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Abstract

The topic of Carbon Dioxide(CO,) emissions is currently very debated, mainly because
of the environmental impact in terms of atmosphere pollution, greenhouse gas effect, and
climate change. Several approaches are being considered to fight the climate change
and to mitigate COy emissions, such as carbon capture and storage (CCS), utilization
(CCU), and catalytic COy conversion. In this framework, a promising technology is the
plasma assisted COy conversion, which is able to convert CO, into useful products such
as carbon monoxide (CO) and oxygen (Oy) at ambient conditions and with a low energy
consumption. This technology could sustain the CO5 management and lead to the creation
of a sustainable carbon economy. Research is ongoing to optimize the process. This
thesis proposes a preliminary experimental evaluation of the plasma-assisted COy splitting
reaction making use of a test bench currently under development in our laboratories,
together with a wide literature overview of the process. The test bench comprises an arc
plasma system (Plasmatreat GmbH) consisting of a generator (FG5001), a Power Control
Unit (range from 400 to 600W) and a source (Openair-Plasma PFW10). The plasma
parameters were set via an interface designed to appropriately handle both the electrical
parameters (electric voltage and frequency) and the gas volumes fed into the system. An
Ocean Optics LIBS2500 Plus spectrometer (Ocean Optics, Inc., Dunedin, FL, USA), a
fiber optic cable and the OceanView computer software (OceanView version 2.0.8) were
used to examine the spectra of the species in the sensitive range from 150 to 1100 nm as
wavelength. The probe was positioned in proximity to the plasma jet so that it operated
in an overpressure environment. This condition provides an indication of the capacity of
the plasma flow without any influence from the air surrounding the treatment chamber:
the OES shows the potential ionizing effect of the chemical species involved and their
variation with the primary plasma parameters. This provides preliminary guidance on

the choice of parameters to adopt in combination with preliminary experiments.



1 Overview on the Plasma technology

Plasma is usually referred to as the "fourth state of the matter”. It is an ionized gas,
meaning that it is composed of ions, unbound electrons, and neutral particles [1]. The
ionization degree in the plasma can vary ranging from fully ionized gasses to a partially
ionized gasses [2]. In addition, all the species that are present in the ionized gas interact
among each other, thereby leading to a mixture that can be highly reactive and can
be interesting in many applications purposes. Plasma can be already found in different
biomedical applications, surface modification technologies, agriculture, microelectronics,

or laser applications.

1.1 Plasma technologies

Plasma can be classified as natural plasma, high temperature plasma, and weakly ion-
ized plasma. Natural plasma is basically all the matter that composes the universe and is
mainly attributed to the interstellar matter and stars. High temperature plasma occurs in
the fusion reactors, where the gas is typically completely ionized. Weakly ionized plasma
includes all the typologies of plasma that can be generated in laboratory environment for
different purposes, and that could have a large range of ionization of the gas. A second
subdivision can be done focusing on whether the plasma is in thermal equilibrium or not.
Indeed, the temperature has a crucial role in the plasma formation, since it is determined
by the average energies of the different species and their relevant degrees of freedom such as
translational, rotational and electronic. This means that when temperature in a restricted
area is uniform, the plasma is said to be in local thermodynamic equilibrium (LTE), or is
also referred to as thermal plasma. Instead, when the temperature is not uniform in the
given area, the plasma is said to be in non-local thermodynamic equilibrium (non-LTE),
or is also referred to as non-thermal plasma [2]. Thermal plasmas can be formed in two
different ways: either by achieving high temperature (from 4000 K to 20000 K), or at high
gas pressure. The latter can be performed in the following way: first of all, the electrons
receive energy from the electric field, and lose part of that energy during collisions with
the so-called heavy particles. Then, the continuing collision between particles leads to a
temperature changing up to the equilibrium between the electron and heavy particle tem-
perature. The high pressure can guarantee that more collisions occur, so a large energy
efficiency exchange is reached. The main advantages of this plasma typology are that
it can work at high temperature, high non-ionizing radiation, and high energy density.

This means that thermal plasma, and particularly the heat source, can be directional,



with a sharp interference and a thermal gradient that is controlled independently from
the chemistry. This make it particularly convenience in the case of coating technologies,
fine powder synthesis and treatment of waste materials. Non-thermal plasma is obtained
by applying a differential in electric potential between two parallel electrodes, which are
placed inside a reactor filled with gas or they form the reactor walls. A gas breakdown
is obtained by the potential difference with the result of positive ions and electrons. In
particular, the electrons are accelerated by the electric field towards the anode. When

the electrons collide with gas molecules it generates:

e The ionization collision which is a fundamental process in plasma, referring to the
conversion of neutral atoms or molecules into electrons and positive ions. As such,
ionization represents the primary elementary chemical process to consider in plasma

phenomena.

e The excitation collisions create excited molecules that can decay in the ground state

and emit light.

e The dissociation process creates radicals that can form new compounds, being this
the basis of gas conversion applications of non-thermal plasma. In non-thermal
plasma, the electrons are characterized by a much higher temperature than the heavy
particles. In general the electron temperature is of the order of 1 eV (~ 10000K),
while the gas temperature remains close to the room temperature. The high electron
temperature is due to the small mass of the electrons that are accelerated by the
electric field, against the heavy particles that are not accelerated. As a consequence,
the heavy particle, having a larger mass, will lose more energy during the elastic
collision, instead of the small particle that can gain the energy from the electric

field.

Finally, the major advantage of this type of plasma is that allows gases, even unreac-
tive gases, to be activated at room temperature by the highly energetic electrons. Thus,
heating the entire reactor is not needed. Instead, an electromagnetic field is necessary.
This means high flexibility, since it can be easily turned off and on, and the power con-
sumption can easily be scaled and adjusted [2]. Warm plasma is identified as a transition
type of plasma. Indeed, it operates at boundary conditions of thermal and non-thermal
plasmas. The key point of this technology is that it is able to create the advantage of
non-equilibrium conditions, while at the same time operating at higher temperature. In

that case, the non-equilibrium conditions, typical of non-thermal plasmas, allow for more
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efficient chemical reactions due to the presence of high-energy electrons that interact with
atoms or molecules without the need for high temperatures throughout the system. Warm
plasma can leverages this characteristic and offers higher temperatures, which improve
particle density and ionization. This promotes faster and more complete chemical reac-
tions, increasing process efficiency, which is beneficial in many industrial processes such as
COs conversion, material synthesis, or chemical activation [3]. In practice, warm plasma
is able to combine the benefits of a low gas temperature, typical of non-thermal plasmas,
with the ability of high temperatures, characteristic of thermal plasmas, to generate more
intense and controllable reactions. This makes it ideal for applications that require both
high electron energy and relatively low temperatures, optimizing energy efficiency with-
out waste [2]. Non-thermal plasma has been object of increasing interest in recent years.
The most common types of plasma technologies reported in the literature for the CO,
splitting are dielectric barrier discharge (DBD), microwave (MW), gliding arc (GA), and
plasma torch [4]. Non-thermal plasma is widely used for surface treatment and material
modifications, such as improving adhesion and wear resistance of materials like metals,
plastics, and textiles. Its ability to modify surfaces without significantly heating the mate-
rial makes it ideal for delicate treatments, such as in polymer processing [3]. Additionally,
non-thermal plasma plays a key role in the decomposition and conversion of gases, includ-
ing CO9 conversion into valuable products like CO and oxygen. Microwave plasma and
plasma torches are commonly employed for such processes. The technology is also used
for environmental applications like air and water purification, where it helps remove pollu-
tants without using harmful chemicals. Non-thermal plasma also finds applications in the
synthesis of advanced materials, such as nanoparticles, and in semiconductor manufac-
turing for processes like etching and thin-film deposition [3].Overall, non-thermal plasma
stands out for its ability to provide high-energy electron interactions while keeping the gas
temperature relatively low, making it ideal for applications that require precise control

over chemical reactions and material treatments.

1.1.1 DBD

DBD is the most used type of plasma technology that has been known for many years.
DBD is used in various applications, including surface treatment, pollution control, ozone
generation and synthesis of fuel or chemical[5]. It consists of two parallel electrodes that
contain a dielectric barrier (e.g. glass, quartz, ceramic material, or polymers [6]). In this

dielectric material, a small, limited alternating current can pass, generating the discharge
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Figure 1: Common DBD configuration: planar and cylindrical [7]

in only one direction. So, to transport the current in the discharge gap, an electric field is
required to cause the breakdown in the gas. The role of the dielectric material is to be an
insulator between the two electrodes, thereby limiting the electric current and blocking
the spark formation [2]. The typical configurations of DBDs are illustrated in Fig. 1, in
which a gas flow is applied in the gap, this latter varying typically from 0.1 mm up to
several cm [7]. Generally, DBDs operate also at approximately atmospheric pressure (0.1-
10 atm), while alternating the voltage with an amplitude of 1-100 kV, and a frequency
of a few Hz to MHz is applied in both electrodes [2]. As reported before, DBDs are now
used for a wide range of applications, making it easier to build different geometries for

the specific purpose [8].

1.1.2 MicroWave

Microwave plasma belongs to the groups of warm plasmas. The electrode is not
present and the electric power is applied by microwaves. As can be seen from Fig.2, a
MW plasma reactor is made of a quartz tube, inserted into a microwave cavity, powered by
a microwave generator with a frequency of few GHz. When the MW power is introduced
through the wave guide into the cavity, the gas flowing through the quartz tube is excited
to form plasma [9]. MW discharges is already used for scientific, medical, and industrial
applications such as nanotubes and advanced materials [8]. In those cases several types
of MW have been projected, like surface wave discharges, electron cyclotron resonance
and cavity induced discharges. The former (surface wave discharge) is commonly used for
the conversion of the (CO3) [10]. In particular, the electrons produced with this type of
plasma are able to populate the low energy vibrational level of (CO,), thereby enhancing

the vibrational pathway for the dissociation [9].
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Figure 2: Schematic and image of a MW discharge [9]

1.1.3 Gliding Arc

GA discharge belongs to the category of warm plasmas, so it combine both the charac-
teristics of the thermal and non-thermal systems [7]. A classical GA plasma configuration
is represented in Fig.3, where the gas flows between two diverging electrodes. When a
potential difference is applied between the two electrodes, a plasma arc is formed in the
narrowest part, which is transported by the gas flow towards a rising interelectrode dis-

tance, until it becomes smoother and a new arc is ignited in the tightest part [2]. In
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Figure 3: schematic of a GA [2].

general, the GA plasma is weakly ionized and the energy of the electrons is noticeably
higher than that of the heavy species. Indeed, it has been reported that the electron
temperature in the non-equilibrium region is around 11600 K, whereas vibrational and
translational temperatures are around 2000-3000 K and 800-2100 K [8]. Furthermore, dur-
ing the cycle of plasma formation, the GA dissipates 70-80% of the energy in the non-local
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thermodynamic zone, hence the energy utilization rate is quite high [11]. Nonetheless,
this type of plasma has some limits, such as the electrode geometry, the non-uniform gas
conversion, and the high gas flow rate that is needed to drag the arc [2]. It presents a
good efficiency of GA discharges in applications such as advanced oxidation techniques

[8], environmental applications [12], material processing [13], and medical science [14].

1.1.4 Plasma jet

Plasma jet consist of two concentric electrodes through which a mixture of gasses
flows. By applying a frequency at a certain voltage, the gas discharge is ignited. The
ionized gas from the plasma jet exits through a nozzle, where it is directed onto a substrate

a few millimeters downstream [15]. The electron flux exhibits high velocity and is hot.
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Figure 4: Schematic of the atmospheric pressure plasma jet[15].

These fast electrons excite or ionize atoms and molecules of a feed gas, such as argon.
Argon ions, on the other hand, are heavier than electrons and thus are less affected by
the electric field, preventing their acceleration. Additionally, fast electrons inefficiently
transfer their energy to the heavy particles, which consequently remain cold. Since the
temperature of a gas’s heavy particles determines its overall temperature, the plasma
contains highly energized particles without showing the significant temperature increase

that would usually accompany them (non-equilibrium plasma) [16].

1.2 Plasma catalysis

Plasma catalysis is a new emerging branch of plasma processing, lying at the interface
of various disciplines. The aim of this approach is to enhance the plasma reaction by
adding a catalyst to the reaction cycle and vice versa. Combining plasma with a catalytic
material is favorable for the inert molecules that are activated and then the activated
species recombine at the catalytic surface to yield the desired products [2]. In particular,
plasma and catalysis can be combined in two main configuration that are shown in Fig.5.

The former configuration (Fig.5(a)) is a single stage process, in which the catalyst, that



Plasma + Catalyst

a. Reactants # I l l | l l - Products

Plasma Catalyst

b. Reactants ‘ ‘ | | ‘ ‘ ‘ ‘ - Products

Figure 5: Schematic of different plasma catalysis configuration: a) in-plasma catalysis b)

post-plasma catalysis[11].

could be partially or fully packed, is situated in the discharge region of the plasma.
With this set up, the short- and long-lived reactive species can interact directly with the
catalyst surface in the plasma zone, thereby increasing the conversion of the reactants
to the desirable products. This can help to improve the efficiency of the process as
the energy required to generate the short-lived species is often wasted. The in-plasma
catalysis is mostly used for CO, by improving the selectivity of the target product [11].
On the contrary, post-plasma catalysis (Fig.5(b)), is a two stage process. Specifically,
in the first stage, the reactants undergo to plasma gas phase reactions, while in the
second stage they undergo to catalytic surface reactions. So, as the catalyst is placed
downstream of the discharge zone, the vibrational excited species, which are short-lived
species, cannot survive from the discharge zone to the catalyst bed, and only the long-lived
species produced in the plasma will interact with the catalyst surface [17]. Generally the
configuration with the catalyst downstream is mostly used, mainly due to the low thermal

stability of the catalyst [2].

2 Plasma technology for CO, conversion

This section reports specifically on literature investigations concerning the CO, plasma
conversion reaction. In particular, an overview of the characteristic of the pure CO,
and the main ways in which it is dissociated are presented. Furthermore, the efficiency
parameters are introduced and illustrated with a comparison among all the main plasma

technologies already tested.



2.1 Overview of CO, conversion

The decomposition of CO, is the initial step for the CO, utilization process. Carbon
monoxide (CO) and oxygen (O2) are the main products in a theoretical splitting . How-
ever, the reaction of decomposition of COs is not theoretical and several other compounds

could be present, making the total decomposition more difficult to achieve.

2.1.1 Characteristic pure thermal CO, conversion

COy is a very stable molecule and the conversion is not very effective to date. Indeed,
the carbon-oxygen bond are relatively strong (783 kJ mol~')[18] and the Gibbs free energy
of formation is (AG® = -394 kJ mol~!)[19], which means that a substantial energy input

and optimized condition are required for the chemical conversion to take place.
1
CO2(g) — CO(g) + 5 Ox(g) (1)

The reaction is strongly endothermic, and without removing one of the products (CO or
Os), the equilibrium of this reaction is shifted to the left. Thus, the thermal splitting of

pure CO, is only favorable and efficient at very high temperatures. As can be seen in Fig
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Figure 6: Theoretical thermal conversion and corresponding energy efficiency as a function

of temperature for the pure splitting of CO5 into CO and O9[2].

6, at 2000 K the reaction is not efficient, hence at 3500 K the conversion overcomes 85%
and the energy efficiency is around 47%. On other hand, while the conversion continues
to increase with the rising of temperature, the efficiency starts to decrease at 3500 K. In

particular, at 5000 K the conversion is 100%, but the efficiency is only 35% [2]. Thus, it
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is clear that the pure conversion to CO and Oy varies from less than 1% below 2000 K

and goes up to 85% when temperatures are as high as 3000-3500 K [20].

2.1.2 Mechanism of CO, conversion in plasma

The process of carbon dioxide conversion starts, as previously seen, with the splitting
of the CO,.

COy —» CO+ O, AH = 5.5¢V 2)

Then it continues until it reach a stable situation by oxygen atom recombination into
O, or an oxygen atom reaction with a co-reactant to create stable molecules [9]. There
are many channels enabling CO, plasma splitting by ionization: CO, splitting by direct
electronic ionization impact, CO4 splitting by vibrational ionization impact, ionization
by collision with heavy particles, photo-ionization, surface ionization and CO, splitting
by pyrolysis at high plasma temperature [21]. The first phenomenon is the CO, direct
ionization by electronic impact and is achieved by a single impact of neutral or unexcited

atoms, radicals, or molecules and COy molecule.
e+ COy — e+ 00" ('Y ,F) — e+ CO(M D T)+0('S) (3)

In the collision, the COy molecule from the ground state, becomes excited with an ex-
citation energy that overcome the dissociation enthalpy in one single step. Then, the
molecule de-excites by energy transfer to C==0 resulting in a bond breaking. As the
lowest electronic level of CO, is excited by more than 7 eV, the splitting of the CO,
molecule by direct electronic excitation is not efficient (Fig.7). The inefficiency is due to
the fact that only 5.5eV are theoretically required to break the C==0O bond, and thus
the extra energy is simply wasted [21]. This typology of splitting mainly happens in a
cold plasma or non-thermal discharges, like DBD, where the electron density is high, the
average electric field is high, but the excitation level of neutral species remain low. The

second process is the splitting of CO, by stepwise process by electron impact.

e+COQ — e+COQ*(V,~) 4

6+COQ — e+COQ*(Vj) 5
COQ*(Vi) + COQ*(VJ‘> — COQ*(SBQ) + C02

COy*(*By) — CO(* ) ~*) + O(°P)

(4)
(5)
(6)
(7)
The CO5 molecules in the vibrational ground state are first excited to lower vibrational
level by electron impact and then the vibrational excited molecules transfer their vi-

brational energy among themselves in a vibrational-vibrational relaxation process. This
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Figure 7: Schematic of some COs electronic and vibrational levels [22]

process is called ”ladder-climbing” and requires only the minimum amount of energy for
the bond breaking equal to 5.5 eV. Then, there is also a chance that some of them to
be pumped up to an higher vibrational energy level at the expense of vibrational de-
excitation for other molecules. When the vibrational excitation reaches the dissociation
threshold, the CO4 can split into CO and O in their ground state. This process is quite
efficient for CO, splitting. However, for the vibrational-vibrational transfer there are two
main conditions to be satisfied. The first is the electron temperature of the plasma that
has to be at least 1 €V in order to generate enough vibrational dynamics and number of
collisions between CO, and electrons. The second requirement refers to the transitional
temperature of the gas, which must be less than the vibrational temperature to avoid the
phenomena of vibrational-translational relaxation. Indeed, this could cause the reduction
of COs vibrational level and consequently a lower formation of CO and O molecules. That
phenomena is most significant in thermal or energy-dense discharges, where both the ion-
ization degree and the concentration of highly excited neutral species are high [21]. Then
the ionization by collisions of heavy particles occurs during ion—-molecule or ion—atom in-

teractions, as well as in collisions involving electronically or vibrationally excited species.

12



In these cases, the total energy of the colliding partners surpasses the ionization potential,
leading to ionization. Additionally, the chemical energy of colliding neutral species can
also contribute to ionization in processes like associative ionization [21]. Another process
could be the photo-ionization that happens when neutral particles collide with photons,
resulting in the formation of an electron-ion pair. This mechanism is especially important
in thermal plasmas and can also play a role in certain non-thermal discharge propagation
processes [21]. Surface ionization occurs when electrons, ions, or photons collide with
surfaces, or when surfaces are heated. This process can lead to the release of electrons
and is often observed in various plasma interactions with solid materials [21]. The last
process is the splitting by pyrolysis at high plasma temperature. As mentioned before, the
CO, conversion at high temperature increases the degree dissociation up to 85%. Indeed,
in the pyrolysis process, the product are CO, O and O, with almost no C generated,
meaning that the selectivity is close to 100% [9]. The process by pyrolysis has a key prob-
lem regarding the reverse reaction that has to be avoided especially when the products
leave the high temperature region of the plasma reactor. The three main mechanisms
described here for the CO4 splitting are strictly correlated to the electron density in the
plasma. Indeed, in cold plasma and warm plasma, COy splitting is realized by electronic
excitation or vibrational excitation, and both are dependent on electron collisions. In
thermal plasma, the CO4 splitting is obtained by electron impact and high temperature
pyrolysis. Therefore, the higher the electron density, the more collisions occur, and the
higher the conversion rate of CO, will be [9]. Fig.8 illustrates the fraction of the energy
transferred to the different channels of the excitation, ionization and dissociation of the
CO; as a function of the reduced electric field (E/n) [22]. The reduced electric field is the
ratio of the electric field in the plasma over the neutral gas density and has distinctive

values for different plasma types [2].
e+ COy — e+ COy(v") — CO+ O (8)

For example, a DBD has a reduced electric field in the range of 200 Td (Townsend)
while MW and GA typically operate around 50 Td. From Fig.8 the value of the reduced
electric field will have wide application on the distribution of the electron energy among
the different channels. Indeed, in the region above 200 Td, most of the electron energy,
around 70-80% goes into electronic excitation, about 5% is transferred to dissociation,
5% is used for ionization while 10% goes into vibrational excitation. Around 50 Td the
situation is quite different, 10% goes into electronic excitation and 90% of the energy goes

into vibrational excitation. Thus, CO, dissociation via vibrational excitation (eq. 8) has
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Figure 8: Fraction of electron energy transferred to different channels of excitation as a

function of the reduced electric field(E/n)[2]

been considered the most efficient way for COq conversion [11].

2.2 Efficiency metrics

In this section, an overview of the main efficiency parameters including the specific

energy input (SEI), conversion (), energy efficiency (n) and energy cost (EC) is reported.

2.2.1 Specific energy input(SEI)

The specific energy input is defined as the plasma power imposed by the gas flow rate,
which is a dominant factor for the conversion and energy efficiency of a plasma process:

Power (kW)

Flowrate (L min ")

SEI (J cm™®) = SEI (kJ L) = x 60 (s min™')

More generally, the SEI is also expressed in electron volts per molecules, as follows:

6.24 x 10%* (eV kJ ') x 24.5 (L mol ™)
6.022 x 1023 (molecule mol ™)

SEI (eV per molecule) = SEI (kJ L") x

14



2.2.2 Absolute and effective conversion

The absolute conversion is based on the molar flow rates of the reactants, such as CO,,

Ny, Ar or CHy.

Nreactant;,inlet — Mreactant; outlet

Xabs, reactant;, =

Nreactant;,inlet

Where 7n stands for the molar flow rate of the reactant species 7. When more than one

gas is present in the mixture, the effective conversion takes the dilution into account:

Nreactant;,inlet

Xeff, reactant; — Xabs, reactant, X .
Zi nreactanti,inlet

2.2.3 Energy efficiency and energy cost

The energy efficiency and the cost are related to the process that occurs. In particular,
the energy efficiency measures how efficient the process is compared to the standard

reaction enthalpy, which is based on the SEI:

 XTotal X AHSggy (kJ mol™)  xrporal X AHSg i (€V molecule™)
B SEI (kJ mol ™) B SEI (eV molecule™")

While the energy cost is the amount of energy that is consumed by the process:

-1 _1
EC (kJ mol ! ) = SEI(kJ L™7) x 24.5 (L mol ™)

conv

X Total

2.3 Dependency parameter

The CO4 conversion process is affected by different condition such as power supply,

pressure, gas flow and co-reactant.

2.3.1 Pressure

The role of pressure in the CO45 conversion process is crucial, and its impact on energy
efficiency and chemical conversion depends on the specific plasma conditions and the tech-
nologies used. At high pressure, the density of particles in the plasma increases, favoring
a higher likelihood of collisions between particles (electrons, ions, excited molecules) and
CO, molecules. This increases the reaction rate and can lead to better ionization effi-
ciency. However, if the pressure is too high, the plasma may become too dense, limiting
the effectiveness of electron energy generation. In this case, the mobility of electrons
is reduced, and the transfer of energy to CO, can be less efficient. Furthermore, very

high pressure may lead to saturation of reactions, hindering the process. In general, a
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moderate high pressure is beneficial for promoting better ionization and control of chem-
ical reactions, but an excess of pressure can cause inefficiencies due to the overly dense
plasma [21]. On the other hand, at low pressure, the plasma density is lower, which re-
duces the chances of effective collisions between electrons and CO, molecules. As a result,
vibrationally excited species become less energetic, and the ionization process may be less
efficient. However, low-pressure plasma allows for better electron mobility, facilitating the
creation of excited states and the transfer of energy from high-energy electrons. While
this improves the quality of the plasma, the overall conversion efficiency may be lower
compared to higher pressure settings, due to the reduced particle density [21]. In sum-
mary, moderate pressures tend to offer the best balance between energy efficiency and
reaction speed. The conversion efficiency of CO, is generally better at higher pressures,
as it enhances the ionization and reaction rates, but care must be taken not to exceed a
point where plasma density causes energy losses. The process of CO, conversion is more
efficient at higher pressures, but managing this pressure in combination with other pa-
rameters such as frequency and the amount of CO, gas fed into the plasma is essential to
avoid excessive collisions or reaction saturation. In the microwave plasma technology the
energy efficiency can reach up to 90% in supersonic flow conditions at a reduced pressure
of 200 mbar [23]. However, so far the value that more is near that target is 51% of energy
efficiency, this indicates that technical challenges remain in optimizing the process [24].
Microwave plasma is the most used plasma type in which the effect of pressure is more
crucial than all the other types of plasma. To obtain an high value of energy efficiency, the
role of the vibrationally excited species is particularly important. Indeed, they need to
be energetic enough to generate plasma which consist of high electron temperature, high
specific energy input and ionization degree [21]. To obtain that effect the microwave can
operate in two ways, diffusive regime and contracted regime, depending on the operating
temperature(Fig.9). At low pressure (25-65 mbar) the operating condition of microwave
discharge is in the diffuse regime, while increasing the pressure it become contracted
regime. This phenomena is important because by regulating the operating pressure, the
energy transferred from the electrons to the working gas change. [24] demonstrate that
increasing the pressure leads to a drop of both the CO, conversion and the efficiency
since the energy loss during the collisions between electrons increases. However, atmo-
spheric pressure is still preferable for the CO, conversion compare to new experiment at
low pressure condition using a vacuum pump. Hence, while stable molecule like CO4 are
under investigation microwave atmospheric pressure discharge is preferred than vacuum

conditions [25].
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Figure 9: The transition of a microwave discharge from (a) diffusive regime to (b) con-

tracted regime as the pressure increase [25]

2.3.2 Power supply

Another parameter that can change the energy efficiency is the power supply. This is
because different power will results in different power density and so different electrons
molecules collisions frequencies[26]. Power density is defined as the absorbed microwave
power per unit volume and is directly proportional to the density of electrons. As men-
tioned previously, electrons are accountable for the very first step of CO, dissociation as
the lighter electrons absorb most of the applied energy and activate the inert gas molecules
through collision. The energy transferred is highly dependent on the power supply. The
higher the power is, the higher the average electron energy, so the plasma region will be
extended and eventually increase the retention time of the reactants within the plasma
region. Also the power interruption has be found to have a positive effect on the decom-
position of the COs, this because it can modify the electron energy distribution. Finally
a COs conversion process can be enhanced by synchronizing the plasma pulse duration
with the residence time of the gas[27]. A clear example can be given by fig.10 where
a DBD reactor performs an analysis with different input power with the parameter dis-
charge frequency equal to 9 kHz and feed flow rate equal to 50 mL/min. The increasing

of the input power leads to an higher conversion reaching a maximum of 8.15% when the
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Figure 10: Effect of input power on COy conversion and energy efficiency[28]

input power is equal to 30 W and decreases to 4.99% at 60 W, while the energy efficiency
goes into the opposite way[28].

2.3.3 Gas flow and co-reactance

The efficiency is then also strictly correlated to the gas flow rate and the way in which
the gas is fed. By adjusting the gas flow rate, the residence time of the reactant in the
plasma region changes, which in turn affects the frequency of electron collisions with the
excited species. When the gas flow rate is modified, it determines how long the reactants
stay in the plasma, and this time of residence influences how often electrons interact with
the species present in the plasma. If the residence time is too short, the electrons may
not have enough opportunities to collide with the excited species, reducing the efficiency
of the process. Conversely, if the residence time is too long, the reaction might not be
optimal, and the efficiency could decrease due to excessive relaxation of the excited species
or other competing processes. Therefore, finding the right balance in the gas flow rate is
crucial to optimize the frequency of collisions and maximize the efficiency of the plasma
process. Indeed, the way of which the gas is supplied could be: downstream, upstream and
up-stream vortex [24]. The downstream configuration give the lowest value of conversion
and energy efficiency due to the low quenching of the exhaust gas and thus allow the

recombination of CO into COs. On the contrary, the vortex gas configuration resulted
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in the higher energy efficiency. This because the gas pattern enhance the quenching
effect of the gas during the cooling stage. As a result of that the resident time of the
reactance increase as well as the plasma stability giving a better conversion of the COs.
Furthermore, the upstream vortex has resulted to be better than the downstream one, this
due to the excited species that are kept together in the plasma volume[27]. By adjusting
the gas flow rate, the reactant residence time changes in the plasma region and thus affect
the collision frequency of the electrons with the excited species. A clearly example is
given by fig.11 in which until a certain limit the conversion continuing increasing, then it
drops and the efficiency starts to rise due to the decrease of the conversion [29]. Another
illustration can be given by fig.12 in which as same before, the conversion rise until a
value which make the residence time higher and a lower production of CO is recorded|[28].
This phenomenon can be explained in that way, by decreasing the CO, rate the residence
time of the reactants extends, this admit the reaction system which gives opportunities
for them to collide with energetic electrons and excited species, and then results in an
improvement of conversion process. On the contrary, with the higher CO, flow rate, the
concentration of CO species decreases, but the amount of CO, molecules that can be
dissociated increases on the whole. That results in an increasing of the energy efficiency

due to an availability of input energy.
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Figure 11: Effect of gas flow rate on the CO, conversion and efficiency[29].
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Beside that, The role of the carrier gas in improving the efficiency of CO, conversion to
CO is closely tied to its ability to influence the properties of the plasma and the dynamics
of the chemical reactions. Carrier gases such as argon (Ar), nitrogen (N3), and helium
(He) are the most commonly used [30] and contribute to enhancing the electron density
in the plasma, which is essential for the excitation and ionization of COs. Ar is useful for
maintaining plasma stability, promoting the production of high-energy electrons that in-
teract with COq, without generating too many undesirable by-products, as happens with
Ny [31]. Another important aspect is the gas temperature. In non-thermal plasmas, heavy
particles such as carrier gas atoms remain relatively cold, while high-energy electrons are
hot enough to excite CO,. This allows the energy from the electrons to be transferred
primarily to COy without excessively heating the gas, which makes the process more effi-
cient. Carrier gases help maintain a balance between energy and temperature, promoting
more efficient conversion [32]. Finally, carrier gases can also improve the kinetics of CO,
reduction reactions, increasing the likelihood that the desired reactions will occur. An
optimized carrier gas flow can extend the residence time of reactive species in the plasma,
promoting CO4 dissociation and increasing CO production. Finally, the presence of car-
rier gases such as argon and helium can stimulate the formation of excited species, like
CO* and O*, which are particularly effective in facilitating CO, splitting and improving
reaction yield [33]. This effect is due to the additional reaction route for CO, dissociation

that occurs when an inert gasses is mixed in the fed gas. The results will be reported as
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an increase of the CO and O atomic lines detected by the OES.
N3 (or Ar*) + COy — CO + O + Ny (or Ar)

Despite the positive effect, Ny could easily increase the conversion of the COy but the
decomposition of Ny will result in unwanted product like NOy,NO and N5O. Its presence
in the plasma can increase the energy transferred to the particles, aiding the dissociation of
COs into CO and O. However, the use of nitrogen must be carefully controlled to prevent
the formation of these harmful compounds. Although, the presence of that molecules and
the elimination of partial O species has a huge positive effect to limit the reverse reaction.

Thus enhance significantly the COy conversion.
0+CO+M—COy+M

Helium enhance the process of CO4 conversion but it is much more expensive than Argon
and has an higher ionization potential which leads to a lower results than He[33]. Finally
the most valuable result are obtained by adding Ny in the flow rate than the other inert
gasses due to a stronger COq promotion. A simple comparative result from Ar/CO, and
He/CO; can be seen in fig.13 in which the fraction of CO, continuous increase in the range
5%-95%. The value of conversion is lowest when the amount of CO; is higher. Until the
70% of CO,, the trend is similar and there are almost no differences between Ar and He,

but below this value the boost of the Ar become predominant reaching a value of 41%[32].
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Figure 13: COy conversion as a function of COs fraction in COs/Ar and CO,/He gas

mixtures[32].
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2.4 Comparison of splitting CO, with different plasma

In this section the comparison between the existing plasma based technology for CO4
with DBD, MW and GA plasmas conversion are investigated. In particular with the main
focus on improving the energy efficiency of the conversion and the selectivity toward value
added chemicals. As outlined before, in case of pure COs splitting, the main product are
CO and O,. So, the reaction is a simple chemical process and the wide variety of product
that can be formed are not investigated in this section. Only the focus on the optimizing

the CO, conversion and the energy efficiency|2].

2.4.1 DBD plasmas

The most common geometry used for DBD plasma to study the COs splitting are coax-
ial DBD reactor[34] and parallel plate reactor[35]. To achieve higher value of CO4 conver-
sion and energy efficiency, several approaches have already been investigated, including
changing the applied frequency, gas flow rate, discharge gap, applied power, dielectric

material, electrode material, mixing with gases and catalysis.
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Figure 14: Experimental data collected from the literature for the CO4 splitting in a
DBD, where a) and b) show the conversion and energy efficiency as a function of SEI,
while ¢) depict the energy efficiency as a function of the conversion. All the data represent
experiment that has been done with many different configuration, in particular the open

symbol represent data with catalysis[2].

From Fig 14 the main trend are pretty evident, the conversion increases with the
increasing of the specific energy input, while the energy efficiency generally decrease with
the increasing of the SEI, especially above 10 eV per molecule. In the plotting of energy

efficiency as a function of the conversion, almost all the result are below the 15% and 40%
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for the conversion. The highest value of conversion is obtained with a packed bed DBD
and reach about 42%, while the highest energy efficiency was 23%, obtained by a pulsed
power DBD. One of the most crucial parameter for the conversion of COs is the SEI, but
as can been observed, with the same value of SEI the conversion reach different result. So,
an another key parameter is the gas flow rate, and consequently the residence time, which
has an extremely important effect on the balance of the conversion. Furthermore another
important aspect is that a lower power, with a lower gas flow rate will result into an
higher conversion efficiency than an higher power with an higher gas flow rate at the same
SEI[36]. Other changing that have been made are regarding the geometry, specifically the
discharge length and discharge gap. In particular varying the discharge length, at the
same SEI, has no significant variation on the discharge characteristic, conversion and
energy efficiency[37]. On other hand, the discharge gap seems to change the discharge
behaviour and so the conversion of the COy. Studies have demonstrated that above a
gap width of 3.3 mm less streamer formation occurs, leading in a less efficient plasma
volume, hence lower conversion and efficient results[36]. Also the applied frequency seems
to have a negligible effect on the conversion and energy efficiency. Even if the plasma
seems to be more filamentary at high frequency (75 kHz) compare to low frequency(6
kHz)[38]. Then also the gas temperature is an important parameter that govern the
reaction rate. For the plasma based conversion with DBD the effect is not so clear, because
a linear increase of the conversion is obtained from 303 K and 443 K, but discrepancy
of the results are reported[34][38]. The effect of the dielectric material in the DBD is
another topic very debated by studying the formation of a selective coating. Indeed,
the conductivity of the dielectric material can play an important role for the discharging
proprieties. Several test has been made using alumina and quartz with the results of a
better reactor stability and reaching an higher conversion[38]. In the meanwhile other
material are under investigation with the addition of calcium and boron[39]. However,
from the calculation of the plasma power, it appears that more sophisticated dielectric
mainly increase the efficiency of the plasma power, and not the effective plasma conversion
efficiency. In any cases these dielectric allow operation at less voltage which could be
beneficial in certain process|2]. Also the electrode material has been investigated, Cu and
Al increase the conversion with a factor 1.5 compare to Fe electrode. Furthermore Al
electrode has shown a maximum energy efficiency three times higher than Rh electrode
under the same condition. But, on other hand the problem of chemical corrosion and
sputtering are not negligible and represent a huge problem for this type of material[40].

As mentioned above, also the adding of inert gases, such as Ny, Ar and He, could ignite
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the plasma more easily. This also affect the discharge characteristics, energy efficiency,
conversion and by-product formation. The addition inert gasses such as He and Ar, leads
to an increase in the CO4y conversion, but the effective conversion decreases, since there is
less CO4 present in the mixture and the increased conversion is not sufficient to counteract
this drop in the COy fraction[40]. On other hand, the presence of Ny strongly increase
the effective conversion and energy efficiency up to 50%. However, unwanted product
like NoO and NO,are produced using Nj[41]. Finally the backed bed reactor in a DBD
has been investigated with great result for the energy efficiency and conversion. Different
materials have already been investigated such silica gel[42], AlyO3[43], ZrOy[44], Si04[43],
BaTiO3[45], MgO[46] and CaO[46]. The best results have been obtained with ZrO,, CaO
and CeO,[47], with conversion in the range of 30-45% and energy efficiency in the range of
5-10% (Fig.14(c)). One of the most recent studies refers to a protocol for the dimension
of the particle size in the packed bed reactor. More specifically, with a size of particle
around 180-330 pm, the conversion increase up to 70%. However, also the breakdown
voltage increase, leading to a partial discharging so a drop in the fraction of the reactor
where plasma formation occurs[45]. From all the recent studies DBD reactor can reach a
conversion up to 40%, but the energy efficiency is far away from the target equal to 60%.

As a matter of fact DBD have the advantage to be scalable and is very easy to operate.

2.4.2 MW and RF plasmas

The dissociation of COy with MW and RF plasmas have already been used some
decades ago[21], but gained more interest in the recent global challenges regarding the
COs. Already in the last century, it was concluded that MW plasma was ideal to obtain
high energy efficiency for the CO4 conversion due to a relatively high electron density and
a low reduced electric field. These condition are particularly favorable for the excitation
of asymmetric mode vibrational levels of CO4[48]. This efficient dissociation is a combi-
nation of several reaction steps: the excitation of the lower vibrational levels by electron,
followed by collision between vibrational levels that gradually populates the higher lev-
els, and dissociation of the excited vibrational levels stimulated by collision with other
molecules[49]. As for the DBD, also for the MW and RF plasmas different configuration
are already been discussed. In particular to obtain the best value for energy efficiency
and conversion, these factor have been changed: gas flow rate, applied power, reactor

geometry, flow typology, gas temperature and by introducing catalytic materials.
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Figure 15: Experimental data collected from the literature for the CO, splitting with MW
and RF plasma, where a) and b) show the conversion and energy efficiency as a function
of SEI, while ¢) depict the energy efficiency as a function of the conversion. All the data
represent experiment that has been done with many different configuration, in particular

the open symbol represent data with catalysis|2]

From Fig 15 the highest value of energy efficiency are 80% in subsonic flow conditions
and 90% for supersonic flow and performed at reduced pressures[48]. Recently the value
of efficiency reached are 50% with both the plasmas[50]. The result obtained, especially,
were near the thermal dissociation limit indicating that the thermal dissociation limit are

predominant in this typology of plasmas. As for the DBD, the conversion increases with
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the increasing of the SEI, while the energy efficiency decreases above an SE of 0.1-1 eV
per molecule. While, as regard the energy efficiency as a function of the conversion, all the
studies results typically an energy efficiency of 10-50% in the entire range of conversion of
95%. For the MW discharge the same trade off between energy efficiency and conversion
as a function of SEI is present[50]. To successfully increase the energy efficiency, it is
needed to be able to increase the conversion degree without increasing the specific energy
input of the system, which essentially requires using techniques other than increasing the
input power[51]. As already mentioned, the pressure has one of the most important role
in the MW plasmas and on the CO5 conversion. The main reason is that at low pressure
the recombination reaction becomes negligible[52]. An optimum operational pressure
has to be around 150 mbar, but all depends on the operational conditions, such as gas
flow rate[50]. Several types of flow and geometry have been already tested to optimize
the MW discharge performance for COy conversion. Supersonic flows have been proven
to reduce the losses of vibrational levels upon collision with ground state molecule and
allowed to achieve energy efficiency up to 90%[50]. Like DBD, the addition of other
gasses to COgq, such as Ar[53], He[54] and Ny[33], could have a critical role for the CO,
conversion. The presence of Ar results in no effect on CO production, leading to not
affecting the collisions processes benefiting dissociation[53]. On other hand the overall
COs conversion reach higher value when diluted with Ar instead of He, furthermore the
conversion increased but the energy efficiency decreased when adding more Ar or He[54].
The presence of Ny instead, could play an important role in a different way with the respect
of DBD plasmas. Indeed, in the MW plasma the improvement of the COs conversion is
by vibrational excited Ny molecules[33], while for DBD is by meta-stable electronically
excited Ny molecules[41]. The energy difference between the first vibrational level of Ny
and COs is very small, making the fast resonance transfer of vibrational energy from Nj
to CO4 possible. As such, Ny can help with the vibrational pumping of CO, and thus can
enhance the COy conversion. On the other hand, the vibrationally excited Ny molecules
can also react with O atoms, leading to the production of NO, as was also observed
for a DBD[33]. Finally the role of the catalyst has already been tested, in particular in
the post discharge configuration using Rh/TiO2[53] and NiO[55]. The result obtained
figured out how the implementation of a packed reactor could increase the efficiency by
a 17% in a post discharge zone configuration. However, this increase was suggested to
arise from the dissociation of CO, at the catalyst surface with oxygen vacancies through
dissociative electron attachment, which is a less efficient dissociation process than the step-

wise vibrational excitation. The role of the catalyst in the future could be to reduce the
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E/n value of discharge due to physical effect or stimulating the dissociation of vibrational
excited COg molecules on the surface[2]. Overall MW technology are capable to overcome

the 60% efficiency mark for CO splitting and reach an energy efficiency of 45-50%.

2.4.3 GA plasmas

The GA set up tries to combine both the advantages of the DBD and the MW, offer-
ing to work at atmospheric pressure and reaching the most efficient dissociation process
through vibrational excitation[56]. The two main configuration used are a simple 2D
electrodes blade and a the GAP (gliding arc plasmatron) configuration that is based by a
cylindrical electrode. The former, has the disadvantages to have a residence time in the
plasma quite low, the flow rate is limited and only a limited amount of gas i processed to
discharge[57], leading to a maximum conversion of 20%[58]. The latter, ensure a longer
residence time in the discharge zone at higher flow rate, reaching a 40% of gas flow that can
be processed by discharge[57]. Beside those geometry variations, other works focused on
changing different parameters like applied power,flow type, interectrode gap, admixture
gases, gas flow and plasma chemistry. From fig.16 the highest energy efficiency obtained
is around 40-50%[59] while the highest reported and calculated is equal to 65%[58]. In
general the main trend of energy efficiency and conversion as function of SEI is equal to
the ones of DBD and MW. The conversion increases and the energy efficiency decreases
with the increasing of the SEI, and the optimal range of SEI is 0.1-1 eV per molecules.
For a regular GA, the conversion increases and the energy efficiency decreases when more
power is supplied[58]. The GAP can operate in two regime that depends on the power
input (low and high current regime) with the highest energy efficiency, the lowest conver-
sion observed for the former and the opposite for the latter[59]. Then, lower the gas flow
rate is and higher will be the conversion due to a longer residence time of the gas in the

discharge[59].
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Figure 16: Experimental data collected from the literature for the COy splitting with GA
plasma, where a) and b) show the conversion and energy efficiency as a function of SEI,
while ¢) depict the energy efficiency as a function of the conversion. All the data represent
experiment that has been done with many different configuration, in particular the open

symbol represent data with catalysis|2]

Another important parameter is the vortex flow type, which can be modulated by
adjusting the reactor geometry[56]. Operating in a reversed vortex flow (RVF), compared
to a forward vortex flow (FVF), it provides an increase in residence time. As a result,
the RVF delivers higher energy efficiencies at higher SEI values, leading to an improved

conversion[59]. It is also this vortex flow that allows for the higher gas flow rates to be
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processed compared to a regular GA, and theoretically also to obtain higher maximum
conversions because the gas passes through the arc in the longitudinal direction, thereby
yielding a longer residence time. For the GA, also the interelectrode gap can vary to im-
prove the CO, conversion, and the best result was observed for the smallest interelectrode
distance. Indeed, increasing this distance leads to a larger arc volume and a corresponding
drop in plasma power and electron density, and consequently also a drop in COs conver-
sion[58]. Furthermore the addition of Ny leads to a positive effect for the conversion,
but unwanted product like NO, are also produced[60]. In summary, the GA is the most
efficient CO, dissociation channel based on vibrational excitation while operating at at-
mospheric pressure. Energy efficiencies of 45% and even results above the target value of
60% have already been reported. Further exploitation can be done by model calculations

on the non-equilibrium character of the GA to increase the energy efficiency|[60].

2.4.4 Summary of the type of plasma

To sum up, in Fig.17 are plot the energy efficiency as a function CO, conversion for
all the types of plasma with the thermal equilibrium and the target of energy efficiency.
From Fig.17 it is clear that, DBD are the most extensively studied typology for CO, but
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Figure 17: Comparison of the data collected from the literature for CO, splitting in the

different plasma types, showing the energy efficiency as a function of the conversion[2]

they seems to be unsuitable for an efficient conversion. The value of the efficiency remains
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a factor four time too low in order to try to compete in the industrial scale. The GA
plasmas results to reach the set energy efficiency target of 60% and almost all the result
are above the thermal equilibrium limit, which is very interesting especially due to the
operation at atmospheric pressure. This demonstrate that the non-equilibrium character
of this type of plasmas are able to exploit the energy efficient dissociation of the CO,
vibrational levels. Furthermore, advanced modelling of this system could even enhance
the energy efficiency. On other hand, the main challenge of thus technology is the limited
conversion that remains below 20% due to the limited part of the gas that goes thought
the plasma. Finally the MW plasmas can be used for a wide variety of possibilities. At the
value of conversion equal to 40%, the energy efficiency target is easily crossed and it could
operate in the non-equilibrium regime, which is favorable for the step wise vibrational
dissociation mechanism. Conversions in the range of 40-90% are also possible, but the

efficiencies reaches up to 40% and the working condition are in the thermal regime[2].

2.5 Synergistic effects of plasma catalysts on CO, conversion

The synergistic effect of plasma catalyst has a great potential and is able to enhance
the CO4 conversion, the target product, the selectivity and the energy efficiency due to the
physical and chemical interactions.[61]. The plasma catalysis synergy has a major advan-
tages with the respect of combining separately non-thermal plasma with a catalyst. So,
the net effect of plasma-catalyst on the reaction is greater than the sum of the individual
effects that the catalyst and plasma have on the reaction when used independently[62].
When investigating the synergistic effects of plasma-catalysis, it is important to under-
stand the chemical and physical effects of combining catalysts with the plasma[l1]. CO,
conversion can be increased by chemical effect as a result of the interaction between CO,
and the catalyst. In particular, the catalyst can also modify the selectivity of the re-
action and so the target products. In the meanwhile, the physical effect can increase
the efficiency of the process, this by rising the local electric field, which produce more
reactive species and increasing the electron density of the plasma; leading to a more CO,
converted without increase the discharge power[11]. However, both chemical and physi-
cal effects are often connected each other and cannot always be distinguished due to the
complex interactions occurring between the plasma and the catalyst[61]. This reactions

can be summarized in two main categories:

1. The effect of plasma on the catalyst
2. The effect of catalyst on the plasma
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The most common plasma effect on the catalyst are:

e surface structure and morphological changes in the catalyst resulting in improved

dispersion and a larger active surface area[63];

e change of reaction pathways or creation of new reaction routes due to the availability

of a wide range of reactive species, including excited species;

e lower activation barriers and higher pre-exponential factors as a result of the for-

mation of vibrationally excited species;
e formation of catalyst surface hot spots due to small micro-discharges;
e collision induced surface chemistry.

e chemical and electronic changes on the catalyst surface that may change the catalyst
oxidation state, leading to a change in the catalyst work-function, thus could be

associated to the current voltage that alter the work function of the catalyst[64].
Then the ones related to the effect of the catalyst on the plasma are:

e an enhancement of the electric field through the geometric distortion and surface

roughness;

e the formation of micro-discharges inside the pores of the catalyst material, due to
the very strong electric field inside the pores, leading to different characteristics

compared to the bulk;

e a change in the discharge type, because the presence of insulating surfaces promotes

the development of surface discharges;

e the adsorption of species on the catalyst surface, which affects their concentration

and conversion due to longer retention times.

The most common catalyst effect on the plasma are the increasing of the electric field
near the surface of the catalyst using a DBDI[65]. This is typically influenced by the
amount of catalyst used to pack the discharge zone of the reactor, which can alter the
discharge mode of the plasma. Changes in discharge mode are mostly the result of a
reduction in the void fraction of the discharge zone with packing. Other could be the
partial package of the discharge zone that maintains a large void fraction and typically

produces strong filamentary micro discharges without causing much of a change in the
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discharge mode[66]. Furthermore, packing generally produces more effective polarization
at contact points between the catalyst pellets and between the pellets and the reactor
walls which strengthens the electric field[67]. This produces a stronger discharge than
an unpacked reactor and has a strong effect on the electron energy and density in the
discharge zone. At a given potential, a fully packed discharge zone shows more effective
polarization than a partially packed one due to the increased number of contact points,
resulting in enhancement of the electric field and producing electrons with a higher aver-
age electron temperature[66]. These electrons can activate molecules in the plasma and
generate species that can undergo reactions on the catalyst surface. However, the average
electron density and reactant residence time in a fully packed DBD are lower than a par-

tially packed or unpacked configuration, which can hinder the reactor performance[43].
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Figure 18: Overview of possible effect of the catalyst on the plasma and vice versa[l1]
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2.5.1 Principal catalytic material

Among all the different types of plasma, the DBD is the most investigated one re-
garding the catalytic material. Indeed, in comparison to all the other types of plasma
several solution have already been proposed with value of conversion very promising.
Previous studies have demonstrated that introducing oxygen vacancies improve the reac-
tion performance and help to understand the relationship between the active surface and

plasma[68]. One of that is surely the CeOy which result in a ability to alter the oxygen
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concentration without changing the phase, in particular it provides a large and stable
oxygen storage capacity and it is used for many catalytic application[47]. Furthermore
CeO, provide also an active site for adsorption and activation of molecule that contains
oxygen[69]. On other hand, also the ZrO, pellets seems to have a positive effect. Thus
can be explained especially for the more stable, uniform and stronger discharge because
it meant that more CO5 molecules where activated[70]. In this section three main config-
uration using CeO3[68], ZrO2[70] and the mixing of both[47] are investigated by changing
the most important parameter. Starting with the CeO, catalyst in a DBD reactor with
different morphologies (cubes, rods and hexagons)[68]. All the experiment with this con-
figuration has been made in atmospheric pressure, frequency ranged from 8.9 to 9.1 kHz,
the catalysts fully packed in the discharge region to keep packing volume the same and
finally the catalyst has been granulated and sieved into a 40-60 mesh size[68]. The main
investigation that have been made using the CeO, catalyst are obtained by varying the
discharge voltage and input power. As can be illustrated from fig.19(a) with an increase
of the discharge voltage, the CO, conversion of all the catalysts increase, with the highest
conversion reached by the rods catalyst configuration. When the discharge voltage reach
the 11 kV, the difference in the performance become smaller and the conversion reach
around 20-25%. In Fig.19(b) the catalyst has been evaluated with the same input power,
the difference between all the catalyst become smaller when the input power overcome the
10 W, this indicate that the effect of the catalyst at high input power become less relevant.
This behavior can be attributed by the lower energy efficiency that the rods catalyst reach
while it operate at different discharge voltage (Figl9(c)). Indeed, at the same input of
power the rods catalyst show a lower discharge voltage and less CO5 conversion. On other
hand, as shown in Fig.19(d) it present the higher power efficiency with the respect to all
the other type of catalyst[68]. Another commercial catalytic material are the ZrOs pellets
combined together with the glass beads and used ad packed materials. In that case several
factor, such as discharge power, discharge length and bead size, are taking into account
to investigate the CO5 conversion[70]. The main parameter considered were: frequency
equal to 12 kHz, flow rate equal to 20 mL/min. To better understand the influence of
the discharge length into the unpacked DBD reactor an analysis has been made and can
be seen in fig.20[70]. In particular, it can be seen that the decomposition rate increase
with the increasing of the discharge length. This is due to the higher residence time of
the CO; inside the reactor, which enhance the probability of molecules to collide each
other with an higher energetic electrons and reactive species[71]. Despite that, a longer

discharge region will require also an higher surface area of the BDB reactor, which means
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Figure 19: CO, conversion, energy efficiency and power efficiency as a function of applied

voltage and in input power of CeO, catalysis[68]

also higher energy losses and dissipation(fig.20(b))[72]. In the case of ZrO,, increasing
the discharge length have more dominant effect with the respect to the negative effect. A
second analysis is reported in which can be seen the effect of the CO, decomposition as
a function of the discharge power and on the bed size. In fig.21 can be seen that smaller
is the bed size and more beneficial effect are obtained. In particular, when the beds size
decreased, more dielectric sphere would be needed, which increased the surface area and
reinforced the surface discharge, hence an higher CO, decomposition rate is reached[44].
Discharge is also a key factor, indeed the discharge power determine whether there was
sufficient energy for activating and decomposing the CO5[73]. The influence is reported
in fig.21(a)(b), where the degradation rate increase with the increasing of the discharge
power, but the energy efficiency decrease. An higher discharge power meant more energy
into the system, therefore generating more active species and reactant molecules in the
reaction, and enough energy would activate electron and reactant molecules, as well as
increase the mutual collision opportunities between active species, so more chemical bonds
would be broken and more active substances formed[70]. However, the decomposition of

the CO, tends to saturated above the 55 W, thus means that a suitable range of discharge
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power is necessary for a viewpoint of energy saving. Taking into account the discharge
power of 55 W, the COy decomposition rate in unpacked reactor is 26.1%, in the glass
beads 33.5% and with ZrOs reach 52.1%. At the same time the energy efficiency only
in ZrOy pellets improve by a factor of two. This can be explained by different factor
such as the filling material in the discharge zone that made a more stable and stronger
discharge zone; by the electric field enhancement due to the polarization of the dielectric
material and by the strengthening of the electric field near the contact points of the pel-
lets, causing a enhancement of the electron temperature and hence a positive effect on
the COq decomposition[38]. Finally the ZrO, as can be seen from all the result exhibit a
better reaction activity than the glass beads, this is probably due to the fast oxygen ions
migration|[74]. The last configuration is made by ZrO,-CeO, grinding balls(75% ZrOs and
25% CeOs) of various diameter (from 1.0 mm to 2.0 mm)[47]. In this analysis different
parameter have been changed such as: discharge power, feed flow rate and particle size.
The first effect can be seen in fig.22 where the COy conversion and energy efficiency are
presented as a function of discharge power and feed flow rate. The maximum conversion
reached is 64.3% at 110 W and 20 mL/min, while the maximum energy efficiency equal
to 8.7% have been obtained when the the power was 30 W and feed flow rate equal to 100
mL/min. So by increasing the discharge power, a positive effect is obtained also for the
conversion of the CO,. Thus can be explained by the higher electric field that enhance
the amount of high energy particle, this leads to more chemical reaction channel for the
CO. conversion[64]. As regards the flow rate, it can be seen that lowering the feed flow

rate, the conversion increase, this is due to the higher residence time which create more
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at different discharge power [70].

opportunities to participate in the reaction. On the contrary, the energy efficiency has the
opposite trend, it decrease when the power increased and decreased when the flow rate
decreased. More suitable packing materials are under investigation to enhance both this

terms[47]. A better illustration of the conversion and the energy efficiency can be seen
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Figure 22: Effects of discharge power and feed flow rate on COy conversion and energy
efficiency[47]

in fig.23. In particular in the fig.23(a) the plasma power increase from 30 W to 110 W,
while the feed flow rate was fixed at 20 mL/min, while in fig.23(b) the discharge power is
fixed at 70 W, and the flow rate change from 20 mL/min to 100 mL/min. Obviously the
effect are different in the two configuration and the results obtained in term of conversion
and efficiency are closely related to the residence time which occurs. These means that

the control of the feed flow rate is more immediate and more efficient than the changing
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of the discharge power[47]. Last effect
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be seen from fig.24, that vary from 1.0-1.2 mm, 1.4-1.6 mm and 1.8-2.0 mm. If the same

packing volume is used, by decreasing the particle size, the number of the packing particle

increase and this increase the contact point between the particle them self. In this way,

by decreasing the particle size, more CeOy can be filled in the reactor that enable more

oxygen absorption to block the reverse reaction. Then, more particle means to have more

contact points of reactions that create a more uniform discharge over all the reactor and

reach an higher conversion[45]. The implementation of a catalysis composed by ZrOa-
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Figure 24: Effects of particle size on COy conversion and energy efficiency[47]

CeO4 have shown better proprieties than all the other type of catalytic material, reaching

a maximum conversion of 64.38% and an energy efficiency of 8.76% which are the highest

in the literature nowadays|[47].
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3 Experimental setup

An overview of the primary workbench is represented in the below figures. Where at
first a general overview is depicted (fig.25) and then a more detailed image referring the

plasma source (fig.26).

Figure 25: Overall view od the workbench

Then additional element that are part of the workbench are the generator FG5001
(fig.27) and the power unit control (fig.28). Optical Emission Spectroscopy (OES) is an
analytical technique used to study the chemical and physical species present in a plasma,
particularly to identify and quantify the atoms, ions, and molecules emitted during the
electronic excitation process. When species in the plasma are excited by an electric field or
by collisions with high-energy electrons, they absorb energy and reach high-energy states.
Upon returning to a lower energy state, these species emit electromagnetic radiation in
the form of visible or ultraviolet light, which can be analyzed to determine their compo-
sition [31]. Emission spectroscopy is based on measuring the wavelengths of light emitted
by the excited species. Each chemical element and ion emit light at characteristic wave-
lengths, allowing for the identification of specific components in the plasma. The obtained
emission lines also provide information about the electron temperature of the plasma, as
the distribution of the intensity of spectral lines is strongly influenced by temperature.

One of the main applications of optical emission spectroscopy in plasma research is the
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Figure 28: Power control Unit (range

from 400 W to 600 W)

Figure 27: Generator FG5001
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analysis of atomic and ionic species, providing critical information on electron density and
plasma chemical composition [75]. In particular, the intensity of emission lines from ions
such as O", Ar™, or Nyo™ can be correlated with ion density and electron temperature in
the plasma. Additionally, OES is useful for analyzing chemical processes and reactions
that occur within the plasma, such as ionization, dissociation, and recombination.* In our
experimental work on CO, conversion to CO and O, optical emission spectroscopy played
a key role in identifying and monitoring the chemical species involved in this process.
Plasma was used to dissociate the COy molecule into carbon monoxide (CO) and oxygen
(O) through processes such as auto-ionization and collision-induced dissociation. The for-
mation of excited species like O*, CO*, and Oy*, which emit light at different wavelengths,
was tracked and analyzed to better understand the dynamics of this reaction. By measur-
ing the intensity of the emission lines of these species, we were able to obtain information
on the effects of the applied electrical parameters and the reaction conditions within the
plasma. Such information can help optimize COq conversion processes. Therefore, optical
emission spectroscopy not only provides data on the composition of the involved species
but also offers important details on the kinetics of the chemical reactions occurring in
the plasma during CO, reduction. In our experiments, the parameters that are typically
modified to assess the variation in terms of conversion efficiency are: the electric voltage,
the frequency, and the amount of gas (COs) fed into the plasma source. The accuracy
of the measurements depends on several factors, including the calibration of the spec-
trometer, interference from overlapping spectral lines, and the presence of self-absorption
effects. To obtain quantitative data, it is often necessary to perform measurements un-
der well-controlled conditions and to use calibration methods based on known reference
sources. Despite the challenges and difficulties encountered, optical emission spectroscopy
has been the most effective tool we have employed to study plasma-chemical characteris-
tics, for real-time monitoring, and to track the evolution of species as a function of various
parameters. An Ocean Optics LIBS2500 Plus spectrometer (Ocean Optics, Inc., Dunedin,
FL, USA), a fiber optic cable and the OceanView computer software (OceanView version
2.0.8) were used to examine the spectra of the species in the sensitive range from 150 to
1100 nm as wavelength (fig.29). The probe was placed near the plasma jet to operate in
an overpressure environment. This setup allows for the assessment of the plasma flow’s
capacity without interference from the surrounding air in the treatment chamber. The
OES reveals the ionizing potential of the chemical species involved and their variations in
response to the primary plasma parameters. This information offers valuable initial guid-

ance for selecting the appropriate parameters to combine with preliminary experiments.
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Figure 29: Screen displaying spectra ac-

quired in real time and OES analyser

Figure 30: Process parameter display

screen and control panel

4 Test Pure CO,

A primary test has been performed with the aim to investigate the different species
that are obtained when the splitting occurs. In that case the main purpose is to verify
the different conditions that the plasma torch is able to sustain. Indeed, the plasma torch
has a limited application on this field, and as explained before other type of plasma are
preferred in this type of application. In the following case the gas is composed by pure CO,
with a flow rate equal to 40 L/min, frequency equal to 25 kHz and operate at maximum
power. These parameters have been founded after different experimental analysis due to
the impossibility of the plasma to remain continuously active. As a matter of fact the
most critical parameter has been the power of the plasma torch. If the value imposed
was not the maximum one, the plasma could not be formed. This is probably due to the
amount of energy transferred to the pure CO4 gas flow which is not sufficient to split the
molecules and the lack of energy is manifested in this phenomena. Apart of that, the gas
flow rate can be managed and imposed with a different value than the one selected. In

that experiment, another important parameter has been analyzed which is the nozzle of
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the plasma torch. Several nozzles have been tested to figured out which is the best one in
terms of output intensity of the created species. The results obtained during the testing
of all the nozzles lead to the possibility of using only of two of them, the nozzle with
laboratory number 731445” and ”36002-03”. The incapacity of using all the other nozzles
is because the plasma cannot be activated with the fixed parameter previously described.
While, only those nozzle could sustain the plasma and making the effective splitting of
the COs. The result obtained from the two experiment can be seen thanks the OES and

then plotted in the wavelength number and relative intensity graph.
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Figure 31: Pure CO4 spectrum with nozzle 31445
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Figure 32: Pure CO; spectrum with nozzle 36002-03

Once that the species were formed and plotted into the graph fig.31 and fig.32, a more
deepest analysis has been made in order to identify the exact species that correspond to
each peaks. First of all, a main different between the two nozzle is the intensity of the
peaks that are reached. Actually, with the ”31445” an intensity of almost 6000 is reached,
while for the ”736002-03" the value is neither 1700. This means that the created species
are better recognized with the first nozzle. Nevertheless, having an higher intensity, the
peaks of the former nozzle are more simple to recognize, while the latter having also a
background noise it makes more difficult to identify the more important species. The peak
with the highest intensity is the most simple to recognize and is refereed to the presence
of O, that always have a wavelength equal to 777.5 nm and 838.5 nm in both the case
under examination [76]. Starting with the first nozzle, the other peaks are refereed to the
presence of the CO,, the splitting of this molecule generates other compounds like CO, C,
and CO™. To better understand which peak identify each species, a further investigation
has been made by looking at each wavelength and identify all the single species. Starting
with the presence of COs in the spectrum means that not all the feed gas have been
converted in the other products. That is not a negative sign, but simply indicate that in
those operating conditions the amount of pure COy cannot be split at all. Nevertheless,
the band spectrum of the pure COs, is in the wavelength range of 300-400 nm with a
strong peak at 380,89 nm that represent the strongest CO, sign in our case. Moving
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to the formation of the CO and CO™, the band in which this two species are present is
pretty wide, however some peak correspondences are present into some wavelength point.
In particular for the CO-+ the peak at 421,11 nm correspond to the ” Comet-tail system”
with an high intensity[76]. Regarding the CO, the first peak that correspond to 462.51
nm is correlated to the ”Carbon monoxide flame spectrum”[76]. Then the next peaks
are represented of the so called ”Triplet bands zone” in which three consecutive point
close to each other with a relative high peak[76]. Finally all the remaining peaks that are
related to the CO and accounted together in the ” Angstrom band system”[76]. In the
spectrum are also present peaks that belong to the ”Swan system” corresponding to the
wavelength 510.10 nm and 583.22 nm. Those ones depicts the presence of the molecule
Cy which are present due to the recombination of the carbon atoms[76]. A summary of
all the wavelength and the species founded in the case of gas feed by pure CO4y with the
731445” nozzle are showed at Table 1.

Wavelength ()\) [nm] | Species
380.89 COq
421.11 CO*
462.51 CO
500.05 CO
506.45 CcO
510.10 Cy
515.57 CO
556.95 CO
583.22 Cy
610.29 CO
652.06 CcO
771.54 Oo
838.57 Oq

Table 1: Table with wavelength number and corresponding species with nozzle 31445
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Wavelength (\) [nm] Species
423.41 CO™
463.43 CO
504.62 CO
508.73 CO
511.92 CO
554.23 CO
585.48 Cs
653.85 CO
671.74 Internal signal
773.74 O,
841.19 0,

Table 2: Table with wavelength number and corresponding species with nozzle 36002-03

As previously said, the second experiment made with the nozzle ”36002-03” reach a
lower intensity in terms of peak and to identify the exact species could have been more
difficult. Firstly, the lower intensity of the peaks can be caused by the material of the
nozzle itself. This can interact with the exiting species from the plasma torch and make
the measurement from the OES less readable. However, most of the species were the same
of the nozzle ”731445”. In that case the peak representing the CO, in the range 300-400 nm
is not present, that means that all the flow rate feeding the system has been converted or
has not been detected from the OES. Nevertheless, as can be seen from the result reported
in the Table 2, peaks representing the CO™ and CO have been detected. Respectively
the CO™ wavelength at 423.41 nm is representing of the ”Comet-tail system” [76] while
the CO at 463.43 nm and 554.23 nm are identified respectively in the ”Carbon monoxide
flame spectrum”[76] and ” Angstrom band system”[76]. Better than the previous nozzle
can be seen the three peaks of CO at 504.62 nm, 508.73 nm and 511.92 nm representing
the ”"Triplet bands zone” [76]. Finally the presence of a mechanism of recombination is

depicted by the presence of the ”Swan system” with the peak at 585.48 nm [76].
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5 Conclusion

The continuous increasing of emission of the CO, leads to new solution for the reduc-
tion of carbon in the atmosphere. The potential of using a system like plasma with the
advantage to produce useful product has become really interesting and attractive in the
recent years. Despite mostly of the research are concentrated in the using of DBD plasma,
the evaluation of using other type of plasma, like plasma torch could have a significant
role in the future. In that review an illustration of the current main technologies have
been reported. The most interesting thing is that with different plasma configuration the
value of efficiency and CO, conversion can be almost the same. For each typology of
plasma, further analysis has been made in order to find the most appropriate criteria to
have the maximum conversion. Thus can be obtained by several measurement and vary
some important parameters such as flow rate, pressure, inert gasses, frequency, discharge
power and catalytic material. The catalytic material, in particular, have a crucial role
because is able to enhance the conversion and the efficiency much higher than the other
metrics. The most effective results are obtained with CeOy and ZrO,, that could be
present in the catalytic material alone or combined together to take advantage of both
proprieties. Nevertheless, the addition of an inert gas like Ny and Ar leads to a much
higher CO4 conversion. Thus, combined together with the catalytic material could result

in the best configuration for the plasma torch in terms of efficiency and COy conversion.
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