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Abstract Microwave-induced  non-thermal  plasma
technology is a promising solution to dissociate carbon
dioxide, opening the possibility of carbon dioxide upgrade
to value-added products and therefore providing an
attractive approach in recent decarbonization endeavors.
This study aims to comprehensively characterize and
optimize microwave-induced pure carbon dioxide plasma
focusing on the enhancement of conversion and energy
efficiency. Analysis of optical emission spectra and gas
composition under varying flow rates, introduced micro-
wave power, and operating pressures was performed, while
specific calculations were applied to support the measure-
ment including electron concentration, electron tempera-
ture, and plasma gas temperature. A characteristic curve of
carbon dioxide plasma is introduced as a novel outcome,
which helps to elucidate the positive impact of applying
reduced pressure. 46.4% carbon dioxide conversion
efficiency was demonstrated by applying 5 NL-h™! flow
rate, 80 mbar, and with 14.5 MJ-mol~! molar energy input
utilizing only neat carbon dioxide, and achieved with
continuous operation, without using any catalyst, in a
straight waveguide system. The results indicate that
lowering the pressure enhances the specific power
absorption of plasma from the electromagnetic field
through electron collisions, which increases the carbon
dioxide conversion instead of converting it into heat.

Keywords microwave, carbon dioxide plasma, carbon
dioxide conversion

1 Introduction

One of the most important causes of global warming
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since the beginning of industrialization is the emission of
anthropogenic greenhouse gases, from which carbon
dioxide plays a key role with the rapidly increasing
concentration in the atmosphere reaching 421 ppm on a
global annual average in 2023. Achieving net zero carbon
emissions by 2050 according to the Paris Agreement is
still a significant challenge and an urgent and impactful
transition from fossil fuels to more sustainable and
environmentally friendly energy sources with restful
solutions is necessary. Therefore, carbon capture and
storage and carbon capture and utilization technologies
[1,2] are gaining increasing interest. The conversion of
carbon dioxide into valuable products by utilizing
renewable electricity [3] is an attractive method as a way
of lowering the carbon footprint and also might play a
significant role in terms of creating closed-loop carbon
cycles in the future, called carbon dioxide recycling.
Recently, plasma-based carbon dioxide conversion has
been considered as an alternative method, as it can
operate under mild conditions and can convert fluctuating
renewable electricity into value-added products [4,5]. The
chemical reactions in plasmas are driven by energetic
electrons that provide high densities of electrons, ions,
and radicals through electron impact dissociation and
excitation, making the plasma highly reactive. The carbon
dioxide plasma can be differentiated based on the
technique used, common types include dielectric barrier,
microwave, glow, radio frequency, and gliding arc
discharges [6], from which microwave plasma technology
is considered as one of the most promising alternatives
[7] because it is electrodeless, cost-effective [8], and
scalable making it an optimal plasma source. Qin et al.
[6] published a comprehensive review about the status of
carbon dioxide conversion by microwave-driven plasmas,
including the fundamental mechanism, influence of
operating conditions, impact of co-reactants, and
utilization of catalysts. The study also highlights some
challenges that need to be addressed before scale-up, and
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therefore calls for more research and development within
this field. Another review was published by Ong et al.
[9], where the carbon dioxide conversion into high-value
products by microwave-assisted plasma was thoroughly
described. The study also includes the theoretical
background, factors that affect the plasma, and the role of
catalysts. It was concluded that syngas production should
be given more attention in the future as it can serve as a
crucial intermediate for different chemicals and clean
fuels. Zhu et al. [7] collected and reviewed the various
experimental systems focusing on the microwave-assisted
carbon dioxide plasmas to provide guidance in selecting
an appropriate setup. Wanten et al. [10] summarized the
definitions and formulas related to plasma-based carbon
dioxide conversion as inconsistencies can be found in
reporting the performance metrics across the scientific
literature. The above-referenced four reviews give excel-
lent guidelines for microwave-assisted carbon dioxide
conversion, highlighting the challenges, difficulties, and
opportunities within this field.

The simplest way of creating microwave-assisted
carbon dioxide plasma is when the carbon dioxide is
utilized in neat form without additives such as a catalyst,
while the conversion and energy efficiencies are two
major parameters of the process. Wiegers et al. [11]
showed 20% carbon dioxide conversion efficiency at 9
standard liters per minute (SLM) carbon dioxide flow rate
and 1.4 kW microwave power, utilizing an atmospheric,
modular microwave plasma torch. Mitsingas et al. [12]
showed a maximum of 9% carbon dioxide conversion
efficiency at 48.2 kJ-mol~! molar energy input (MEI) for
atmospheric microwave-assisted carbon dioxide plasma.
It was highlighted that gas flow rate appears to be the
most important parameter affecting both carbon dioxide
conversion and energy efficiencies. Typically, decreasing
the gas pressure in plasma leads to higher conversions.
van Rooij et al. [13] investigated carbon dioxide plasma
maintained by microwave. Up to 30% carbon dioxide
conversion was reached at around 193 kJ-mol~! MEI, 100
mbar pressure, and 5.00 SLM flow rate, while the
conversion rate increased with decreasing the flow rate.
Bongers et al. [14] reached a similar conversion effici-
ency of about 26% carbon dioxide by utilizing a 1 kW
magnetron at 164 kJ-mol~! MEI and a reduced pressure
of 130 mbar. These studies show that the plasma pressure
has a significant influence on conversion efficiency, but
also other approaches exist for increasing this parameter
including the injection of other gases into the carbon
dioxide stream or the usage of catalysts, making the
conversion mechanism more complex. Chen et al. [15]
highlighted that admixing different gases to carbon
dioxide often leads to an increase in carbon dioxide
conversion, the relevant studies implement argon,
nitrogen, helium, oxygen, or even water. An example is a
study performed by Spencer and Gallimore [16], where
10% and 45% carbon dioxide conversion efficiencies

were reached at 193 and 2.01 MJ-mol™' MEI, respec-
tively. The flow rate range was 1-16 SLM, while argon
was utilized as a mixing agent. The utilization of catalysts
also results in elevated carbon dioxide conversion
efficiency. The study published by Salden et al. [17]
evaluates publications in various ways related to plasma-
based carbon dioxide conversion. It can be concluded that
the conversion efficiency of around 30%—-35% seems as
the highest based on 24 publications and 1029 individual
data points related to non-catalytic microwave-induced
carbon dioxide plasmas. However, the utilization of
catalysts can improve the carbon dioxide conversion
efficiency by up to 55%, based on 4 publications and 113
individual data points. A reverse vortex configuration
combined with a narrow gas inlet is designed by
Hecimovic et al. [18] to maximize carbon dioxide
conversion by ensuring that the gas fully interacts with
the plasma. The gas is then quickly cooled to avoid
recombination reactions. The study achieved carbon
dioxide conversion rates up to 57% at 900 mbar pressure
applying 675.4 kJ-mol™' molar energy. Almost identical
results were reported by Kiefer et al. [19] achieving
56.6% conversion at 900 mbar with the cooling channels
and reverse vortex setup applying 9808 kJ-mol~! molar
energy.

It seems that the highest conversion efficiency and the
highest energy efficiency cannot happen at the same time
[20]. Based on the study of Salden et al. [17] it can be
concluded that most publications depict around 5% and
15% energy efficiencies in cases of microwave-assisted
plasma-only and catalytic carbon dioxide conversion,
respectively (based on 22 publications and 1193 indivi-
dual data points). Fuente et al. [21] reported 8% energy
efficiency with a flow rate of 0.1-0.2 SLM, 20 mbar
pressure, and 150 W introduced microwave power.
Chen et al. [22] reported 10% energy efficiency with
675 kI'mol’! MEL 2 SLM flow rate, and 40 mbar
pressure, using pulsed mode microwave operation with
the pulsing frequency of 1.67 kHz. Silva et al. [23]
reported 6.4% energy efficiency by mixing 5% nitrogen
to the input carbon dioxide, using a tapered waveguide
plasma cavity with 2.22 MJ-mol”' MEL Although the
above-mentioned studies show similar results regarding
energy efficiency, significantly higher efficiencies are
also reported across the literature. D’Isa et al. [20]
reported ~35% energy efficiency applying 322.6 kJ-mol™!
(10 SLM, 2.4 kW) molar energy. It was also found that
the energy efficiency peaks at 120 mbar while the range
of investigation was 20-1000 mbar. The “wall-plug”
efficiency was found to be 17.9% by Kiefer et al. [19],
and energy efficiency of 27% was reported while
reaching a conversion of 12.3%. Belov et al. [24]
measured 26% energy efficiency with 20 SLM, 2.75 kW
introduced microwave power and 200 mbar pressure, in a
so called vortex configuration, while Bongers et al. [14]
achieved ~50% energy efficiency with 75 SLM, 2.5 kW
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introduced microwave power at 200 mbar pressure with a
0.915 GHz microwave system.

Microwave-induced plasma conversion has emerged as
a promising method for carbon dioxide dissociation, with
various studies examining different operational
approaches. Non-catalytic microwave plasmas operated at
atmospheric pressure offer straightforward setups and
scalability; however, frequent electron-neutral collisions
significantly limit their conversion and energy efficiency.
Reduced-pressure non-catalytic plasmas mitigate these
collisions, improving both conversion and energy
efficiencies, although they require additional vacuum
equipment and thus more complex control. Catalyst-
assisted microwave plasma approaches considerably
enhance conversion efficiency and product selectivity
through plasma-catalyst synergies but introduce
operational complexity because of the microwave system,
particularly concerning catalyst stability and cost.
Admixture of additional gases, such as argon or nitrogen,
into carbon dioxide streams also enhances reaction
kinetics and conversion efficiency but similarly
complicates the system and reduces energy efficiency.
Alternative configurations, including vortex and reverse
vortex reactors, achieve high conversion efficiencies by
optimizing gas-plasma interactions and rapidly quenching
reactions, but their intricate designs demand precise
control and their scalability might be challenging. Pulsed
microwave plasma operation provides improved energy
efficiency and control over plasma parameters through
intermittent power delivery but involves increased

oom

complexity in power management and measurements.
Overall, a fundamental trade-off exists among operational
complexity, conversion efficiency, energy efficiency, and
scalability. ~ While  reduced-pressure  non-catalytic
microwave plasma systems represent a balanced
compromise, catalytic, gas admixture, and advanced
reactor configurations offer superior efficiencies at the
expense of increased complexity. Selecting an optimal
approach thus depends critically on specific application
requirements and practical considerations.

Based on the literature, it can be stated that reducing
the pressure has a significant positive effect on carbon
dioxide conversion and energy efficiency. The main goal
of this study is the characterization and optimization of
microwave-driven, non-catalyzed neat carbon dioxide
plasmas. This was achieved by measuring optical
emission spectra and gas composition by gas
chromatography under various carbon dioxide flow rates
and gas pressures supported by specific model
calculations. The degree of carbon dioxide decomposition
is also within the focus of the research. The characteristic
curve of carbon dioxide plasma is also introduced,
published previously only for air plasmas [25].

2 Experimental

The experimental system (Fig. 1) consists of a magnetron
and launcher, circulator, water load, 3-stub tuner,
directional coupler, and plasma cavity. The introduced
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Fig. 1

Schematic diagram of the experimental setup including the equipment utilized: (a) side view; (b) top view.
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microwave power was generated with a Toshiba 2M248
type magnetron working at 2.45 GHz rated frequency.
The generated microwave power can be continuously
adjusted in the interval of 0.2—1 kW. The plasma cavity is
a mono-mode waveguide. At the bottom and the top of
the plasma cavity, a hole was formed at a distance of 1,/4
from its closing plate, where 4, is the guided wavelength
(in our design /lg = 174 mm [26,27]). A quartz tube is
placed into the plasma cavity with the possibility of
adjusting its location in axial directions. A nozzle for a
gas inlet was placed into the quartz tube, the gas sealing
was secured with two rubber O rings. The quartz tube has
a 19 mm external diameter, a 16 mm internal diameter,
and a 300 mm length. The location of the quartz tube and
the nozzle were selected to ensure the highest electric
field strength, which was verified by simulation software
(Quick Wave v2021:2021.09.10, HN).

The neat carbon dioxide was supplied from a cylinder
with a purity of 4.5, while hydrogen had a purity of 5.0.
Hydrogen was injected into the carbon dioxide stream
only for diagnostic purposes [28,29] during the
determination of the plasma characteristics curve at the
CO,:H, ratios of 10 and 3 in the cases of atmospheric
(1.01 £ 0.02 bar) and reduced (0.43 = 0.02 bar) pressures,
respectively. The flow rates were controlled by mass flow
controllers (Sensirion, SFC5500-10SLM). The carbon
dioxide and hydrogen gases were premixed before their
introduction to the nozzle.

A vacuum pump was utilized to reduce the pressure
during the experiments, while the pressure was adjusted
by valves as seen in Fig. 1, and it was measured with a
pressure transmitter connected to a 4-20 mA measure-
ment device type CALOG-TEMP. The output gas con-
centration (including carbon dioxide, carbon monoxide,
oxygen, and hydrogen) was measured with an Agilent
490 micro GC gas chromatograph (GC) equipped with a
CP-COx column.

Before the measurements, the 3-stub tuner was adjusted
to form plasma at the lowest possible value of the
introduced microwave power, and all measurements were
performed with this fixed setup. The carbon dioxide
plasma automatically ignited when the pressure reached
less than 100 mbar, the applied microwave power was
higher than 0.700 kW, and the gas flow rate of 10.0-
20.0 NL-h™!. Then, the system was ready to adjust the
parameters to the desired levels. All the results were
recorded after reaching steady-state conditions, roughly
3 min after the microwave power was applied. The input
and product gases used for measurements were in
laboratory conditions. All the pressure values reported in
this study represent absolute pressure.

Optical emission spectra (OES) was taken through the
inspection holes of the plasma cavity (Fig. 1). The fiber
optic cable was connected to an HR4PRO-XR-ES type
spectrometer that performed measurements in the ~200—
1100 nm wavelength range with a resolution of 0.25 nm.

Each OES recording is the average of five measurements.
The averaging time of the spectrometer was set manually
so that the spectral peak of interest with the highest
intensity value for each recording was as close as possible
to the maximum intensity value that the spectrometer
could record without saturation. All the OES were
normalized while processing the measured data according
to the spectrometer’s averaging time, and the baseline of
the spectrum of interest was also removed during the
evaluation.

The calculation of the electron number density was
based on the Stark broadening of the atomic H, (hydro-
gen alpha) lines using the optical emission spectrum
recordings. The extended Voigt function was fitted to the
measured relative intensities (Iy, —, normalized to unity)
of the H, part of the optical emission spectrum, as [30]:

1-A

—
. (x xo)
Y

where 4 (-), o (nm), and y (nm) are fitting constants, x
(nm) is the wavelength of the measured carbon dioxide
plasma, x, = 656.17 nm is the wavelength of the H,
characteristic peak. Once the values of the three fitting
parameters are found, parameter a (nm) can be estimated
from the following equality (where a is half of the full
width half area):

X=X

Iy :Ae_( 20 )+

(1a)

1 f?:]vdx
3= e (1b)
2 fﬁwlvdx
Then, the electron number density 7, (m™) can be
calculated as [31]:

n, = 1023(L)1'47. (1)
0.550

Equation (1c) was first reported by Gigosos et al. [32],
and corrected later by Konjevi¢ et al. [31] (note: the
numbers of digits of parameters in Eq. (1c) are simplified
to 3 reasonable digits by us).

Electron temperature (7,, K) is another crucial
parameter of the electron. Atomic oxygen emission lines
were used to obtain the excitation temperature (7, K),
which is a lower estimate of the electron temperature
(T,, = T,) [25,33]. Because of the difficulties of measur-
ing the electron temperature, 7,, = 7T, approximation is
used here, as a good alternative [34]. The following
equation describes the spectral intensity (/;, —) of atomic
oxygen from its excited level of i to the ground level j,
following the Boltzmann energy distribution:

P . —CX _ .

N gl /lij p kB Tex
where g; () is the degeneracy of level i, 4; (s is the
Einstein coefficient for the electronic transition from level
i to j, iij (nm) are the characteristic wavelengths for
atomic oxygen collected in Table 1, £, (J) is the energy at

(2a)
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excited level i, ks ( = 1.381 x 1072 J-K") is the
Boltzmann constant. After Ig./. is measured at ’14’/’ the values
of g, 4 i and E, are taken from Table 1 and the values are
plotted in coordinates of ln[(ll./ll.j)/(glAij)] as a function of
E;. The slope of the fitted straight line equals —1/(kg *
T,,) from Eq. (2a). The value of T, is calculated from
this slope [25,33,35] and from here T, = T, follows [35].
The rotational temperature (7, ,, K) of the OH radical is
also calculated using the Boltzmann plot method on the
spectral peaks between 306 and 316 nm to determine the
typical temperature of the plasma. This belongs to the
A*Y ' —X[], electron transition of the OH radical
[37-39], which temperature is roughly the same as the
plasma gas temperature (T o K) [40]. Equation (2b) was
used to perform the calculation [39], which applies to
case b out of Hund’s cases to the OH radical, according to
which the intensity of the spectrum line (Ix ¢, —) is [39]:

Eyx

) e
where C (—) is a constant, Agx» (—) is the rotational
transition probability, Ax x» (nm) is the wavelength of the
A22+—>X2Hy electron transition, K and K (-) represent
upper and lower rotational levels, respectively, Ex (J) is
the energy of the upper rotational level. The Axx and
Ey  values were determined based on Dieke and
Crosswhite’s spectrum simulation and high-precision
measurements [41], which were refined by Chidsey et al.
[42]. The values used for the calculations are summarized
in Table 2. Plotting the values of In[(Zx x» Ak x (2K +
1)Ax « )] as a function of Ey , the slope of the line fitted
to the points is equal to —1/(kg x T,,), from where T
T, can be calculated.

Iy =C(2K +1) ;"" £ ex

KK’

ot —

Table 1 Values used for the calculation of electron temperature
[35,36]

J/nm g E/(107'8 ) A/(107s7)
715.67 23167 5.05
777.34 15 1.7207 3.69
844.65 9 1.7608 3.22

Table 2 Values used for the calculation of the rotational temperature
of the OH radical [39,41,42]

Ay g /nm Branch K Eg /(107197) Ag g
306.3565 R1 10 6.8101 314
306.9177 R2 8 6.6845 316
309.2394 Ql 8 6.6848 739
309.5342 Ql 9 6.7443 734
310.5663 Q2 11 6.8816 722
313.0276 P1 9 6.7443 421
313.4339 P2 9 6.7439 410
314.0731 P2 10 6.8097 401
315.4507 P2 12 6.9597 380
315.8507 P1 13 7.0443 369
316.1892 P2 13 7.0437 368
316.6336 P1 14 7.1343 355

From the calculated gas temperatures, the neutral
particle density (#,,, m~>) can be estimated using the ideal
gas law, expressed as [43]:

p
ke T,
where p (Pa) is the gas pressure. The ion density (n,, m>)
is lower by two orders of magnitude compared to n,,, that
is why #, is neglected in Eq. (3).

The total electron collisional cross section (g,,, m?)
was found by us by using the data from the literature (see
Fig. 2 [44-47]) as a function of electron temperature
explained above.

The velocity of the neutral particles and the ions is
neglected compared to the much larger velocity of the
electrons (v, m-s™') written using their thermal velocity

[48]:
v [k, )
T,

where m, = 9.109 x 103! kg is the electron mass. The
electron-neutral particle collision frequency (v, s
can be calculated with the parameters explained above
[49]:

1

3)

Npp

(5)
The microwave-induced plasmas are collision-
dominated non-thermal plasmas [50]. Their specific
absorbed power due to collisions (Peu, W~(m‘3
(V-m1)?) is given as [48,49,51]:
2
Peot = i = e—ne—,
VE*  m. "1+ (e p/w)
where P (W) is the power absorbed by the plasma, w
(s7) is the angular frequency of the introduced
microwave power of the magnetron frequency of fyy =
N
— (O,
—-—H, O
- CO § /
- 0, P /

Ve—np = nnpvo-tol'

Ve—np/w
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Fig.2 Total electron collision cross section as a function of
electron temperature in the cases of carbon dioxide [44], carbon
monoxide [45], hydrogen [46], and oxygen [47] molecules.



245 GHz (0 = 2nfyy = 1.54 x 10!9), ¢ = 1.602 x
10712 C is the charge of the electron, ¥ (m®) is the plasma
gas volume, E (V-m™") is the electric field strength in the
plasma cavity. The conversion of carbon dioxide takes
place according to the following reaction [10,52] with its
standard molar reaction enthalpy:

kJ kJ
mol-CO, 283 ol-CO”
(7
The conversion efficiency of carbon dioxide (yco,, %)
is defined as:

1
CO, - CO+ EOZ,AHO =283

0
o, — Nco,

0
CO,

Xco, =100 > (®)
where n¢, (mol) is the amount of carbon dioxide
molecules in the input gas and nco, (mol) is the same in
the output gas after passing the plasma. The volume ratio
of carbon monoxide is measured in the output gas (v,
m’m~>) with a GC. From its measured value, the
conversion efficiency of carbon dioxide is calculated as
[10]:

Yco
—_— 9
1-0.5yc0 ©)

The molar energy input, MEI (E,,, J ~m01-COZ’]) of the
microwave power per unit amount of introduced CO, gas
can be calculated with the following formula [10]:

PMW

>

XCO2 = 100

E, = 80640

(10)

gas
where Py, (W) is the introduced microwave power, O,
(NL-h™") is the introduced carbon dioxide flow rate, while
80640 = 3600 s-h™! x 22.4 NL-mol™!. Then, the conver-
sion energy efficiency of carbon dioxide according to Eq.
(7) (Nco, , %) can be determined as [10]:

_ Xco,AH’

N (11)

r]COg
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The degree of ionization (y;, —) is defined as the ratio of
the amount of ions in the plasma to the total amount of
the particles in the same [51]:

n;

Xi = (12)

T g tn
where n, (m™?) is the ion density.

The degree of ionization ranges from complete ionized
fusion plasmas (y; = 1) to technical or laboratory plasmas
= 1076...1072). The critical degree of ionization, above
which a gas becomes a plasma varies between different
types of plasma and may be as little as 107° [33,53].

3 Results and discussion

3.1 The primary experimental results and the primary
derived values

In columns 2—5 of Table 3, the experimental conditions of
our 15 experiments are collected. In the top Fig.3
examples of the recorded optical emission spectra are
shown for atmospheric and reduced pressures. The
enlarged parts of the spectra are shown for OH, H , and
atomic O in the three bottom plots in Fig. 3. These
enlarged spectra were used to create Figs. 4(a)—4(c). Part
of our measured OES around the H, peak is shown in
Fig. 3(a) for experiment 1 of Table 3, as an example. The
fitting parameters for the Voigt function of Eq. (la)
for this first experiment were found as: A = 0.268, o =
0.279 nm, and y = 0.169 nm. From here, a = 0.177 nm
was found. Substituting this value into Eq. (lc) n,
1.88 x 10?> m™ is obtained (see column 6 of Table 3).
Other values in column 6 of Table 3 were found in a
similar way.

The electron temperature was estimated using figures
such as Fig. 3(b) given as an example for experiment 1 of
Table 3. From the slope of the curve using the Boltzmann

Table 3 The primary experimental parameters® and the primary derived parameters®

No. p = 0.02/bar CO,/(NL-h") H,/(NL-h 1) Py/kW (1, £ 0.1)/(10°2 m™) (T, £ 2%)/kK (T, % 0.09)/kK
1 1.01 15.0 1.50 0.8 1.88 13.7 2.94
2 1.01 20.0 2.00 0.9 2.01 16.6 2.97
3 1.01 25.0 2.50 0.9 1.80 14.7 291
4 1.01 30.0 3.00 0.9 1.97 14.4 2.92
5 1.01 35.0 3.50 0.9 2.06 16.1 2.84
6 1.01 40.0 4.00 0.9 1.97 14.0 2.85
7 1.01 45.0 4.50 1.0 1.94 14.6 2.87
8 0.430 15.0 5.00 0.8 2.19 11.0 3.00
9 0.430 15.0 5.00 1.0 1.80 133 3.10
10 0.430 20.0 6.67 0.8 2.08 13.2 2.93
11 0.430 20.0 6.67 1.0 2.20 15.0 2.84
12 0.430 25.0 8.33 0.9 2.47 9.90 2.95
13 0.430 25.0 8.33 1.0 2.38 8.40 2.96
14 0.430 30.0 10.0 0.8 2.43 6.60 3.04
15 0.430 30.0 10.0 0.9 2.44 6.30 3.18

a) Columns 2-5; b) last 3 columns: the electron number density ., the electron temperature 7, and the plasma temperature T,
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constant the electron temperature is found as: T,
13.7 kK (see column 7 of Table 3). The plasma gas
temperature was estimated using figures such as Fig. 3(c)
given as an example for experiment 1 of Table 3. From
the slope of the curve using the Boltzmann constant the
plasma gas temperature is found as: 7, = 2.94 kK (see
column 8 of Table 3). Other values in columns 7 and 8 of
Table 3 were found in a similar way.

The calculated electron number density ranges from
1.80 to 2.06 (x 10*2 m™>) for atmospheric pressure and
from 1.80 to 2.47 (x 10?2 m™) for reduced pressure,

respectively. One can see that these results overlap with
no clear influence of the gas pressure on the electron
density in the plasma. In most cases, the electron number
density is in the range of 10'°~102! m™ [15]. Yubero et
al. [54] measured (4-5) x 10*! m=. de la Fuente et al.
[21,29] measured (0.53-2.3) x 10?! m™ using Gigosos’s
method [32] and (1.9-7.3) x 10?! m™ using Laux’s
method [55], by applying Voigt profile to Hy spectrum.
Zhang et al. [56] measured 3.3 x 102 m~ using
Mach—Zehnder interferometer by applying 1 kW
microwave power and concluded that this is one order of
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magnitude higher compared to that obtained from the
Stark broadening of spectral lines. Based on the articles
above our measured electron number density shows
higher numbers but this is not unprecedented in the
literature.

The electron temperatures range from 13.7 to 16.6 kK
at atmospheric pressure and from 6.30 to 15.0 kK at
reduced pressure, respectively, which fits in the range
given in other papers [9,15,21,29]. Although these ranges
also overlap, here we can conclude that decreasing the
plasma gas pressure leads to reduced electron
temperatures. This is probably due to the increased
coupling efficiency of the plasma (see below for more
details).

The plasma gas temperature ranges from 2.84 to
2.97 kK and from 2.84 to 3.18 kK at atmospheric and
reduced pressures, respectively. Although these values
mostly overlap, one can conclude that decreasing the
plasma gas pressure leads to a small increase in the
plasma gas temperature. Based on [7,9,15,57] review
papers our determined plasma gas temperatures agree
with the literature. Snoeckx and Bogaerts [5] published a
detailed carbon dioxide plasma review, where slightly
lower numbers are presented with the gas temperature in
the order of 2 kK. There are more common methods in
recent papers to determine the plasma gas temperature,
based mostly on the OH radical [40,58,59] and the C,
Swan band [40,60]. These two methods were found as a
good temperature determination in the case of
microwave-induced plasmas, however, it can also be
concluded that the case of C, Swan band is insensitive to
external plasma parameters such as introduced
microwave power and flow rate [60], and the spectral
analysis of C, Swan band shows higher temperatures.
Under atmospheric pressure, plasma tends to have a
central hot core, whereas, at reduced pressure, the plasma
becomes more diffuse [6,9,61]. It is possible to reach
temperatures of 3—7 kK in the central core [20,62,63]
without melting the quartz tube, which has a softening

temperature of approximately 1.80 kK [64]. However,
under reduced pressure, where the plasma comes into
contact with the quartz tube walls, a gas temperature
range of 2-3 kK is more plausible. Along with this, the
literature indicates that there is not a significant
difference in gas temperature between atmospheric and
reduced pressure conditions.

3.2 The characteristic curve of the carbon dioxide plasma
gas

The microwave power absorption by collision between
electrons and neutral particles in the plasma gas (P.on)
was calculated by Egs. (3-6) and Fig. 2 (see Table 4).
One can see that the values of P, significantly increased
with decreasing the plasma gas pressure. As follows from
Eq. (6) and Table 4, this is mostly due to the decreased
frequencies of electron-neutral-particle collisions, being a
larger effect compared to the reduced density of neutral
particles.

Equation (6) was used to plot Fig. 5, using the average
value of electron density from Table 3. Figure 5 is called
here the characteristic curve of the carbon dioxide
plasmas. One can see that Fig.5 passes through a
maximum point at v, /o = 1, denoted as P. This is
because at v, /o = 1 the electrons can absorb the highest
amount of energy from the electromagnetic field in the
time period between two collisions. From Fig. 5, the
value of P = 19.5 kW-V2-m™! is valid for the carbon
dioxide plasma. Based on this, a new quantity called here
the “coupling efficiency of the microwave with the
plasma gas” is introduced, denoted as 7, and defined
as:

P

coll . 1 3
Pmax ( )

coll

r]coupling = 100

The coupling efficiency calculated by Eq. (13) is shown
Table 4 and is plotted along the right-hand side y-axes of
Fig. 5. Based on the characteristic curve shown in Fig. 5,

Table 4 Further parameters of 15 carbon dioxide plasma experiments (see Table 3) calculated by Egs. (36, 12, and 13) and Fig. 2

No p+0.02/bar /(10720 M%) (1, +2%)/(10** m) (v £ 2%)/(10° ms™!) (Vepp £ 5%)/(10'0 57) (Pegn % 5%)(kW-V 207" Nequpiing/ % (£ 5%)/1072

1 1.01 7.20 2.45 7.27
2 1.01 6.41 2.44 7.99
3 1.01 6.84 2.49 7.54
4 1.01 6.96 2.48 7.45
5 1.01 6.50 2.55 7.87
6 1.01 7.09 2.55 7.35
7 1.01 6.88 2.52 7.51
8 0.430 9.82 1.01 6.51
9 0.430 9.22 0.97 7.15
10 0.430 9.23 1.06 7.15
11 0.430 8.76 1.09 7.62
12 0.430 10.2 1.09 6.20
13 0.430 114 1.09 5.69
14 0.430 12.8 1.08 5.05
15 0.430 13.0 1.04 4.95

12.8 4.10 21.0 0.760
12.5 4.50 23.1 0.816
12.8 3.94 20.2 0.719
12.9 430 22.1 0.788
13.1 4.42 22.7 0.800
133 4.17 214 0.768
13.0 4.18 214 0.763
6.42 9.16 47.0 2.12
6.39 7.57 38.8 1.82
6.98 8.09 41.5 1.93
7.30 8.19 42.0 1.97
6.88 9.70 49.8 2.21
7.06 9.14 46.9 2.13
6.96 9.48 48.6 2.20
6.65 9.93 50.9 2.30
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it can be concluded, that in the case of atmospheric
pressure conditions, the carbon dioxide plasma is weakly
coupled (7qoupiing = 21.7% in average), while at reduced
pressure the coupling efficiency is significantly increased
(Mcoupling = 45.7% in average). Using Fig. 5, the following
two optimum cases can be estimated: (1) The optimum
magnetron frequency is estimated to be about 20 GHz,
corresponding to the atmospheric pressure of the carbon
dioxide plasma gas; (2) keeping the magnetron frequency
at the value of 2.45 GHz, the optimum pressure of the
carbon dioxide plasma gas is estimated to have a
magnitude of 0.1 bar. The characteristic curve of the
carbon dioxide plasma presented here is considered as a
novel approach for describing carbon dioxide plasmas, as
previous, non-carbon dioxide related studies present
characteristic curves only in the case of air plasmas [25].
Figure 6 shows the dependence of the degree of
ionization on the specific power absorption by collision
using the data presented in Table 4. One can see a good
linear correlation for both pressure values used by us. It
means that the electron-neutral particle collisions
effectively lead to the formation of new free electrons, i.e.
to the ionization of the plasma gas. In other words, the
part of the introduced microwave power that is absorbed
by the electron-neutral particle collisions is mostly used
for its ionization. It is also clear from Fig. 6 that by
decreasing the pressure of the plasma gas, both the
specific power absorption and the degree of ionization
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Fig.5 The log-log graph of specific power absorption by
collision of electrons and neutral particles as a function of the ratio
of electron-neutral collisional frequency and the microwave source
angular frequency valid for two pressures: this is the characteristic
curve of the carbon dioxide plasma introduced here and calculated
by Eq. (6) at the average values of n, taken from the 15 measured-
calculated values of column 6 of Table 3. The two points are
average measured-calculated points from Table 4 at atmospheric
and reduced pressures.

increase proportionally. However, as follows from the
semi-empirical equations shown in Fig. 6, the semi-
empirical coefficient differs only by about 28% when the
pressure is reduced by more than twice.

3.3 Carbon dioxide conversion- and energy efficiency

After the characterization of the carbon dioxide plasma
presented in the previous sub-sections, in this sub-section
new measurements were performed utilizing pure carbon
dioxide (without hydrogen-addition used above only for
diagnostic purposes). In Table S1 (cf. Electronic
Supplementary Material, ESM) the fixed technological
parameters for each experiment are collected in columns
2—4. The major measured quantity was the concentration
of the carbon monoxide gas (see column 5 of Table S1
(cf. ESM)). The conversion efficiency of carbon dioxide
was calculated by Eq. (9) and the values are given in
column 6 of Table S1. The molar energy input of the
microwave power per unit amount of introduced carbon
dioxide gas was calculated by Eq. (10) and the values are
given in column 7 of Table S1 (cf. ESM). The conversion
energy efficiency of carbon dioxide was calculated by Eq.
(11) and the values are given in column 8 of Table S1 (cf.
ESM).

In the top plots of Fig. 7, the carbon dioxide conversion
efficiency and energy efficiency as a function of molar
energy input at different flow rates and reduced pressures
are shown. One can see approximately opposite trends of
the two parameters. Some increase (or saturation) in the
carbon dioxide conversion efficiency is found with
increasing the molar energy input by the microwave.

I T T T N T T T
0023 - @ CO, plasma at 0.43 + 0.02 bar -k |
' — 4, =23410% P, R*=0.99
Z 0020 IS 1
N
8
S 00092 q
G
=}
8
g” 0008 | 4
4 CO, plasma at 1.01 = 0.02 bar
0.007 |- — 1 =18310%P,,, =099 ||
L | | AN | | | L
3.75k 425k 475k 7.5k 85k 9.5k

Specific power absorption by collision,
P/ (Wrm™(V-m™)2)

Fig. 6 The degree of ionization of the carbon dioxide plasma as a
function of the power absorption by collision between electrons
and neutral particles taken from Table 4 in cases of atmospheric
pressure (see left bottom black data points) and reduced pressure
(see right top red data points). Note that both the x-axes and the y-
axes are broken to show the atmospheric and reduced pressure data
in the same graph.
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However, the conversion energy efficiency of carbon
dioxide monotonically decreases with increasing the
molar energy input. It seems that both efficiencies cannot
be increased at the same time at a fixed pressure. As our
goal is to find the complex optimum of the efficiencies, in
the bottom plots of Fig. 7, the product of these two
efficiencies (Xco, 7co,) 1S shown as a function of molar
energy input. One can see that in one out of three
bottom figures, a maximum point is found around MEI =
1.10 MJ-mol™! for the experiments with 60.0 NL-h™!
carbon dioxide and at 0.097 bar, considered as an
optimum point of operation. However, in the other two

figures, no maxima are found within the range of
operations of stable carbon dioxide plasma, although the
increasing trends in Yco, "7co, values can be seen.

Figure 8(a) shows the carbon dioxide conversion
efficiency as a function of the energy efficiency at
different carbon dioxide flow rates and pressures, but
with fixed microwave power values. The results indicate
that the carbon dioxide conversion efficiency, and also
the energy efficiency increase by decreasing the pressure,
which agrees with the literature [12,13]. It can be also
seen in Fig. 8a that the conversion efficiency is higher at
atmospheric pressure conditions with a higher flow rate,
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Fig. 7 Carbon dioxide conversion efficiency and energy efficiency (top figures) and their product (bottom figures) as a function of
molar energy input at different flow rates and reduced pressures (the left figures are valid at 15.0 NL-h™' and 0.158 bar, the middle
figures are valid at 60 NL-h~! and 0.097 bar, and the right figures are valid at 120 NL-h™! and 0.125 bar).
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but this turns to the opposite at low pressure (~0.08 bar),
where the measurements show higher conversion
efficiency at a lower flow rate. In general, energy
efficiency tends to increase by increasing the carbon
dioxide flow rate as it intensifies the number of carbon
dioxide molecules passing through the plasma cavity.
Figure 8(b) gives a summary of the carbon dioxide
conversion efficiency as a function of energy efficiency at
various microwave powers and carbon dioxide flow rates
at fixed values of plasma pressure. The energy efficiency
can be intensified by increasing the carbon dioxide flow
rate, but at the same time, the conversion efficiency
significantly decreases if the pressure and the microwave
power are fixed. At flow rates of 170 NL-h™! or higher,
only single measurement points are available, because
any further reduction in microwave power resulted in the
loss of the plasma. Based on this plot it can be concluded
that a relatively constant carbon dioxide conversion value
can be reached up to the energy efficiency of 6%—7% and
up to 120 NL-h™'. The carbon dioxide conversion
efficiency tends to have a relatively constant value,
especially in the case of 15 NL-h~!, which might be the
result of saturation. Further increasing the energy
efficiency (i.e., above 6%-7%) is possible, but a
significant reduction in carbon dioxide conversion occurs.
A good example is the case of 60.0 NL-h~!, where the

carbon dioxide conversion efficiency tends to
significantly decrease by decreasing the input microwave
power.

The highest measured energy efficiency of 10.9 £+ 0.5%
was determined with 0.834 MJ-mol™! energy input and
290 NL-h™! flow rate of pure carbon dioxide (Fig. 8(b)).
This was achieved with continuous operation, without
using any catalyst, in a straight waveguide system. On the
other side, only 3.2% of carbon dioxide conversion
efficiency was measured by applying the same settings. In
contrast, the highest carbon dioxide conversion efficiency
of 46.4 + 2.3% was measured by applying 80.0 mbar and
5.00 NL-h™! flow rate, with 14.5 MJ-mol™! energy input.
This conversion efficiency is relatively high compared to
other values reported elsewhere [13,14,17]. An optimal
operating condition can be identified at a flow rate of
30 NL-h™!, molar energy input of 2.42 MJ-mol~!, and the
lowest examined pressure where the product of
conversion and energy efficiency is the highest. The plot
seen in Fig. 8(a) suggests that the carbon dioxide
conversion efficiency might be further enhanced by
further decreasing the pressure of the plasma gas, which
also might influence positively the energy efficiency. As
was discussed in sub-sections 3.1 and 3.2, the power
absorption roughly doubles under reduced pressure
compared to atmospheric pressure (Fig.4), while the
plasma gas temperature remains relatively constant
(2.84-2.97 kK at atmospheric pressure, and 2.84-3.18 kK
at reduced pressure). This increased power absorption can
be attributed to the increased yield of the endothermic

reaction, due to increased carbon dioxide conversion.

4 Conclusions

The characteristic curve of carbon dioxide plasma was
introduced. Calculations were corroborated by optical
emission spectroscopy measurements, from which the
plasma gas temperature, electron density, and electron
temperature were determined. The characteristic curve is
useful in system design, particularly for estimating the
coupling quality and specific power absorption by
collision at generally available microwave frequencies
(0.915, 2.45, and 5.8 GHz). It can be determined by
examining the plasma characteristic curve, whether pres-
sure reduction is necessary, considering the associated
investment and operating costs. The optimal microwave
frequency of 20 GHz was estimated corresponding to the
atmospheric pressure using the characteristic curve, while
with the 2.45 GHz microwave frequency (used in this
paper) the optimal pressure was estimated in the
magnitude of 0.1 bar. Additionally, the degree of
ionization was found to increase linearly with the specific
power absorbed through collisions.

Reducing the pressure in the carbon dioxide plasma
enhances its ability to absorb power from the microwave
field, generated by a 2.45 GHz magnetron through
electron collisions, thereby increasing carbon dioxide
conversion instead of plasma gas temperature. The
highest recorded neat carbon dioxide conversion
efficiency was 46.4 = 2.3% in a continuous, catalyst-free
operation using a straight waveguide system, while the
peak energy efficiency of 10.9 + 0.5% was measured.
These results reveal that microwave-induced carbon
dioxide plasma shows a promising approach on a way of
producing value-added products.
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