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Abstract 
 

 

 
The aim of this study is to get a better insight in the dissociation of CO2 to CO by adding argon and 
helium to a non-equilibrium plasma in a plane to plane reactor. The method of measurement is ex-
situ Fourier Transform Infrared spectroscopy. 
 
The CO2 conversion was investigated for 400 mbar and 1000 mbar for both argon and helium. All 
measurements showed an increase in CO2 conversion. This increase is most significant for helium 
and argon fractions above 70%. Also a reduced CO2 conversion for reduced pressure was found. A 
shift in the electron energy distribution might explain this phenomenon since a similar effect was 
found in different reactors. However, no research was found that studied this effect in a plane to 
plane DBD reactor. Also a relative big increase in the CO2 conversion between a CO2 fractions of 90% 
and 100% was found. A hypothesis is the charge transfer between positively charged helium/argon 
atoms and CO2 molecules. The then positively charged CO2 can undergo dissociate electron-ion 
recombination which can explain the relative big increase in CO2 conversion at initial addition of 
helium and argon. 
 
Furthermore, the energy efficiency has been analyzed. The energy efficiency decreases upon 
addition of helium and argon since a considerable amount of energy is dissipated in the argon and 
helium gas. However for small helium and argon concentrations, an increased energy efficiency is 
found. Which can be explained by the charge transfer between CO2 molecules and the positively 
charged helium/argon atoms. The decrease in energy efficiency upon addition of helium and argon 
was less pronounced for 400 mbar than for 1000 mbar. This can be attributed to the fact that the 
CO2 conversion increases even more upon addition of helium and argon for 400 mbar than for 1000 
mbar.  
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1 Introduction 
 

 

 

1.1 The CO2 challenge 

Since the beginning of the industrial age there has been an exponentially growing need for energy 
[1]. At first primarily coal was used to satisfy this need, later on other resources like natural gas came 
in use. However, the amount of these resources is limited and burning fossil fuels releases gases into 
the atmosphere that are believed to have a negative influence on the climate, e.g global warming. A 
solution is the implementation of renewable or ‘green’ resources like wind, water, or solar energy. 
While this solution offers many advantages over fossil fuels, it also comes with several challenges. 
One of these challenges is that the production of energy from these ‘green’ resources is often 
irregular over time. For example, solar power is only produced during the day and not in the night. 
This can lead to an abundance of energy during the day and a shortage during the night, which is 
referred to as the intermittency problem [2]. A favorable solution for this problem is to store the 
energy during a time of abundance and use it in a time of need. One of the options is to store the 
energy in chemical bonds. To make this option viable, a material with a high energy density is 
needed so it can be transported or stored energy efficiently. One of the materials that is considered, 
is hydrocarbons. Hydrocarbons are already integrated in nowadays energy distribution; most of the 
energy from fossil fuels is released by burning hydrocarbons.  
CO2 can be used to create these hydrocarbons, for which the process is schematically shown in 
Figure 1.1. First the CO2 is dissociated to CO. Next, the CO will be hydrogenated, via the already 
industrially applied Fischer-Tropsch process [3], resulting in hydrocarbons. Because the CO2 released 
from burning the hydrocarbons can be recycled to make new hydrocarbons, there is no net 
production of CO2. 
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Figure 1.1: The cycle of hydrocarbon production with CO2 as the recycling product consists of three 
steps. First CO2 is dissociated to CO and O. Through hydrogenation the hydrocarbons can be created 

from CO. When the hydrocarbons are combusted, the CO2 released can be recycled. 

The most energy costly step in this production of hydrocarbon fuels is the dissociation of CO2. In this 
study, the dissociation process is investigated using non-equilibrium plasmas at elevated pressures. 
A plasma is an ionized gas and can be created by heating a gas or applying a strong electromagnetic 
field. It contains a significant number of charged particles which gives it electrical properties. 
However, because a plasma contains an equal number of negative and positive charged particles, 
overall the plasma is electrically neutral. For a non-equilibrium plasma the negative charges 
(electrons) have a different temperature (often higher) than the positive charges (ions). Besides, the 
kinetic temperature, the vibrational and rotational temperature can also differ for the particles in a 
non-equilibrium plasma. Therefore, by varying these temperatures, different ways of dissociation 
mechanisms might be achieved. The plasma is investigated at elevated pressure so there is no need 
for expensive vacuum equipment and the process can be switched on and off rapidly, which makes it 
interesting in an industrial point of view. 
 

1.2 Aim of this study 

This study will investigate the CO2 dissociation by high-energy electron impact, through manipulating 
the kinetic energy of the electrons by helium and argon admixture. There is strong evidence that in 
the plasmas used the CO2 dissociation is primarily caused by collisions with highly-energetic 
electrons. Because helium and argon have fewer collisions with the free electrons than CO2, the 
electrons have a longer free path and thus more time to accelerate. The electrons will have more 
kinetic energy which would result in relatively more dissociation of CO2. 
The amount of CO measured in the plasma is an indication of the efficiency of the conversion. 
Between measurements of the CO concentration, the concentration of the admixture, the applied 
voltage and pressure will be varied. The CO concentration of the exhaust gas is measured using 
Fourier Transform Infrared spectroscopy (FTIR). By measuring the absorption of the infrared light, 
the amount of produced CO is determined.  
 

1.3 Outline 

The rest of this report is structured as follows. In Chapter 2, the knowledge required the understand 
the results will be discussed. Starting with Section 2.1 in which the different reaction mechanisms of 
CO2 dissociation is explained. In Section 2.2 the energy efficiency of the conversion is treated, also 
the enthalpy values of the two main dissociation mechanisms are treated. The dielectric-barrier and 
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its electrical characteristics will be discussed in Section 2.3. Next, the effects of helium and argon 
admixture will be discussed in Section 2.4. Finally, in Section 2.5 a brief summary of the electron 
energy distribution function will be given and how it might change as function of pressure. 
The experimental setup used in this study will be treated in Chapter 3. First, a general experimental 
setup of the reactor will be given in Section 3.1. Next, the method of measurement; Fourier 
transform infrared spectroscopy will be discussed in Section 3.2. 
In Chapter 4, the treatment of the data is discussed. This chapter will start with the data treatment 
of the FTIR in Section 4.1. Next, in Section 4.2 the analysis of the power dissipation is explained. 
Finally, in the last part of this chapter, Section 4.3, the exponential fit that was used to determine 
the CO2 conversion at various specific energies is discussed.  
The results will be discussed in Chapter 5. This chapter is split in three sections. The main subject is 
the CO2 conversion which is treated in the first Section 5.1. In this section, the measurements are 
also compared with those of M. Ramakers et al. [4]. In section 5.2 the energy efficiency will be 
discussed.  
Finally, in Chapter 6 the conclusions of this study are discussed.  
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2 Theory 
 

 

 

In the first section of this chapter, the CO2 dissociation and the two main reaction mechanisms are 
discussed. In the following section, an explanation of the determination of the energy efficiency is 
given. This is done by evaluating the enthalpy of the two main mechanisms for CO2 dissociation. The 
dielectric-barrier and its electrical characteristics are explained in Section 2.3. The effect of argon 
and helium addition is discussed in Section 2.4, this section is split in three parts so it can be 
discussed more extensively. Finally, in Section 2.5 a brief summary of the electron energy and its 
relation to the pressure is discussed.  

2.1 CO2 dissociation 

CO2 dissociation is the conversion of CO2 to CO and other reaction products (e.g. O2 and O3). There 
are multiple mechanisms causing CO2 conversion. Two mechanisms are believed to be the main 
principle behind CO2 dissociation in a non-equilibrium plasma, these mechanisms are direct electron 
impact and vibrational pumping [5]. Direct electron impact is the collision of a molecule with an 
electron. CO2 conversion can occur when the energy of the electron is high enough (>7 eV) [5] to 
overcome the energy required to dissociate the CO2 molecule. Different energies required to 
dissociate CO2 are shown on the left side of Figure 2.1. In the studied plasma, direct electron impact 
is believed to be the dominant principle behind CO2 conversion but not the most efficient. This is 
because many electrons will have more energy than required to induce dissociation and this energy 
will be lost in a collision. The other mechanism, vibrational pumping, is believed to be more efficient. 
Vibrational pumping works in the following way: molecules can vibrate, these vibrations consist of 
different energy levels, as is shown on the right of Figure 2.1. These vibrationally excited states are 
achieved by the collision of the CO2 molecule with a low energetic electron (typically around a few 
eV). These excited molecules can collide with each other which can cause one of the molecules to 
excite to a higher vibrational level. When a CO2 molecule has an excited state that overlaps with the 
excited state of a CO molecule (5.5 eV) [5], dissociation can occur. This mechanism is efficient 
because of two main reasons. First, at typical electron temperatures for a non-thermal plasma (a few 
eV), most of the discharge energy is transferred from the plasma electrons to vibrations of CO2 
molecules. Secondly, the relaxation of the vibrational state is relatively slow compared to the 
excitation by electron impact [6]. An increased amount of vibrational excited CO2 molecules is the 
result. By further exciting these vibrational excited states, the energy will eventually exceed the 
dissociation threshold. Vibrational pumping is believed to be the most efficient principle for CO2 
dissociation. However, the dominant principle is believed to be caused by direct electron impact. 
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Figure 2.1: Schematic representation of the energy levels: the left figure shows direct electronic 

impact and the right vibrational pumping. 

 

2.2 Energy efficiency 

To compare the different dissociation processes, the energy efficiency of these mechanisms is taken 
into account. The energy efficiency, η, is defined as the ratio of the dissociation enthalpy of CO2, ΔH, 
and the dissipated energy per CO molecule, ECO, [7] : 

𝜂 =
𝛥𝐻

𝐸𝐶𝑂
 

(2.1) 

The energy per CO molecule, ECO, can be calculated using the specific energy, Espec. The specific 
energy is the power put into the system divided by the standardized flow rate, 𝛷: 
 

𝐸𝑠𝑝𝑒𝑐 =
𝑃

𝛷
 

(2.2) 

Since both the power and flow rate are known, the specific energy of each measurement can be 
calculated. The energy per CO molecule, ECO, can now be calculated with the following equation: 

𝐸𝐶𝑂 =
𝐸𝑠𝑝𝑒𝑐

𝑚𝑟
 

(2.3) 

With mr, the gas mixing ratio or gas conversion which is the CO produced divided by the initial 
amount of gas molecules. The energy efficiency can be rewritten as: 

𝜂 =
𝑚𝑟 ∙ 𝛥𝐻

𝐸𝑠𝑝𝑒𝑐
 

(2.4) 

The gas conversion, mr, can be calculated since the initial amount of gas is known and the amount of 
CO produced is measured. The specific energy is varied during the measured. This is done by varying 
the applied voltage. However, the specific energy is kept constant when comparing the results. 
Therefore, the energy efficiency will then be determined by the dissociation enthalpy. The 
dissociation enthalpy is dependent on the reaction mechanism. As mentioned in the previous 
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section, there are two main mechanisms in a non-equilibrium plasma: direct electron impact and 
vibrational pumping. The first reaction mechanism, direct electron impact, is as follows [5]: 

CO2 + 𝑒 → CO + O + e ∆𝐻 => 7 𝑒𝑉 (2.5) 
A majority of the electrons have an energy higher than 7 eV. This excess of energy will be lost and 
therefor this route is not very efficient.  
The other mechanism, vibrational pumping, works by exciting the molecule little by little until it has 
enough energy to dissociate: 

CO2 → CO + O ∆𝐻 = 5.5 𝑒𝑉 (2.6) 
The atomic oxygen produced can be recycled by dissociation of a second vibrationally excited CO2 
molecule: 

O + CO2
∗ → CO + O2 ∆𝐻 = 0.3 𝑒𝑉 (2.7) 

The net reaction for vibrational pumping then yields: 

CO2 → CO +
1

2
O2 

∆𝐻 = 2.9 𝑒𝑉 (2.8) 

The advantage of this mechanism is that exactly 2.9 eV is needed to dissociate CO2 since the energy 
is brought little by little.  
For determining the energy efficiency, only the most energy efficient route will be taken into 
account; vibrational pumping. Assuming that the reactions described above are the main routes for 
vibrational pumping, a dissociation enthalpy of 2.9 eV or 279.8 kJ/mol is found. 
 

2.3 Dielectric Barrier Discharge 

A dielectric barrier discharge (DBD) is an electrical discharge between two electrodes separated by 
an insulating dielectric barrier. A DBD allows for a non-equilibrium plasma at atmospheric pressure. 
As discussed in the introduction, a non-equilibrium plasma means the electrons and ions have 
different temperatures (kinetic, vibrational and rotational). Figure 2.2 shows a schematic 
representation of several configurations of a DBD: 
 

 

 
Figure 2.2: Schematic presentation of dielectric-barrier discharge cells [8]. Panel a) shows two 

dielectric barriers at both ends of the gap. Panel b) shows a single dielectric barrier at the center of 
the gap and panel c) shows a single dielectric barrier at one end.  There are multiple variations on 
the amount and position of the dielectric barriers in a DBD but also the shape can be varied. This 

figure shows only parallel plates but pin to pin and cylindrical configurations etc. also exist. 

Since the discharge current through the gas gap and the gas gap voltage, Ug(t), cannot be measured 
directly, an equivalent electrical circuit must be used to infer discharge properties from measured 
voltages, V(t), and current, i(t), waveforms. Figure 2.3, shows such a circuit. 
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Figure 2.3: Simplest equivalent circuit of a DBD [9]. 

When the voltage across the gas gap, Ug, is lower than the effective breakdown voltage Ub, the 
resistance will go to infinity and there is no charge transfer through the gap. When the applied 
voltage rises to a value such that 𝑈𝑔(𝑡) = 𝑈𝑏, the resistance falls to a lower value (larger than zero) 

and the discharge starts. 
When a discharge occurs in the reactor, the capacitance of the DBD is determined by the 
capacitance of the dielectric barriers Cd. Whereas in the absence of a discharge (‘dark period’), the 
capacitance of the DBD Ccell can be seen as a series connection of the capacitance of the gas gap Cg 
and dielectric barrier Cd  [9]: 

𝐶𝑐𝑒𝑙𝑙 =
𝐶𝑑𝐶𝑔

𝐶𝑑 + 𝐶𝑔
 

(2.9) 

The sum of the charges on capacitances, Cd, and, Cg, is equal to the charge transferred through the 
resistance during a discharge. 
The characteristics of these equivalent circuits can be evaluated using a Lissajous curve (or Q-V plot) 
which plots the charge as function of the voltage applied. A classical Lissajous figure appears as a 
parallelogram schematically shown in Figure 2.4. 

 
Figure 2.4: Schematic presentation of a classical Lissajous curve [7]. On the x-axis the voltage is 

plotted and on the y-axis the charge. 
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Sides AB and CD of the parallelogram correspond to the phases without a discharge, also called ‘the 
passive part’ of the DBD. During this phase there is no charge transfer through the gas gap and as 
mentioned earlier, the capacitance is equal to Ccell. On the other side, BC and DA correspond to a 
phase with a discharge present, also called ‘the active part’ of a DBD. In this phase there is a 
discharge and thus a charge transfer through the gas gap. The capacitance of this part is equal to Cd. 
Also the potential across the gas gap Ug will drop during this phase; this drop in potential is equal to 
the effective breakdown voltage Ub, which can be found as the voltage at the zero charge intercept 
[10] [11].  
By measuring the discharge current, jR(t), and the gas gap voltage, Ug(t), the instantaneous power, 
P(t), can be calculated [9]: 
 

𝑃(𝑡) = 𝑗𝑅(𝑡)𝑈𝑔(𝑡) (2.10) 

This equation is used in this study to calculate the power dissipated in the reactor. However, it only 
takes into account energy dissipated in the discharge and disregards other losses, e.g. losses in the 
dielectric barriers. 

2.4 Consequences of argon and helium addition 

Multiple effects occur upon addition of helium and argon. This section will focus on the effect of 
admixture on CO2 dissociation and energy efficiency since these subjects will be discussed in chapter 
5: Results and discussion. The effect on breakdown voltage and plasma capacity will be briefly 
summarized as well to explain some phenomena in the results. 

2.4.1 Effect of helium and argon addition on CO2 dissociation  

Adding helium or argon to a CO2 plasma is believed to result in a higher CO2 conversion as reported 
by M. Ramakers [4]. The CO2 conversion is the amount of CO produced divided by the initial amount 
of CO2, as earlier mentioned.  
The CO2 conversion is expected to increase due to several reasons. The main reason believed to 
increase the CO2 conversion is an increased mean electron energy. Helium interacts less with 
electrons than CO2, and therefore the electrons will have less collisions resulting in a higher mean 
free path at higher concentrations of helium or argon. The larger mean free path results in more 
kinetic energy since the electrons can accelerate longer. These highly energetic electrons are 
believed to be the primary cause of CO2 conversion in the used plasma and therefore the CO2 
conversion will rise upon addition of helium and argon.  
However, the gas conversion is expected to drop upon addition. The gas conversion is the amount of 
CO produced divided by the total amount of gas. Therefore, at high concentrations of helium and 
argon, there is less CO2 that can be converted to CO while the total initial amount of gas remains 
constant. Even though a bigger fraction of CO2 is converted to CO at higher concentrations of helium 
and argon, it is not expected to increase enough to counteract the decrease in gas conversion as was 
found by M. Ramakers et al. [4]. However the gas conversion might increase at small argon and 
helium fractions as will be explained in the next section. 
 

2.4.2 Effect of helium and argon addition on energy efficiency 

Since the gas conversion and energy efficiency are directly related as shown in equation 2.4, the 
energy efficiency is also expected to decrease for high concentrations of helium and argon. The 
reason for this is simply because a considerable fraction of the energy is consumed by the 
ionization/excitation of the helium and argon gas. However, some of this energy can indirectly be 
used to dissociate CO2 by charge transfer [4]: 

Ar+/𝐻𝑒+ + CO2 → Ar/He + CO2
+ (2.11) 

Which can then undergo dissociative electron-ion recombination: 
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CO2
+ + 𝑒− → CO + O (2.12) 

The above reaction has an enthalpy of 𝛥𝐻 = −2 𝑒𝑉 [12] and is therefore exothermic and occurs 
quickly. This effect can result in a slightly higher energy efficiency at low helium and argon 
concentrations.  
 

2.4.3 Effect of helium and argon addition  on breakdown voltage and plasma capacity 

The breakdown voltage is expected to drop upon addition of helium and argon: 

 
Figure 2.5: Charge versus voltage. This Lissajous figure is taken from M. Ramakers et al. [4] 

The drop in breakdown voltage can be explained by the lower probability for inelastic collisions upon 
addition of argon and helium [4]. The threshold energy for electron impact with argon and helium is 
significantly higher compared to CO2. Also CO2 has vibrational levels that can be excited by electron 
impact, so the electrons have more possibilities to participate in inelastic collisions with CO2. In 
conclusion, the electrons have a longer mean free path and thus more time to accelerate in the 
argon and helium plasma. Therefore lower voltages are sufficient for electrical breakdown.  
The capacity of the plasma increases upon addition of helium and argon. Since the capacity of the 
DBD is high compared to that of the CO2 plasma. The difference in capacity between the plasma and 
DBD decreases upon addition of argon and helium and can even become comparable [4]. This 
indicates that the discharge gap is more filled with plasma and enhances the possibility for CO2 
conversion.  
 

2.5 Effect of pressure on electron energy 

The electron energy is usually represented by an electron energy distribution function or EEDF. The 

electron energy is plotted on the x-axis and the amount of electrons or the possibility for the 

electron to have a certain energy on the y-axis.  The EEDF can change as function of pressure. Since 

the measurements in this study are executed at a pressure of 400 mbar and 1000 mbar this effect 

has to be taken into account. 



13 

 

 

Figure 2.6: Electron energy probability function as function of the electron energy and gas pressure. 
These measurements have been done using a argon plasma in an inductively coupled plasma [13]. 

Although Figure 2.6 does not concern a DBD since no similar research with a DBD was found, a 
similar effect can occur. The effect of the distortion in the EEDF can be quite significant as shown in 
the figure above. Therefore different CO2 conversions can be expected for varying pressure. This will 
further be discussed in Section 5.1: CO2 conversion, when the results of 400 mbar and 1000 mbar are 
analyzed. 
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3  Experimental Setup 
 

 

 

This chapter will discuss the setups that were used for the measurements. First, a general 
configuration of the experimental setup is discussed. In this section, the reactor setup, the gas flow, 
DBD and the equivalent electrical circuit are discussed. Second, the method of measurement is 
discussed. The output gas concentrations are measured using FTIR spectroscopy. The definition and 
principle behind FTIR spectroscopy will be explained in Section 3.2. 

3.1 General experimental setup 

The reactor consists of two parallel plates. The gas flow is guided through the reactor with a quartz 
tube. This quartz tube directly functions as the dielectric barrier of the DBD. The electrodes are 
attached to the tube with glue. Figure 3.1 shows a schematic side view of tube and DBD. 

 

Figure 3.1: Schematic side view of the tube and DBD. The gas flow is indicated by the blue arrows. A 
glue is used to attach the high voltage electrode to the top and the grounded electrode to the 

bottom [14]. 

The discharge is excited by an electrical circuit equivalent to the schematic shown below in Figure 
3.2. A high voltage, Uapplied, is supplied by an AC generator. The charge that passes through the DBD is 
collected by a  capacitance of  𝐶𝑄 = 350 pF. This induces a voltage UQ on the capacitor. The charge 

Q can now be determined by multiplying UQ and CQ. The capacitance of the reactor, Creactor, depends 
on a variety of parameters, e.g. the gap size, the dielectric, size 
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Figure 3.2: The schematic electrical circuit used to operate the DBD used in this study. 

 
 

3.2 FTIR Absorption Spectroscopy 

 
Fourier Transform InfraRed (FTIR) spectroscopy is a method used to analyze the amount of CO 
produced in the plasma in this study. FTIR spectroscopy makes use of multiple frequencies of light at 
once and measures how much of the light is absorbed by the sample. The molecular bonds absorb 
different frequencies of light for different materials. Therefore, the outcoming light will have a 
specific spectrum for that sample. By analyzing what frequencies are absorbed, the different 
materials can be analyzed. In addition, by measuring the size of the absorption peaks of the 
spectrum, the amount of the different materials can be determined as well.  
An infrared spectrum is obtained by collecting an interferogram, this interferogram is created using a 
Michelson interferometer, see Figure 3.3. The interferometer consists of a beam splitter, a fixed 
mirror and a mirror that can translate back and forth very precisely. 

 

Figure 3.3: Schematic presentation of a Michelson interferometer [15]. 

The beamsplitter will split the beam into two equal beams. One beam is transmitted through the 
beamsplitter to the moving mirror and the other beam is reflected to the fixed mirror. Both mirrors 
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reflect the beams back to the beamsplitter. Again half of the radiation is reflected at the 
beamsplitter and half is transmitted, resulting in one beam passing through to the detector (output) 
and the second beam reflected back to the source (input). 
The beam that came from the moving mirror will have an optical path difference (OPD) with the 
beam coming from the fixed mirror. The optical path difference is given by: 

𝑂𝑃𝐷 = 2𝛥𝑛 (3.1) 
where Δ is the moving mirror displacement and 𝑛 the index of refraction of the medium filling the 
interferometer arms. Because the beam has to travel the displacement twice since it is reflected 
back to the beamsplitter, a factor 2 is included. Because there is a difference in the travelled path, 
the beams are no longer equal and will interfere with each other. The resulting signal is an 
interferogram; the unique property of an interferogram is that every data point has information 
about every infrared frequency that comes from the source. This gives the advantage that all 
frequencies are measured simultaneously which results in extremely fast measurements compared 
to other methods that measure individual frequencies. Because a frequency spectrum is required to 
determine the concentrations of the materials present in the sample, the interferogram signal has to 
be decoded in individual frequencies. This is accomplished using Fourier transformation, view Figure 
3.4 below for an overview of this transformation [16]. 

 
Figure 3.4: Overview of the transformation of the interferogram into a spectrum. First the 

interferogram is created, this has to be processed to a spectrum to extract relevant data [15]. 
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4 Data processing 
 

 

 

In this chapter, the method of processing the received data will be discussed. The chapter is split into 
three sections: determining the concentrations of the output gas by FTIR, determining the dissipated 
power in the plasma using Q-V plots and finally how this data is exponentially fit to determine the 
CO2 conversion as function of specific energy. 
 

4.1 Data treatment of FTIR 

The data received from the FTIR is analyzed using Matlab. First, a spectrum without a plasma is 
taken. This spectrum contains the absorption peaks of the materials that are still in the detection 
cell, e.g. CO2. 

 
Figure 4.1: Transmission versus wavenumber. This spectrum is taken without a plasma. 

Next, a spectrum with a plasma is taken. By dividing the spectrum with a plasma by the spectrum 
without a plasma, a spectrum of the change in gas composition is received. 
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Figure 4.2: Transmission versus wavenumber. This figure contains the spectrum without a plasma, 

the blue lines, and the spectrum with a plasma, red lines. 

By determining the height of the peaks of the resulting spectrum, the concentrations of the gases 
present in the exhaust gas can be determined. In this study, the concentration of CO of the output 
gas is calculated.  
 

4.2 Determining dissipated power in plasma 

The charge and voltage data received from the oscilloscope are analyzed using Matlab. Before the 
power can be calculated, a phase correction is made to the Q-V plot. A phase correction is needed 
because the Q-V plot is not a straight line as would be expected if there is no plasma. The Q-V plot 
without a plasma is shown in Figure 4.3. 

 

Figure 4.3: Charge versus the applied voltage. This Q-V plot is of the 90% CO2 fraction measurement 
for argon at 1000 mbar without a plasma. 

The phase shift correction is determined for this plot, this phase shift is taken into account when 
determining the area of the Lissajous figure to calculate the dissipated power. The phase correction 
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is measured by doing a measurement without a plasma before every measurement series because it 
can vary between measurements. 

 

Figure 4.4: Charge versus applied voltage. This Q-V plot is of the 90% CO2 fraction measurement for 
argon at 1000 mbar with a plasma. 

From Figure 4.4 the power input can be calculated by determining the area of the Lissajous figure in 
the Q-V plot as discussed in Section 2.3.  
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4.3 Determining CO2 conversion as function of specific energy 

In the earlier two sections it is explained how the CO concentration of the exhaust gas and specific 
energy are determined. With this data, Figure 4.5 can be made: 
 

 
Figure 4.5: The CO2 conversion versus specific energy. Data points received from argon 

measurements at atmospheric pressure.  

For further analysis, inter- and extrapolation of the data is necessary . For this, an exponential 
function is used, for the following reasons: 

- The curve is slowly decaying, this is not as clear in Figure 4.5 but is more clear for lower 
pressure as can be seen in the other measurements shown in Appendix A.1. 

- In general, an exponential fit is more reliable for extrapolation than a polynomial fit.  
The following exponential curve is fitted through the data points: 

𝑦 = 𝑎(1 − exp (−
𝑥

𝑏
)) (4.1) 

Because there is no CO2 conversion if the power is not turned on, this fit ensures that the curve goes 
through the origin. The parameter b is used to divide so there is a dimensionless quantity in the 
exponent. Using this fit the plot shown in Figure 4.6 is received. 
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Figure 4.6: CO2 conversion versus specific energy. The same data as in Figure 4.5 is fitted with an 
exponential function. 

It can be seen from Figure 4.6 that this fit goes through all the data points within the error bars. 
However, the fit is flattening out for high specific energies. It is not proven that this is the case in the 
studied plasma. Therefore the uncertainty will be quite large and extra caution is required when 
extrapolating this data. Using this fit, CO2 conversion at other specific energies than measured can 
be calculated.  
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5 Results and discussion 
 

 

 
 
In this chapter, the results received in this study are discussed. The results regard measurements of 
helium and argon at 1000 mbar and at a reduced pressure of 400 mbar. For a measurement at 
constant concentration and pressure, the voltage is varied so the data can be fitted to determine the 
CO2 conversion as function of specific energy, as discussed in Section 4.3. The flow rate is kept 
constant at 0.350 standard liter per minute (slm) except for the helium measurements at 400 mbar. 
For this measurement series the flow rate is different due to a mistake with the gas flow controller. 
Since specific energy is used, these measurements are still useful. However, the gas concentrations 
of this measurements series will vary from the other measurement series. This chapter is structured 
in three sections. In the first section 6.1, the CO2 conversion measured, is discussed. A comparison 
between helium and argon is done and will be related to the article of M. Ramakers et al. [4]. The 
CO2 conversion will also be discussed for different pressure. Next, in section 6.2 the energy efficiency 
of the measurements is discussed. First, the energy efficiency for the measurements at 1000 mbar 
are compared, following the 400 mbar measurements. At the end of this section, the results of both 
pressures are compared.  

5.1 CO2 conversion 

First, the results of argon and helium at atmospheric pressure, 1000 mbar, are shown. Similar 

measurements were done by M. Ramakers et al. [4] and will be used for reference. However, it 

should be noted that these measurements are done with a different reactor than used in this study. 

Besides a different gap size, length etc., a  cylindrical reactor is used by M. Ramakers et al. instead of 

a plane to plane reactor. The reactor of M. Ramakers was significantly bigger,  the total power input 

in the plasma was 40 W with a flow rate of 0.300 slm which results in a specific energy of 8 kJ/sL. The 

highest achieved specific energy by this study was only 5.5 kJ/sL. Next to this, M. Ramakers et al. 

used gas chromatography to determine the output gas concentrations while this study makes use of 

Fourier Transform Infrared spectroscopy. Table 5.1 shows the main differences between both 

studies.  Although there is a difference in reactor design and measurement technique, both studies 

used a DBD so similar relations are expected. 
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Table 5.1: Table showing the main differences between this study and the study done in Antwerp by 
M. Ramakers et al.  

 

The following results are found by M. Ramakers et al. for CO2 conversion upon addition of helium 

and argon:    

 

Figure 5.1: CO2 conversion rate as function of CO2 fraction as found by M. Ramakers et al. [4] 

The results shown in Figure 5.1 are used to relate to the results found by this study. Figure 5.1 shows 
an increase in CO2 conversion for decreasing CO2 fraction as expected. The increase in CO2 
conversion is even more pronounced for argon than for helium. 
The measurements of argon and helium for 1000 mbar are done at a constant flow rate of 350 slm. 
Figure 5.2 shows the CO2 conversion as a function of the CO2 fraction. 
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Figure 5.2: CO2 conversion versus CO2 fraction. The results shown are interpolated at a specific 

energy of 1 kJ/sL from the measurements of argon and helium at 1000 mbar and flow rate of 0.350 
slm. The error bars represent 95% uncertainty. The measurements regard the same concentration 

but an horizontal offset is given to both for a more clear picture. 

The CO2 conversion is increasing for higher concentrations of helium and argon, as expected. The 
conversion for helium and argon is quite similar for CO2 fractions above 50%. For CO2 fractions below 
50%, the CO2 conversion increases drastically. This effect is even more pronounced for argon than 
for helium admixture. However, the uncertainty for the measurement with helium at the 10% CO2 
fraction is quite large. The measurement with helium of the 30% CO2 fraction shows that the 
conversion is probably below the argon measurement.  
Next, the results of Figure 5.2 will be compared to those of M. Ramakers et al. which are shown in 
Figure 5.3. 
 

 
Figure 5.3: CO2 conversion versus CO2 fraction as found by M. Ramakers et al. [4]. 
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However, the measurements of M. Ramakers et al. are performed at a specific energy of 8 kJ/sL 
while the reactor used in this study only reached a maximum of 6 kJ/sL. Therefore the data has to be 
extrapolated using the exponential curve that was fitted through the data points as explained in 
Section 5.3: Error! Reference source not found.. However, this fit has to be used with caution for 
extrapolation since it flattens out for high specific energies which has not been proven to be correct. 
Therefore, the actual values might exceed the calculated uncertainties of the extrapolation. 
 

 

Figure 5.4: CO2 conversion versus CO2 fraction. The filled black squares and open black circles 
represent the results of argon and helium, respectively, measured in this study. The red filled 

squares and open red circles represent the results of argon and helium, respectively, found by M. 
Ramakers et al. Both results have a specific energy of 8 kJ/sL. The left black vertical axis represents 

the CO2 conversion found in this study and the right red vertical axis the CO2 conversion found by M. 
Ramakers et al. Again a horizontal offset is applied to the concentrations for a more clear distinction. 

Both results follow a similar trend; for CO2 fractions above 50%, the increase in CO2 conversion is 
similar for helium and argon. For CO2 fractions below 50%, there is a significant increase in CO2 
conversion that is even more pronounced for argon than for helium. Another similarity is that both 
show relative big increase in the CO2 conversion in the range of a CO2 fraction of 90-100%. A possible 
explanation for this is the charge transfer between positively charged argon/helium atoms and CO2 
molecules, as explained in Section 3.5.2: Effect of helium and argon addition on energy efficiency. 
The then positively charged CO2 molecules can recombine with electrons and undergo electron-ion 
recombination which can result in the dissociation of the CO2 molecule. 
However, there are also some differences between the results. The main difference is that M. 
Ramakers et al. found a CO2 conversion rate of up to 40% while this study achieved a maximum 
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conversion of 6% with extrapolation. A factor difference in the CO2 conversion of 3.7 ± 0.5 was found 
between both studies. Various parameters can attribute to this factor difference. However, the main 
reason believed for this is that the reactor used by M. Ramakers et al. is not only bigger but also has 
a different reactor geometry; it uses a cylindrical reactor instead of a plane to plane as used in this 
study. The area to volume ratio in a cylindrical design is better than in a plane to plane design. 
Therefore the reactor will be more energy efficient and higher CO2 conversion can be achieved. 
 
Next, the measurements at reduced pressure, 400 mbar, will be discussed. The measurements with 
argon at reduced pressure were performed at a constant flow rate of 0.350 slm like the 
measurements at atmospheric pressure. The measurements of helium at reduced pressure have a 
varying flow rate and therefore different gas concentrations, as was already explained at the start of 
this chapter. 

 

Figure 5.5: CO2 conversion versus CO2 fraction. The filled green squares represent the results of 
argon and the open blue circles represent the results of helium. Both measurements have been 

performed at 400 mbar and are interpolated to a specific energy of 1 kJ/sL. The error bars represent 
95% uncertainty. 

Both measurements at 400 mbar show an increase in CO2 conversion for a decreasing fraction of 
CO2. However, it is clear that the helium admixture results in a lower CO2 conversion than argon 
admixture. A higher CO2 conversion for argon than for helium was found for 1000 mbar as well but 
only for CO2 fractions below 50%. A possible explanation is that the reduced pressure results in an 
overall lower CO2 conversion. Another explanation is a difference in flow rate. The flow rate for the 
measurements of helium at 400 mbar is roughly half of that from argon. A lower flow rate results in 
a longer residence time, the time spent in the reactor, which may explain a lower conversion since 
the CO can recombine with an O atom to form CO2 again. A longer residence time can possible 
increase this recombination rate. A possible experiment to prove this is measuring the CO2 
conversion for different flow rates at constant specific energy, therefore the power input has to be 
varied as to not change the specific energy. 
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Next, the results of 400 mbar will be compared to those of 1000 mbar. 

 

Figure 5.6: CO2 conversion versus CO2 fraction. The filled black and open green squares represent 
argon at 1000 mbar and 400 mbar, respectively. The filled red and open blue circles represent 

helium at 1000 mbar and 400 mbar, respectively. The specific energy is interpolated 1 kJ/sL and the 
error bars have 95% uncertainty. Also a horizontal offset is applied to the measurements of argon 

and helium at 1000 mbar. 

Figure 5.6 shows that the error bars for helium at 1000 mbar and argon at both pressures overlap 
quite well. The helium results for 400 mbar show a less increased conversion as was already 
concluded from Figure 5.5. However, it has to be pointed out that for the measurements with high 
argon fractions a specific energy of 1 kJ/sL could not be achieved. Therefore the uncertainty 
calculated from the fit is probably larger than shown in Figure 5.6 and the actual CO2 conversion 
value will turn out lower since the fit is flattening out (see Appendix A.1 for the fitted data). The 
lower CO2 conversion for reduced pressure can be explained by a shift in the EEDF as was introduced 
in Section 2.5. In Figure 2.6 the possibility for high electron energy is increasing for reduced pressure. 
A similar but reversed effect as in Figure 2.6 is possibly occurring for the reactor used in this study; a 
reduced pressure can lead to a smaller density of highly energetic electrons. This could result in a 
decrease in CO2 conversion by highly energetic electrons. 
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5.2 Energy efficiency 

This section will discuss the effect on energy efficiency upon addition of argon or helium. The energy 
efficiency is calculated as explained in Section 2.2. The energy efficiency is expected to decrease 
overall because a considerable amount of the energy put into the plasma will be consumed by 
heating the argon/helium gas, as discussed in Section 2.4.2. Although a small increase between a 
CO2 fraction of 90% and 100% can be expected since a similar effect was seen in the CO2 conversion. 
First, the energy efficiency for the measurements of argon and helium at 1000 mbar are discussed, 
as shown in Figure 5.7. 

 
Figure 5.7: Energy efficiency versus CO2 fraction. The filled black squares represent the results of 
argon and the open red circles represent the results of helium. Both measurements have been 

performed at a pressure of 1000 mbar and flow rate of 0.350 slm and the specific energy has been 
interpolated to 1 kJ/sL. The results concern the same CO2 fractions for both helium and argon but a 

horizontal offset is applied for a more clear distinction. The uncertainty in the error bars is 95%.  

Figure 5.7 shows that the energy efficiency initially stays constant at high CO2 fraction. In the CO2 
conversion a relative big increase between a CO2 fraction of 90% and 100% was. The charge transfer 
between positively charged helium/argon atoms and CO2 molecules was given as possible 
explanation, as explained in Section 2.4.2. This charge transfer can also explain why the energy 
efficiency does not decrease for high CO2 fractions. For CO2 fractions below 70%, the energy 
efficiency is decreasing since a considerable amount of energy is put into the heating of the helium 
and argon gas. This decrease is even more pronounces for helium than for argon since the CO2 
conversion increases faster upon argon addition than for helium addition. 
Next, the results of the energy efficiency at a pressure of 1000 mbar is compared to the energy 
efficiency at 400 mbar as shown in Figure 5.8. 
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Figure 5.8: Energy efficiency versus CO2 fraction. The filled black and open green squares represent 
the argon measurements at 1000 mbar and 400 mbar, respectively. The open red and blue circles 
represent the helium results at 1000 mbar and 400 mbar, respectively. The same measurement 

condition as for the figures of gas conversion apply with a varying flow rate for the helium 
measurements at 400 mbar. 

Figure 5.8 shows that the energy efficiency is higher at 1000 mbar than 400 mbar. This could be 
expected since the CO2 conversion at 1000 mbar was higher as well. However, the energy efficiency 
decreases less upon addition of argon and helium at 400 mbar than at 1000 mbar. The energy 
efficiency of the measurements of helium at 400 mbar are hardly decreasing at all. This can be 
explained by the shifted EEDF for reduced pressure as explained in Section 2.5, the increase in highly 
energetic electrons upon addition of helium and argon is more significant for 400 mbar than for 
1000 mbar. Therefore addition of helium and argon at reduced pressure seems to have an even 
more pronounced effect than at atmospheric pressure. 
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6 Conclusion 
 

 

 

 
The CO2 conversion increases upon addition of helium and argon. This effect is most pronounced for 
argon and helium fractions above 70%. This increase in CO2 conversion was seen for both 400 mbar 
and 1000 mbar. However, slightly lower CO2 conversions were found for reduced pressure relative to 
atmospheric pressure. A shift in the electron energy distribution function could explain this result. 
The distribution function can become steeper and less broad which results in an increased 
probability for low energetic electrons and decreased probability for highly energetic electrons. This 
effect has been described in other reactors [13] but no research has been found that studied this 
effect in a plane to plane DBD reactor. Therefor this is only a possible explanation and has not been 
verified.  
Also a relative big increase in CO2 conversion was found for CO2 fractions between 90% and 100%. 
This was explained by the charge transfer between the argon/helium gas and CO2. The then 
positively charged CO2 molecule can undergo dissociative electron-ion recombination which is 
exothermic and occurs quickly.  
Also, the measurements of argon and helium at 1000 mbar have been compared to those of M. 
Ramakers et al. Although a different reactor design and measurement technique were used. Both 
used a DBD and similar relations were found for the CO2 conversion upon addition of helium and 
argon.  The main difference between the results was that M. Ramakers et al. found a CO2 conversion 
of up to 40% whereas this study reached a maximum conversion of 6% with extrapolation. A factor 
difference of 3.7 ± 0.5 in the CO2 conversion between this study and M. Ramakers et al. was found. 
The main reason for this difference is believed to be that the reactor used in M. Ramakers et al. was 
not only bigger but also used a cylindrical DBD instead of a plane to plane DBD. A cylindrical design 
has a better area to volume ratio and is therefore more energy efficient. 
 
In the second section, the energy efficiency was found to overall decrease with increasing helium 

and argon fractions. However, for high CO2 fractions the energy efficiency was found to be constant 

or even increasing. This could be attributed to the charge transfer between the positively charged 

helium/argon atoms and CO2 molecules. The then positively charged CO2 molecules can undergo 

dissociative electron-ion recombination which can increase the CO production enough to counteract 

the decrease in CO2 fraction. Also it was found that the energy efficiency was decreasing less for 

reduced pressure than for atmospheric pressure. This can be attributed to the fact that the CO2 

conversion increases even more upon addition of helium and argon for 400 mbar than for 1000 

mbar. 
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Concluding, the addition of argon and helium increases the CO2 conversion. The increase in CO2 

conversion can be explained by a variety of mechanisms. The dominant mechanism for the increase 

is believed to be the higher threshold energy for inelastic collisions between argon/helium atoms 

and electrons compared to CO2.  Therefore the electrons have a longer mean free path which results 

in more acceleration in the applied electrical field. Another mechanism mentioned in this study that 

are possibly contributing to the increased CO2 conversion are the charge transfer between 

helium/argon gas and CO2 which can then undergo dissociative electron-ion recombination.  
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Appendix A 
 

 

 

A.1 Measurement data  

In this appendix, the measurement data of the points and the exponential fits through it are shown. 

 

Figure A.1: CO2 conversion versus specific energy. The data for the measurements of argon at a 
constant flow rate of 0.350 slm are shown. The left panel shows the measurements at a pressure of 

1000 mbar and the right panel at 400 mbar. 
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Figure A.2: CO2 conversion versus specific energy. The right panel shows the data of the 
measurements of helium at a pressure of 1000 mbar and constant flow rate of 0.350 slm. The left 

panel shows the measurements of helium at a pressure of 400 mbar. 

 

A.2 Error bars 

The error bars shown in the plots from Chapter 5 are calculated from the fits shown in Appendix A.1. 
The data points are fitted using equation (A.1): 

𝑦 = 𝑎 (1 − exp (−
𝑥

𝑏
))   (A.1) 

The uncertainty is then calculated using the 68% interval formula: 

∆𝑦 = √∑(
𝜕𝑦

𝜕𝑥𝑖
𝑆𝑥𝑖)2

𝑖

 
(A.2) 

Using the uncertainty of a and b as 68% interval gives the following equation for the error bars: 

∆𝑦 = √(
𝑦

𝑥
∆𝑎)2 + (−

𝑥𝑎

𝑏2
∗ 𝑒𝑥𝑝 (−

𝑥

𝑏
))2 

(A.3) 

 

 

 

 

 

 

 

 

 


