9,11,27,28], where localized heating boosts ioni-
zation rates, creating dense filaments with elevated temperatures and
enhanced MW absorption [27]. We see the trend of conversion and
energy efficiency upon preheating reverses as the pressure increases and
the hybrid mode shifts to fully contracted H-mode, resulting in pre-
heating enhancing both conversion and energy efficiency. Notably in
Fig. 3D, for Py = 1000 W at near-atmospheric pressure (900 mbar),
Tiner = 500 K achieves a 1.5-time 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 Tjp; = 700 K demon-
strates a 1.7 time improvement over the baseline of 300 K (10.82 + 0.04
% vs. 6.21 £+ 0.02 %, respectively).

Several mechanisms govern contraction. Electron collisions (partic-
ularly in the plasma core) can increase ionization rates, while radial
temperature gradients modify the reduced electric field and reduce
charged-particle losses [29]. 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 CO5 conversion,
balancing localized heating with adequate mixing and quenching.
However, this regime requires vacuum pumping, which uses additional
power from plug to product [30].

Despite the change in power distribution (whether constant Py, or
Pyw), we observe that preheating the inlet gas has a marked improve-
ment on conversion and energy efficiency 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
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heating can improve conversion and energy efficiency at higher pres-
sures, which is especially important when considering that operating at
higher pressures also reduces power consumption needed for vacuum
pumping. The modest improvements shown with P,y = 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 under-
standing of the underlying mechanisms is crucial for optimization. These
effects will be further investigated in the following sections.

Having established the baseline behavior for constant P,y and Py,
we will now examine 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 observed preheating
benefits scale with specific energy input. Furthermore, we captured
additional Tjy,; conditions to broaden the parameter space and our un-
derstanding of the effects of preheating. Fig. 4 presents experimental
results obtained for Py = 1500 W, ¢¢o, = 10 In/min, T = 300 K
(green), 500 K (yellow), 700 K (orange), and 850 K (brown) at varying
pressure.

Fig. 4A and Fig. 4B reveal several important trends in how Tiy affects
CO4 conversion and energy efficiency across different pressures. The
most striking observation is that T > 300 K and within the contracted
plasma regime (p > 200 mbar) consistently yields better energy effi-
ciency and conversion (Fig. 4A,B). An investigation into the effects of
increasing the input power and mass flow rate can be reviewed in SI,
Section 5; however, the reader can note that the conclusions remain
consistent with the main findings reported in this section. At p = 200
mbar, conversion peaks around 25 % (T = 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 Fig. 4C, the divergence between the baseline and preheated
conditions (500-850 K) grows larger at higher pressures, with preheated
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conditions maintaining significantly better conversion up to 900 mbar
(Tinter = 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 ex-
tends the pressure range for efficient conversion, although the data
shows the highest inlet temperature, Tiy: = 850 K, does not yield the
highest conversion (Fig. 4C), indicating an optimal ratio between Pco,
and P, total -

3.2. Preheating effects on the reactive area

Radial scans at the height of the plasma were performed using OES to
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Fig. 5. Radial temperature profiles for Py = 1000 W, ¢co,= 10 In/min, Tiner
= 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 C, Swan band emission are rep-
resented as circles and from the flame band as triangles.
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explore the connection between preheating and plasma behavior. Fig. 5
shows the radial temperature profiles at Py = 1000 W, ¢¢o,= 10 In/
min, and p = 700 mbar, for three Tjy,; conditions. The pressure series of
700 mbar was chosen for a comparative view, given that plasma insta-
bility did not allow for 900 mbar measurements at iy = 700 K p = 900
mbar. For additional radial temperature profiles, please see SI, Section 5.
Radially resolved Cy Swan band emissions (shown as the circle data
points) provided plasma core temperatures (T = ~ 6000-7000 K), while
flame band emissions (shown as triangular data points) characterized
peripheral temperatures (T < 1500 K).

In Fig. 5, the shaded regions within the center of the radial temper-
ature profile represent 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 elevated temperature
region, which extends out of the cylindrical plasma volume, and which
we denote as the ‘reactive volume’, where Tgs >> 1500 K, i.e., the
threshold temperature for CO, dissociation [14]. In Fig. 5, we observe
that the plasma diameter increases with increasing iy, being 2.0 +
0.1, 2.3 + 0.2, and 2.4 + 0.2 mm, at 300, 500, and 700 K, respectively,
and we also note a clear difference in the overall reactive area (repre-
sented by the last data point from the C; Swan band emission) between
different Ty, where the spatial temperature distribution becomes
broader with increasing Tini:. This is most easily observed in the trans-
parent interpolated line between the C; swan-derived temperatures
(circles) and the flame band-derived temperatures (triangles); however,
it should be stressed that these connections are for visualization pur-
poses only.

These results further indicate that preheating affects plasma
contraction dynamics, likely due to increased volumetric flow rates
driven by higher T Since elevated Tiyr reduces gas density (n), there
will be a proportional increase in the volumetric flow rate (Q = ¢yq55/™)
at a constant mass flow rate (¢,,,,). Consequently, the average gas ve-
locity 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. 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
reactive volume, reducing the local temperature gradient that drives
contraction. Further evidence of this can be explored in SI, Section 5.
Two critical observations remain consistent across all conditions. First,
the core temperature remains consistent at ~6000 K regardless of Tiner,
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 all
Tinler- This temperature is sufficiently low to effectively quench products
radially diffusing from the reactive volume [14]. These findings suggest
that while preheating notably influences the spatial distribution of the
plasma and reactive volume, it does not fundamentally alter the core
plasma properties or peripheral quenching conditions.

A clear correlation emerges between the broadened temperature
profile observed in Fig. 5 and the enhanced conversion under these
conditions. As discussed in Fig. 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 Tiye = 700 K, the plasma
diameter was found to be 2.4 mm versus 5.0 mm as derived from the Co
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 interpolated radial position of the cross-section where T =
3000 K (the shaded line connecting the C; Swan band and the flame
band temperatures) to approximate the reactive area at the height of the
plasma, as shown in Fig. 6.

In Fig. 6, we observe that the estimated reactive area is ~30, 20, 17
mm? for Tige: = 700, 500, and 300 K, respectively. As an example, the
reactive area between Tiye = 700 and 300 K accounts for a relative
increase of ~1.8, whereas the values between Ty = 500 and 300 K,
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Fig. 6. Reactive area (T >> 1500 K) for Py = 1000 W, ¢co, = 10 In/min, Tiner
= 300 K (green), 500 K (yellow) and 700 K (dark orange), for p = 700 mbar,
where (A) is the C, swan band and flame band derived temperature profile (cf.
Fig. 5). The interpolated radial position at T = 3000 K is taken as an approxi-
mation for a slice of the reactive volume, and is used to calculate the reactive
area, visualized in (B).

account for an increase of ~1.2 times. 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 con-
version observed in Fig. 3D.

As shown in Fig. 7, the expansion of the reactive area with Tjer =
700 K and 500 K trends correlate with the increased conversion at these
conditions, where an improvement of approximately 1.7 and 1.4-fold,
respectively, over baseline conditions (cf. also Fig. 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 would decrease the local temperature gradient that in-
duces plasma contraction, causingthe heat to distribute 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.

3.3. Preheating effects on power loss through the wall

The thermal behavior of the reactor walls during plasma operation
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Fig. 7. Estimated reactive area and conversion plotted as a function of Ty, (K).
A clear correlation emerges between the reactive area and conversion.
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provides additional insight into how preheating affects overall system
performance and energy distribution. Fig. 8 shows thermal imaging of
the QT inside the waveguide at different inlet temperatures, for P =
1500 W, ¢¢o, = 10 In/min, p = 900 mbar and Tinzer = 300, 500, 700, and
850 K, corresponding to preheating power (Pgo,) = 0, 62, 132, and 189
W, respectively.

The results presented in Fig. 8 reveal two key phenomena: 1) a
downward shift in the position of the peak wall temperature with
increasing Tin that falls inside the vortex flow lines, demonstrating the
heating and cooling on the surface QT and 2) increased radiative losses
with increasing Tiner, as calculated by Stefan-Boltzmann’s law. These
observations can be explained through several mechanisms. First, the
preheated input flow is the likely culprit for the slight increase in the
average temperature observed in the top half of the reaction chamber
(Fig. 8B). For example, at Tipier = 300 K, the Ty, is 885 K vs at Tipzer = 850
K, the Ty, increases to 951 K. However, the downward migration of the
peak temperature zone observed (Fig. 8C) cannot be attributed solely to
the preheated inlet gas flow, which would primarily affect the upper
region of the tube. Furthermore, in Fig. 5, we observed that the periphery
temperatures derived from the flame band emission remain relatively
consistent regardless of T, which is further demonstrated by addi-
tional data provided in SI, Section 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 previ-
ous observations by Wolf et al. [14] and van Deursen et al. [5].

It is also worth noting that the helical vortex flow structure remains
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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 Fig. 8B
and Fig. 8C, helping to explain the downward migration of peak tem-
peratures with increasing Tie:, 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 Ty, as well as between radiated power for the top half and bottom
half of the QT with Tjp, as shown in Fig. 9(A,B).

Fig. 9A shows the total dissipated power (W) from the QT as a
function of Tiye, from 300 K to 850 K, while Fig. 9B shows the radiative
losses for the top and the bottom half (see legend), as split in Fig. 8B.
Both curves show an overall increasing trend in radiated power as Tiner
increases, but the rise is more pronounced for the bottom half. These
findings suggest that preheating primarily affects upstream flow dy-
namics, which then influence the reactive cross section (Fig. 5), and thus,
the reactive volume interface (Fig. 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 dy-
namics and/or an increase in recombination. The radiated heat pattern
(Fig. 8) also provides evidence for significant atomic oxygen
recombination:

{ B Top Half

1 Increased T,

inlet

Fig. 8. (A) Thermal images of the QT inside the waveguide at different inlet temperatures, for P= 1500 W, ¢¢o, = 10 In/min, p = 900 mbar, and Tine: = 300, 500,
700, and 850 K, where P¢o,= 0, 62, 132, 189 W, respectively. The images show a downward shift in the position of peak wall temperature with increasing Ty, 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 (Tg,) for the top (B) and bottom half (C) of the thermographic image, showing the correlation with increasing Tin. (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.
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Fig. 9. (A) Total dissipated power (radiative + conductive) as a function of
Tinter» Showing that the total losses increase with increasing Tine;, (B) Radiated
power (calculated using Stefan-Boltzmann’s law from the calculated pixel-by-
pixel Ty, indicated in Fig. 8) for both top and bottom half, as a function of
Tinler- The increase of the radiative power for the top half and the bottom half of
the QT reaches a crossover point at Ty = 700 K.

O+0+M-0,+M,AH= —5.18¢eV (R.1)

or atomic oxygen recombination with CO, the origin of chemilumines-
cent flame band emission, simplified as:

CO+0+M—-CO;+hv+M,AH = —5.53 eV (R.2)

between the plasma and downstream region, as atomic oxygen, pro-
duced at the same rate as CO, would generate substantial heat during
recombination [4,14,31]. 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 CO dissociation,
the presence of atomic oxygen in the effluent also enhances the rate of
recombination, decreasing overall conversion [32].

In summary, the observed downward shift in temperature distribu-
tion with increasing Tjn.: confirms that complex interactions exist be-
tween 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 Ty, 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 accelerated recombination processes in the downstream re-
gion, particularly evident in the enhanced heat release patterns observed
with higher inlet temperatures. The preservation of the peripheral
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temperature profile, and its relation to effective quenching, despite
increased Tiner, is particularly noteworthy, as it indicates that preheating
primarily influences upstream flow dynamics and reactive volume dis-
tribution, without compromising conversion to CO. However, the
increased wall losses and evidence of enhanced recombination suggest
that optimizing thermal management in the downstream region be-
comes increasingly critical at higher Tiper.

4. Conclusions and outlook

Our investigation of inlet gas preheating in a 915 MHz CO; MW
plasma reveals distinct effects on the spatial temperature distribution or
the ‘reactive volume’ around the plasma.

e At low pressures (< 200 mbar), when plasma is in a hybrid
contraction state [9], preheating adversely affects performance by
decreasing the radial temperature profile (reactive area) and axial
plasma profile, resulting in a reduced reactive volume, which cor-
relates to reduced conversion.

e At higher pressures (> 300 mbar), when the plasma is fully con-
tracted, preheating demonstrates substantial benefits by expanding
the spatial temperature profile, or the reactive volume, which relates
to improved conversion.

For example, at 700 mbar under constant Py = 1000 W, preheating
to 700 K increases conversion by ~1.7 times compared to baseline
conditions, which correlates directly with an increase in the reactive
area of ~1.5 times. 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 inter-
face, creating a larger region where temperatures exceed the COs
dissociation threshold (> 1500 K). The spectroscopic measurements
reveal that preheating primarily affects the spatial distribution of ther-
mal energy rather than core plasma properties, as the core plasma
temperature was consistently reported to be between ~6000-7000 K,
regardless of Tjne, while peripheral temperatures remained below
~1000 K, maintaining effective quenching capability. This suggests that
the classical description of thermal instability-driven contraction should
be expanded to include upstream flow considerations, particularly with
the interplay between convective cooling, temperature gradients, and
reactive volume formation. The pressure-dependent response to pre-
heating reveals that gas density and flow dynamics play critical roles in
determining the spatial temperature distribution beyond what electron
density alone would predict. This means that the high-temperature
reactive volume, in which CO, dissociation is dominated, is not
limited to the plasma volume as defined by the electronically excited
atomic oxygen 777 nm emission.

Moreover, the relationship between preheating and performance
follows a non-linear pattern. At higher power conditions (P = 1500
W), conversion at 900 mbar shows a decline at higher Tip,: (850 K),
suggesting that 850 K is above the optimal temperature range. Ther-
mographic imaging revealed a downward shift in peak wall temperature
with increasing T and enhanced thermal losses through the walls that
correlate directly to reduced conversion as a result of accelerated
recombination processes in the downstream region. The increased wall
losses and evidence of enhanced recombination suggest that imple-
menting effective downstream quenching strategies, such as effluent
nozzles, could further improve overall system performance by miti-
gating product loss. This highlights the critical role of upstream thermal
management in determining downstream conversion, providing a
theoretical foundation for optimizing plasma-chemical processes
through strategic heat distribution rather than increased power input.

Our findings demonstrate that recycling even small amounts of the
input power (< 14 %) for preheating can significantly improve energy
efficiency and conversion, showing that strategic implementation of
heat recovery from downstream processes could substantially improve
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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 compre-
hensive understanding of these aspects will be crucial for translating the
observed benefits of preheating into practical improvements for indus-
trial MW plasma-based CO; conversion, ultimately contributing to the
development of sustainable technologies for carbon utilization and
renewable energy storage.
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