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Chapter1

Introductory Chapter: Plasma
Chemistry for Better CO,
Conversion

Nikolay Britun and Tiago Silva

1. Preface

The aim of this book is to cover recent advances in the field of plasma chemistry
and, in particular, to explore the role of low-temperature discharges for efficient
greenhouse gas conversion, synthesis of valuable chemicals, potential fuel produc-
tion, and storage.

Low-temperature plasmas produced by electric discharges represent unique
non-equilibrium state of matter where electrons possess much higher temperatures
than neutrals and ions. This distinctive feature opens new possibilities for produc-
tion of highly reactive species in a chemically rich environment close to the room
temperature in the wide range of gas pressure, which may vary from mTorr range
to a fraction of atmosphere. Moreover, the discharge conditions far from thermo-
dynamic equilibrium may further intensify the “traditional” chemical processes,
which normally happen without plasma.

Low-temperature discharges are deeply related to a large number of important
technologies with extraordinary societal and environmental benefits. For example,
since the second half of the nineteenth century, low-temperature plasma has been
used to improve the microelectronics industry [1]. Indeed, these discharges are
able to provide ion fluxes that are responsible for surface modifications by sput-
tering, etching, activation, and deposition, which are of a critical importance for
the development of any micro device. Other domains in which low-temperature
plasmas play an important role involve light sources [2], lasers [3], sterilization of
biological samples [4], etc. All of these technologies make important contributions
to the development of the modern society.

2. Historical remarks

The use of low-temperature plasmas for chemical conversion of the greenhouse
gases has a rich history and can be traced back to the 1970s-1980s, namely, to the
research related to CO, transformation into the valuable chemicals conducted in the
former USSR (see [5] and therein). During this period the experimental and theoret-
ical background on the plasma-chemical processes has been mainly understood (see
[6] and therein). Interestingly, it was already estimated theoretically that the limit of
the energy efficiency of CO, decomposition (term defined in the following chapters)
in microwave discharges can reach about 43% in the equilibrium regime and about
80% in the non-equilibrium regime [5]. The corresponding experimental results
related to these efficiencies have shown excellent agreement with the estimates [5-7].
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Nowadays the gamut of potential applications of plasma-chemical processes
undergoes significant widening, covering in the case of CO, decomposition the
areas from the treatment of power plants exhausts [6] to the potential fuel produc-
tion on Mars [8]. Regarding the environmental concerns associated with consump-
tion of the fossil fuels, this topic is now also receiving a special attention. Naturally,
these concerns are related to the necessity of moving toward the usage of the renew-
able technologies that would give access to the green CO,-based electricity. In this
case, the non-equilibrium discharge can potentially act as a vehicle transforming
electricity into the useful chemical reactions, being at the same time environmen-
tally friendly. This paradigm is well recognized by the modern plasma research
community due to its important social and economic footprints [1].

3. How does it work?

One particular plasma-chemical process, which is mainly covered in this book,
as well as widely studied nowadays in general, is the plasma-based dissociation of
CO, into CO and O. Such a dissociation process may be considered as a first step
toward the production of fuels and chemical feedstock, for example, methanol.
Under this scenario an efficient plasma-based CO, decomposition process can pro-
vide a suitable storage solution for renewable sources via the conversion of tempo-
rary electrical energy. This would permit fuel production using electrical power in
remote locations where solar/wind energy availability is optimal, or even abundant,
and to use the existing infrastructure for energy distribution to the end users [9].
From this point of view, CO, would no longer be considered as a pollutant but rather
a raw material for further transformations using the plasma technology.

Motivated by the previously mentioned strategy, numerous research groups
are currently focused on achieving the maximum conversion and energy efficien-
cies (defined in the following chapters) associated to the CO, decomposition via
modeling [10, 11] as well as through the experimental studies [12-15]. In addition
to the plasma itself, utilization of the pre-activated highly porous catalyst may also
significantly increase the energy efficiency of the conversion process, as shown in
the numerous literature sources [16, 17] and demonstrated in this book.

The main idea behind the mentioned research works is to take advantage of
the non-equilibrium nature of low-temperature plasmas, with activation of the
plasma at low-energy cost. Indeed, it is relatively easy to transfer energy to the CO,
vibrational excitation using a plasma source possessing low electron temperature
(~1eV). Under this scenario, it is possible to benefit from the energy stored in the
vibrational levels, that is, vibrational excitation of the molecule, which is known to
be favorable for molecular decomposition in the case of CO, [6]. More specifically,
if the electron energy is selectively channeled into the CO, asymmetric stretch mode
of vibration, then the vibrational quanta can be pumped up through the so-called
vibrational “ladder climbing” mechanism, offering a unique way to achieve efficient
decomposition [10].

4. Achievements and challenges

As mentioned already, rather high-energy efficiency of CO, conversion had been
reached in the past using the supersonic gas flow (for gas expansion and cooling) in
a microwave plasma [7]. This result had a huge impact on the plasma research com-
munity, which nevertheless were not reproduced since then. Other types of plasma
reactors including dielectric barrier discharges (DBD), gliding arc plasmatrons



Introductory Chapter: Plasma Chemistry for Better CO, Conversion
DOI: http://dx.doi.org/10.5772/intechopen.81921

Conversion efficiency
(=

0.1

Power modulation effect (MW discharge):
A 0.515GHz sourca, f= 10kHz, 30Torr (post-disch.)
& 0915GHr source, = 0 TkHz, 30TFar {post-disch.”
B 2450Hz source, = 20kHz, T Torr (luba canar)
B 245GHr source, f= 0.5kHz, T Torr (tluba cenber)
© 2.45GHz source, f= 20kHz. T Tor (tubs and)
@ 245GHz sounce, f= 0.5kHz, 7 Torr (ube end)

Flasma calalyst effect (MW discharge).
< [18] Chan 0.915GHz source (no catabyst)
@ [16] Chan 0.915GHz source (with catalyst)

Other literature data;

0 [12] Ozkan (DBD, frequency-optimized)
O [13] Indario (GAP)

T [7] Asisav (MW)

A [14] Siva (MW)

Energy efficiency

Figure 1.

The optimized values of the CO, conversion efficiency and energy efficiency obtained in various low-
temperature dischavges. The arrows correspond to the efficiency gains achieved by using power modulation
(green) and plasma catalysis (ved). Reproduced with permission from Ref. [17].

(GAP), and microwave plasmas have been used, together with plasma catalysis,
having a goal of increasing the energy efficiency associated to the CO, conversion
(see Figure 1). These studies have shown that such an increase in energy efficiency
of the decomposition can be attained through the fine-tuning of different plasma
parameters such as gas pressure, temperature, gas composition, molecule residence
time, etc. More recent works have proven that using the plasma power interruption
along with plasma catalysis also enhances the CO, conversion and energy efficien-
cies significantly, as illustrated in Figure 1.

Despite the relevance of the abovementioned works, the application of plasmas
for large-scale fuel production is not yet viable [18]. Indeed, the issues related to
the optimal plasma operation conditions (such as gas pressure, reactor geometry,
degree of non-equilibrium, etc.) still provoke many questions, while the pathway
of CO, dissociation is not yet completely understood to achieve its full control and
optimization. In order to overcome these difficulties, the scientific research toward
both modeling and diagnostic studies is mandatory for a deeper understanding of
these processes.

From the modeling point of view, there are still many challenges ahead. Among
these challenges, there is a lack of modeling studies related to calculation of the rate
coefficients in which CO, ro-vibrational excitation is present. In this respect, many
CO, chemical reaction rates are still poorly known. This needs further attention
from the theoretical methods (e.g., based on quasi-classical trajectory simulations
[19]) to calculate rate coefficients more accurately than those which are currently
available in literature. These calculations are essential to simulate and predict the
overall behavior of CO, discharges while guiding future experiments targeted at
fuel production.

From the experimental point of view, careful verification of the role of elec-
tronic and vibrational states of CO and CO, molecules as well as the electronic
states of O atoms during the CO, decomposition process under different degrees of
discharge non-equilibrium may shade light on the valuable decomposition pathways
pointing out to an optimum regime of plasma operation for maximization of the
energy efficiency of decomposition and other critical parameters. In this case, the
implementation of the advanced (time- and space- resolved) laser diagnostics along
with the discharge characterization by infrared absorption spectroscopy would be
critical.
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As a conclusion we can say that, the development of the low-temperature
plasma sources operating at the elevated (virtually up to atmospheric) pressure is
mandatory in order to scale up the laboratory processes and to match the industrial
workflow in gas conversion. Thus, the experimental research related to produc-
tion of valuable fuels and chemical feedstock (e.g., hydrocarbon-based fuels)
through CO,-containing discharges is mandatory. Besides this, the other approaches
enabling reasonably high-energy efficiencies of conversion should be investigated
as well.

The chapters gathered in this book are dedicated to the carbon dioxide (CO,)
and methane (CH,4) decomposition in non-equilibrium plasma discharges. These
chapters represent the state-of-the-art modeling and experimental research
studies in the field, paying special attention to the plasma catalyst and containing
recent achievements in the field of greenhouse gas conversion in non-equilibrium
discharges. The book can be considered as an addition to the more general book
“Green Chemical Processing and Synthesis” (INTECH, DOI: 10.5772/65562)
published recently.
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Chapter 2

Modeling for a Better
Understanding of Plasma-Based
CO, Conversion

Annemie Bogaerts, Ramses Snoeckx, Georgi Trenchev
and Weizong Wang

Abstract

This chapter discusses modeling efforts for plasma-based CO, conversion, which
are needed to obtain better insight in the underlying mechanisms, in order to
improve this application. We will discuss two types of (complementary) modeling
efforts that are most relevant, that is, (i) modeling of the detailed plasma chemistry
by zero-dimensional (0D) chemical kinetic models and (ii) modeling of reactor
design, by 2D or 3D fluid dynamics models. By showing some characteristic calcu-
lation results of both models, for CO, splitting and in combination with a H-source,
and for packed bed DBD and gliding arc plasma, we can illustrate the type of
information they can provide.

Keywords: CO,, plasma chemistry, plasma reactor, fluid dynamics modeling,
chemical kinetic modeling

1. Introduction

In recent years, there is increasing interest in plasma-based CO, conversion [1].
Several types of plasma reactors are being investigated for this purpose, including
(packed bed) dielectric barrier discharges (DBDs) [2-10], microwave (MW)
plasmas [11-13], and ns-pulsed [14], spark [15], and gliding arc (GA) [16-20]
discharges. Research focuses on pure CO, splitting into CO and O,, as well as on
mixtures of CO, with a hydrogen source, such as CH, but also H,O or H, to
produce value-added chemicals like syngas, hydrocarbons, and oxygenated prod-
ucts. Key performance indicators are the conversion and the energy efficiency of
the process, as well as selectivity to produce specific value-added chemicals. To
realize the latter, the plasma should be combined with a catalyst (e.g., [3-5, 21]), as
the plasma itself is a too reactive environment and thus not selective.

To improve the application, a good insight in the underlying mechanisms is
crucial. This can be obtained by experiments, but modeling the plasma chemistry
and reactor design can be a valuable alternative, as it provides information on the
most important chemical reaction pathways and on how the geometry and operat-
ing conditions can be optimized to improve the results.

In this chapter, we will describe the basics of both plasma chemistry modeling
(typically based on 0D chemical kinetic models) and plasma reactor modeling
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(typically based on 2D, or even 3D, fluid models), and we will show some charac-
teristic examples from our own research, to illustrate how such models can give
more insight in the underlying mechanisms. First, however, we will present a brief
overview of the different models relevant to CO, conversion that have been
reported in literature.

2. Literature overview on modeling for plasma-based CO, conversion

Describing a detailed plasma chemistry in 2D or 3D models, with 100s of species
and chemical reactions, is not yet feasible, due to excessive calculation times.
Therefore, a detailed plasma chemistry is typically described by 0D chemical kinetic
models or sometimes by 1D fluid models. The first papers on CO, plasma chemistry
modeling were published back in 1987-1995 but were applied to CO, lasers [22-24].
Some papers also studied the vibrational kinetics of CO, for gas flow applications
[25, 26]. Rusanov et al. [27] were the first to develop a model for CO, conversion in
a MW plasma, based on particle and energy conservation equations for the neutral
species, and an analytical description of the vibrational distribution function.

In the last decade, the research on plasma-based CO, conversion experienced a
clear revival, and quite some plasma chemistry models have been developed in
literature, for either pure CO, splitting [7, 28-48] or CH, (of interest for hydrocar-
bon reforming) [49-52], as well as in various mixtures, that is, CO,/CH,4 [53-66],
CH,4/0, [66-72], CO,/H,0 [73], and CO,/H, [74, 75], of interest for producing
value-added chemicals, or in mixtures of CO,/N, [76, 77] or CH4/N, [78-83], more
closely mimicking reality, as N, is a major component in effluent gases. Recently,
we gave an overview of such 0D models for plasma-based CO, and CH,4 conversion
[84], and we also presented a very comprehensive plasma chemistry model for CO,
and CH, conversion in mixtures with N, O,, and H,O [85]. These plasma chemistry
models can provide detailed information on the underlying chemical reaction path-
ways for the conversion or product formation.

Furthermore, to investigate which reactor designs can lead to improved CO,
conversion, 2D or even 3D fluid models can be used; they offer a good compromise
between level of detail and calculation time. To our knowledge, the number of 2D
models for describing CO, conversion is very limited [86, 87], and there exist no 3D
models yet for this purpose. Most of the 2D/3D fluid models developed up to now in
the literature for the typical plasma reactors used for CO, conversion are developed
in argon or helium, or sometimes air, with limited chemistry, to reduce the calcula-
tion time.

For packed bed DBD reactors, different types of modeling approaches have been
developed. Chang [88] presented a 0D plasma chemistry model, simply predicting
the enhancement factor of the electric field in the voids between the packing pellets
from the ratio of the dielectric constant of the pellets and the gas phase. Takaki et al.
[89] applied a simplified time-averaged 1D model in N, based on solving the
transport equations and Poisson’s equation. Zhang et al. [90] performed 2D particle-
in-cell/Monte Carlo collision (PIC/MCC) simulations for the filamentary discharge
behavior in a parallel-plate packed bed DBD reactor in air. Kang et al. [91] devel-
oped a 2D fluid model for a DBD with two stacked ferroelectric beads and studied
the propagation of the microdischarges, but no plasma species were explicitly con-
sidered. Russ et al. [92] applied a 2D fluid model for studying transient
microdischarges in a packed bed DBD operating in dry exhaust gas. Based on a 2D
fluid model for a packed bed reactor with dielectric rods, Kruszelnicki et al. [93]
presented a very interesting and detailed study on the mechanism of discharge
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propagation in humid air, reporting that the discharges can generally be classified in
three modalities: positive restrikes, filamentary microdischarges, and surface ioni-
zation waves. They observed that the type of discharge dominating the production
of reactive species depends on the dielectric facilitated electric field enhancement,
which is determined by the topography and orientation of the dielectric lattice.
Finally, they demonstrated that photoionization plays an important role in dis-
charge propagation through the dielectric lattice, because it seeds initial charge in
regions of high electric field, which are difficult to access for electrons from the
main streamer [93]. Van Laer et al. [94-96] developed two complementary 2D fluid
models to describe a packed bed DBD in helium, to elucidate the electric field
enhancement between the packing beads, and the effect of the dielectric constant of
the packing beads, as well as the gap size and bead size. Wang et al. [97] applied a
2D fluid model to a packed bed DBD in air, studying the behavior of positive
restrikes, filamentary microdischarges, and surface discharges, as well as the tran-
sition in discharge modes upon changing the dielectric constant of the packing
beads. Finally, Kang et al. [98] also presented a 2D fluid model to study surface
streamer propagation in a simplified packed bed reactor, in comparison with
experimental data, obtained from time-resolved ICCD imaging.

For MW plasmas, a large number of models were presented in the literature, and
we refer to [99] for a recent overview. Van der Mullen et al. [100-102] as well as
Graves et al. [103] developed self-consistent 2D fluid models, based on Maxwell’s
equations for the electromagnetic field and plasma fluid equations, assuming
ambipolar diffusion. Some of these models were applied to intermediate pressure
coaxial microwave discharges [102], while others describe atmospheric pressure
cylindrical (surfaguide or surfatron) MW plasmas [101, 103]. Although being very
valuable, these models did not apply to the application of CO, conversion. Recently,
Georgieva et al. [99] performed a comparison between two fluid models, based on
the coupled solution of the species conservation equations and Poisson’s equation
(i.e., so-called non-quasi-neutral approach) on the one hand and on a quasi-neutral
approach on the other hand, but again these models were developed for argon.

For low-current nonthermal GA discharges (typically near 1 A or below), some
simple 1D analytical or semi-analytical models have been developed [104-109],
including the plasma string model [104] and the Elenbaas-Heller model, assuming
an equilibrium plasma, with the radius of the plasma channel being constant [105-
107] or with a correction based on an analytical relation between the electric field
and the electron and gas temperatures for non-equilibrium plasma [108] or focus-
ing on the discharge electrical parameters [109]. These simple models cannot
describe the complex behavior of the GA, such as the unsteady behavior in time and
space, arc restrike, non-equilibrium effects, effects of flow patterns, etc., and they
did not include a detailed chemistry. Gutsol and Gangoli [110] presented a simple
2D model of a GA, in a plane parallel to the gas flow and perpendicular to the
discharge current, which provided very useful information about the gas-discharge
interaction. Within our group, we developed a 2D non-quasi-neutral fluid model for
the arc gliding process in an argon GA [111], and we compared the glow and arc
mode in this setup [112]. We also presented a 2D quasi-neutral model [113], which
was also applied in 3D modeling for a classical (diverging electrode) GA [114] and a
reverse vortex flow (RVF) GA (also called GA plasmatron; GAP) [115]. These
models were developed for argon, but we also developed a 1D fluid model [44] and
two different 2D models [86, 87] for a (classical or RVF) GA in CO,, considering the
detailed plasma chemistry of CO, conversion. An overview of both 0D chemical
kinetic models and 2D/3D fluid models for plasma reactors of interest for CO,
conversion was presented in [116].
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3. Explanation of the modeling approaches
3.1 0D chemical kinetic modeling

Most models describing a detailed plasma chemistry apply the 0D chemical
kinetic approach, which allows to handle a large number of species and chemical
reactions, with limited computational effort. This approach is based on solving
balance equations for the various species densities, based on production and loss
rates, as defined by chemical reactions:

dn; @ __0 a’
o ZJ{ (aij — a )ijlnl] (1)

where aij(l) and aij(z) are the stoichiometric coefficients of species i, at the left-
and right-hand sides of a reaction j, respectively, n, is the species density at the left-
hand side of the reaction, and k; is the rate coefficient of reaction j. For the electron
reactions, the energy-dependent rate coefficients are determined from the average
electron energy, while the rate coefficients of the chemical reactions between neu-
tral species or ions are adopted from the literature.

The species typically included in such models, for either pure CO, or pure CHy,
as well as the extra species included in CO,/CH,4, CO,/H,0, CO,/H,, or CH4/O; gas
mixtures and in CO,/N, and CH,4/N, mixtures are listed in Table 1. The same
species can be included in the CO,/CH,4, CO,/H,0, CO,/H;, and CH,4/O, models,
because these combinations produce similar molecules. All the species listed in
Table 1 might chemically react with each other. Hence, a large number of chemical
reactions (typically up to 1000) are incorporated in these models, including elec-
tron impact reactions, electron-ion recombination, and ion-ion, ion-neutral, and
neutral-neutral reactions. Details of these chemistries for the specific gas mixtures
can be found, for example, in [7, 28-30, 61-63, 66, 73-77, 83].

Specifically for CO, conversion in MW and GA plasmas, the vibrational levels of
CO; are very important, because they allow energy-efficient CO, conversion [117],
so the vibrational kinetics of CO, must be incorporated and especially the asymmet-
ric stretch mode of CO,, which is the most important channel for dissociation [117].
Likewise, in CO,/N, mixtures in MW or GA discharges, the N, vibrational levels
must be included, as they can populate the CO, vibrational levels [76]. Furthermore,
also the vibrational levels of CO and O,, and some electronically excited levels, are
typically taken into account in such models (see Table 1). These vibrationally and
electronically excited levels are indicated in Table 1 with the symbols “V” and “E”.
Details about their notations can be found in [29, 76] or in Table 1 for the N,
electronically excited levels. Although vibrationally excited levels might also be
important for CHy4, H,0, and H, molecules, they are not yet included in the available
models, to our knowledge, as these mixtures have only been described up to now for
a DBD plasma, where the vibrational levels are of minor importance [117].

Although the above balance equations only account for time variations, thus
neglecting spatial variations due to transport in the plasma, spatial variations can be
included in such models, by imposing a certain input power or gas temperature as a
function of time. For instance, this allows to account for microdischarge filaments
in a DBD, through which the gas molecules pass when flowing through the reactor,
by applying a number of pulses as a function of time (see, e.g., [28, 48, 62]). Ina
similar way, this method can account for the power deposition profile in a MW
plasma (being at maximum at the position of the waveguide) by means of a tem-
poral profile. Thus, the plasma reactors are considered as plug flow reactors, where
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Maolecules Charged species Radicals Excited species
Species of interest in pure 00y models
CDy, CO C0;', COy', CD°, C0,", C:04", C:0,C Cs COyva, vb, Ve, vd),
C:04%, Cy*, C, COy, COy C0:(V1-v21), COs(EL, E2),
CO(V1-v10), CO{E1-E4)
05, 03 0, 0", 08, 0,0, 0z, 0 o 0y{V1-va}, 0:(E1-E2)
Electrons

CHy CHs*, CH:", CHy*, CH;", CH*, C* CHs, CHy, CH, C | CH4*

CiHs, CiHa, CaMHs", CaHs", CaHe", CaHy', CHy', | CaMHs, CiHa, CH CaHe®, CoHa®, CiH:*

C:Hz, Ca L N

CaHg, CiHg, CaHy, CiHs CiHg*

CaH:

H: Hs', Hi*, H, H- H Hs*
CH/ O models

H; 0, H:O: Hal¥, Hz0', OH", OH OH, HO; H.0™=

CHz0, CH30H, CHO, CH30H,

CHO0H CHyD, CHyO;

CxHsOH, CHCO, CHyCO,

CxHsOOH, CHCHOQ, CaHy0,

CHyCHO, CaHyOy

CHCO

ies typically included in CO3/MN; anc

(L 3 N®, MNa", Na®, Ms® N Ma(V1-V1d), My(CF ),
Na(A2E}), My(a"'E3),
Na{B* M), N(2D), N{2P)

N0, N0, NO®, NpOY, NG, NO°, NaOF, NG, NO;, MOy
M0, N3O MOy, NOy, N:O,"
HCM, OMNCHN, HCN' HzCN, CN, NCO,
Gl NCN
NH; NHa", NH:', NH:", NH* NH;z, NH NHy
MNxH4, NxHz N3Hjy, NzH
Table 1.

Overview of the species typically included in plasma chemistry models for pure CO,, pure CH,, as well as extra
species included in CO,/CH,, CO,/H,0, CO,/H,, and CH,/O, gas mixtures and in CO,/N, or CH,/N,
mixtures.

the plasma characteristics vary as a function of distance traveled by the gas, in the
same way as they would vary in time in a batch reactor. The time in the balance
equations thus corresponds to a residence time of the gas in the reactor, and the
time variation can be translated into a spatial variation by means of the gas flow
rate.

Besides balance equations for the species densities, 0D chemical kinetic models
typically also apply balance equations for the electron temperature and/or the gas
temperature, again based on source and loss terms, defined by the power deposition
(or electric field) and the chemical reactions. Alternatively, instead of calculating
the electron temperature with a balance equation, 0D models often solve a
Boltzmann equation (e.g., Bolsig+ [118]), to calculate the electron energy distribu-
tion function (EEDF) and the rate coefficients of the electron impact reactions as a
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function of the electron energy. A more detailed description of the free electron
kinetics in CO, plasma is provided in [32-37], where a state-to-state vibrational
kinetic model was self-consistently coupled with the time-dependent electron
Boltzmann equation.

0D models allow to predict the gas conversion, the product yields, and selectiv-
ities, based on the calculated plasma species densities at the beginning and the end
of the simulations, corresponding to the inlet and outlet of the plasma reactor.
Furthermore, based on the power introduced in the plasma and the gas flow rate,
the specific energy input (SEI) can be computed, and from the latter, the energy
efficiency () can be obtained with the following formulas:

kI\  Plasmapower(kW) s
< ! > Flowrate (L) : (min) 2)
AHR (%) #Xco, (%)
n(%) = p 3)
sE1(%)22.4(:%;)

where AHy, is the reaction enthalpy of the reaction under study (e.g., 279.8 kJ/mol
for CO, splitting) and X¢o,is the CO, conversion. Note that this formula is
only applicable to pure CO, splitting, but a similar formula can be applied to the
other gas mixtures, using another reaction enthalpy and accounting not only for the
CO, conversion but also for the conversion of the other gases in the mixture.

3.2 2D or 3D fluid modeling

Even though some spatial dependences of the plasma reactors can be taken into
account in 0D chemical kinetic models, as explained above, they are not really
suitable for describing detailed plasma reactor configuration or predict how modi-
fications to the reactor geometry would give rise to better CO, conversion and
energy efficiency. For this purpose, 2D or even 3D models are required, and fluid
models are then the most logical choice, because they still allow a reasonable calcu-
lation time, in contrast to, for instance, PIC-MCC simulations.

These fluid models solve a number of conservation equations for the densities of
the various plasma species and for the average electron energy. The energy of the
other plasma species can be assumed in thermal equilibrium with the gas. The
conservation equations for the species densities are again based on source and loss
terms, defined by the chemical reactions, like in the OD models. The source of the
electron energy is due to heating by the electric field, and the energy loss is again
dictated by collisions. In addition, transport is now included in the conservation
equations, defined by diffusion and by migration in the electric field (for the
charged species) and (in some cases) by convection due to the gas velocity. Fur-
thermore, the conservation equations are coupled with Poisson’s equation for a self-
consistent calculation of the electric field distribution from the charged species
densities, although more simplified quasi-neutral (QN) models have also been used
[113], to further reduce the calculation time. Such a QN model neglects the near-
electrode regions and treats only the quasi-neutral bulk plasma. It does not solve the
Poisson equation, but calculates the ambipolar electric field from the ion densities
and the electron and ion diffusion coefficients and mobilities.

Finally, in many cases, the gas temperature and gas flow behavior are calculated
with a heat transfer equation and the Navier-Stokes equations, respectively, while
in GA models, the cathode heat balance can also be accounted for, to properly
describe the electron emission processes. The fluid (plasma) model and the models
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for gas flow and gas heating are typically combined into a multiphysics model: the
calculated gas velocity is inserted in the transport equations of the plasma species,
and the gas temperature determines the gas density profile and thus the chemical

reaction rates.

4. Some typical calculation results
4.1 0D chemical kinetic modeling

0D chemical kinetic models typically provide information about the calculated
gas conversion, energy efficiency, and product formation, as a function of specific
operating conditions, as well as about the underlying chemistry explaining these
results. The latter will be illustrated here, based on the modeling work performed
within our group PLASMANT, for pure CO, splitting, as well as CO,/CH,4, CH,4/O,,
CO,/H,, and CO,/H,0 mixtures. For more details about the modeling results in
these mixtures, and more specifically the calculated conversions, product yields and
energy efficiencies, and comparison with experiments, we refer to the original
research papers mentioned below, as well as two recent review papers [84, 116].

4.1.1 Pure CO; splitting
4.1.1.1 DBD conditions

The dominant reaction pathways for CO; splitting in a DBD plasma, as predicted
from the model in [7], are plotted in Figure 1. As a DBD is characterized by
relatively highly reduced electric field values (typically above 200 Td), and thus
relatively high electron energies (several eV), electron impact reactions with CO,
ground-state molecules dominate the chemistry. The most important reactions are
electron impact dissociation into CO and O (which proceeds through electronically
excited CO,, that is, the so-called electron impact excitation-dissociation), electron
impact ionization into CO," (which recombines with electrons or O, ions into CO
and O and/or O,), and electron dissociative attachment into CO and O~ (cf. the
thick black arrow lines in Figure 1). These three processes account for about 50%,
25%, and 25%, respectively, to the total CO, conversion [28]. Because these pro-
cesses require more energy than strictly needed for breaking the C=0 bond (i.e.,
5.5 eV), the energy efficiency for CO, splitting in a DBD plasma is quite limited,
that is, up to maximum 10% for a conversion up to 30% [1].

The CO molecules are relatively stable, but at very long residence time, they will
recombine with O™ ions or O atoms, to form again CO; (cf. thin black arrow lines in
Figure 1). This explains why the CO, conversion typically saturates at long resi-
dence times. Furthermore, the O atoms created upon CO, splitting also recombine
quickly into O, or Os, based on several processes (see also Figure 1).

4.1.1.2 MW and GA conditions

While our calculations predict that ca. 94% of the CO, splitting in a DBD plasma
arises from the ground state, and only ~6% occurs from the vibrationally excited
levels [28], the situation is completely different in a MW or GA plasma. These
plasmas are characterized by much lower reduced electric field values (in the order
of 50-100 Td), creating lower electron energies (order of 1 eV), which are most
suitable for vibrational excitation of CO,. Therefore, the CO; splitting in MW and
GA discharge is mainly induced by electron impact vibrational excitation of the
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Figure 1.

Dominant reaction pathways of CO, splitting and the further reactions between O, O,, and O in a DBD
plasmay, as obtained from the model in [7], where the labels are also explained. Adopted from [119] with
permission.

lowest vibrational levels, followed by vibrational-vibrational (VV) collisions, grad-
ually populating the higher vibrational levels, leading to dissociation of CO,. This
stepwise vibrational excitation, or the so-called ladder climbing, is illustrated in
Figure 2. As this process only requires 5.5 eV for dissociation, that is, exactly the
C=0 bond energy, this explains why MW and GA discharges exhibit a much better
energy efficiency than a DBD, where the dominant dissociation mechanism is
electron impact excitation-dissociation, as explained above, which requires 7-10 eV
(see Figure 2).

Still, it must be realized that the vibrational excitation pathway is not always
optimized in a MW or GA plasma. Indeed, as illustrated in detail in [42], the
vibrational excitation is higher at lower pressures and higher power densities. The
latter give rise to higher electron densities, which yield more vibrational excitation.
Higher pressures, on the other hand, result in more vibrational-translational (VT)
relaxation collisions, which represent the major loss mechanism of the vibrational
energy. Finally, also the gas temperature plays a crucial role, as a higher gas tem-
perature also results in more pronounced VT relaxation. Our models predict that in
a MW plasma at atmospheric pressure, the dissociation is too much determined by
thermal processes, thus limiting the CO, conversion and energy efficiency, in
agreement with experimental observations. In addition, the recombination of CO
and O atoms also becomes gradually more important at high gas temperature and
pressures [42], further explaining why the experimental CO, conversion and
energy efficiency drop upon increasing pressure. The main processes occurring in a
MW plasma in the two extreme cases, that is, the ideal non-equilibrium conditions
of low pressure and temperature and high power density and the near-thermal
conditions of high pressure and temperature, are summarized in Figure 3. The
model predicts a much higher CO, conversion and energy efficiency in a pressure
range of 200-300 mbar and much lower values at atmospheric pressure, in the
near-thermal conditions [42]. Hence, we should exploit as much as possible the
non-equilibrium character of a MW plasma, in which the higher vibrational levels
of CO, are overpopulated, to obtain the most energy-efficient CO, conversion.

The same conclusions can be drawn for a GA plasma, where our models predict
that the CO, conversion could be further enhanced, by exploiting the role of the
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Figure 2.

Schematic illustration of some CO, electronic and vibrational levels, illustrating the energy-efficient dissociation
process through electron impact vibrational excitation, followed by vibrational-vibrational collisions, which
gradually populate the higher vibrational levels, that is, the so-called ladder climbing (5.5 V), compared to
direct dissociation through electronic excitation (above 7 eV). Adopted from [119] with permission.

higher vibrational levels of CO,. Indeed, as the GA operates at atmospheric pres-
sure, the vibrational distribution function (VDF) is too much thermal, that is, there
is no significant overpopulation of the higher CO, vibrational levels. This was
predicted both in a classical GA at a temperature around 1200 K [45] and in a RVF
GA, operating at temperatures around 2500-3000 K [47]. The CO, dissociation
even proceeds mainly from the ground state or the lowest vibrational levels. Indeed,
based on these models, the major dissociation process was electron impact dissoci-
ation [45] or thermal dissociation [47] of the lower CO, vibrational levels, and the
chemical reactions of the higher vibrational levels (with either O atoms or any
arbitrary molecules in the plasma), which theoretically provide the most energy-
efficient process for CO, conversion, were found to be of minor importance. Just
like in the MW plasma, the model predicts that a significant overpopulation of the
VDF, and thus a more energy-efficient CO, conversion, can be realized by decreas-
ing the temperature or by increasing the power density [45].

4.1.2 CO,/CH  mixture

When adding an H-source, such as CH,, to the CO, plasma, a variety of mole-
cules can be formed, with a mixture of H, and CO (or syngas) as the major
compounds, but also smaller fractions of higher hydrocarbons and oxygenates can
be formed. Figure 4 illustrates the dominant pathways in a CO,/CH,4 mixture, as
predicted by the model in [66]. The thickness of the arrow lines is correlated to the
rate of the reaction. CH, dissociation is initiated by electron impact, forming CH;
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Figure 3.

Dominant reaction pathways of CO, splitting in a MW plasma, as obtained from the model in [42], for two
extreme cases: (a) the ideal non-equilibrium conditions of low pressure and temperature and high power density
and (b) the near-thermal condition of high pressure and temperature. Adopted from [116] with permission.

radicals, which recombine into higher hydrocarbons. Moreover, electron impact
dissociation of CH,4 and of the higher hydrocarbons also yields H, formation. In
addition, the CHj; radicals also create methanol (CH30H) and CH;30, radicals, albeit
to a lower extent. Furthermore, the CH,; radicals, also created from electron impact
dissociation of CHy, react with CO; to form formaldehyde (CH,0) and CO. Finally,
the O atoms, created from electron impact dissociation of CO, (see also Figure 1),
also initiate the formation of higher oxygenates, like acetaldehyde (CH;CHO). This
species reacts further into CH3CO radicals and subsequently into ketene (CH,CO),
although these pathways are not so important in absolute terms, as indicated by the
thin dashed lines in Figure 4.

We have also compared the chemistry in the CO,/CH,4 mixture, used for dry
reforming of methane, with that of partial oxidation of methane, that is, a CH4/O,
mixture [66]. The reaction pathways of the latter are depicted in Figure 5. The
CH,4/O, mixture clearly leads to a completely different chemistry than the CO,/CH,4
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Figure 4.

Dominant reaction pathways for the conversion of CH, and CO, into higher hydrocarbons, H, and CO, and
higher oxygenates, in a 70/30 CH,/CO, DBD plasma, as obtained from the model in [66]. The thickness of the
arrvow lines corvesponds to the importance of the veaction paths. Reproduced from [84] with permission.
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Figure 5.

Dominant reaction pathways for the conversion of CH, and O, into (mainly) higher oxygenates, as well as some
full oxidation products, in a 70/30 CH,/O, DBD plasma, as obtained from the model in [66]. The thickness of
the arrow lines corvesponds to the importance of the reaction paths. Reproduced from [84] with permission.

mixture, in spite of the fact that the same chemical species are included in the
models (see Table 1). Electron impact dissociation of CH, again produces CH3
radicals, which will recombine into methanol or higher hydrocarbons, but the
recombination into CH;0, radicals, which form either CH30 radicals or methyl
hydroperoxide (CH300H), is now more important. The CH;0 radicals produce
methanol, which seems a more important formation mechanism than the recombi-
nation of CH; with OH radicals (cf. the arrow line thickness in Figure 5), and
methanol can also react further into CH,OH radicals, producing formaldehyde. The
latter is also easily converted into CHO radicals and further into CO (note the
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thickness of these arrow lines, indicating the importance of these reactions) and
CO,. Furthermore, formaldehyde is also partially converted into H,O. Note that this
pathway is illustrated for a 70/30 CH,/O, mixture, which obviously leads to nearly
full oxidation of CH,4, rather than partial oxidation, where the major end products
should be the higher oxygenates. When less O, would be present in the mixture, our
model predicts that methanol and methyl hydroperoxide are formed in nearly equal
amounts as CO and H,0 [66]. Figure 5 also illustrates that the O, molecules are
mainly converted into CO, O atoms, and HO, radicals. Some Oj is also formed out
of O,, but the reverse process, that is, the production of two O, molecules out of O;
and O atoms, is more important, explaining why the arrow points from O3 toward
O,. The O atoms are converted into CH;0 and OH radicals, producing methanol
and water, respectively. The latter reaction (from OH to H,0) appears to be very
important (cf. thick arrow line in Figure 5), and thus, significant amounts of H,0
are formed, as predicted by the model [66].

In summary, comparing Figures 4 and 5 clearly indicates that the chemical
pathways in CH4/O, and CH4/CO, plasma are quite different, even at the same
mixing ratios. Finally, in both mixtures a large number of different chemical com-
pounds can be formed, but due to the reactivity of the plasma, there is no selective
production of some targeted compounds. To reach the latter, the plasma will have
to be combined with a catalyst.

4.1.3 CO,/H, mixture

The dominant reaction pathways for the conversion of CO, and H, in a 50/50
CO,/H, DBD plasma are illustrated in Figure 6, as predicted by the model in [75].
The conversion starts again with electron impact dissociation of CO,, yielding CO
and O atoms. Simultaneously, electron impact dissociation of H, results in the
formation of H atoms, and this reaction seems more important (cf. the thickness of
the arrow line). The O and H atoms recombine into the formation of OH radicals
and further into H,0. The model thus predicts that H,O is produced at relatively
high density [75]. The CO molecules will partially react back into CO,, mainly
through the formation of CHO radicals. This pathway appears to be more important
than the direct three-body recombination between CO and O atoms into CO,,
which is the dominant pathway in a pure CO, plasma. The H atoms thus contribute
significantly to the back reaction of CO into CO,, and this explains why the

7/

-7 >E]
0 CzHs

Figure 6.

Dominant reaction pathways for the conversion of CO, and H, into various products, in a 50/50 CO,/H, DBD
plasma, as obtained from the model in [75]. The thickness of the arrow lines corresponds to the rates of the net
reactions. The stable molecules are indicated with black rectangles. Reproduced from [75] with permission.
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calculated CO, conversion is quite limited in a CO,/H, mixture [75]. Electron
impact dissociation of CO yields the formation of C atoms, which react further into
CH, CH,, C,HO, and CHj; radicals in several successive radical recombination
reactions. The CH, radicals react with CO, into CH,0, while the CHj radicals easily
form CH,. The latter reaction is more favorable than CH3OH formation out of CHs.
Finally, CH, partially reacts further into higher hydrocarbons (C.Hy).

Figure 6 clearly illustrates that several subsequent radical reactions are required
for the formation of (higher) hydrocarbons and oxygenates. This explains the very
low calculated yields and selectivities of these end products [75]. In summary, the
lack of direct formation of CH, and CHj in the CO,/H, mixture, which is important
in CO,/CH,4 gas mixtures (see Figure 4), combined with the very low conversion of
CO,, which is again attributed to the absence of CH, as important collision partner
for the loss of CO,, makes the CO,/H, mixture less interesting for the formation of
higher hydrocarbons and oxygenates than a CO,/CH,4 mixture at the conditions
under study. Furthermore, as H; is a useful product by itself, while CH, is also a
greenhouse gas (besides a fuel), the simultaneous conversion of CO, and CH,, that
is, two greenhouse gases, is considered to be of higher value, also because it repre-
sents a direct valorization of biogas.

4.1.4 CO,/H,0 mixture

H,O0 is the cheapest H-source to be added to a CO, plasma for the direct pro-
duction of value-added chemicals, and the combined conversion of CO, and H,O
could mimic the natural photosynthesis process. However, adding H,O (in concen-
trations up to 8%) to a CO, DBD plasma causes a significant reduction in the CO,
conversion, while no oxygenated hydrocarbons were detected experimentally, and
also the calculated concentrations were only in the ppb level [73].

These results can be explained by a kinetic analysis of the reaction chemistry.
The latter reveals that the reaction between CO and OH, yielding H atoms and CO,,
is crucial, as it has a very high rate constant, and it controls the ratio between the
conversions of CO, and H,0. This can be explained in a very simple way by the
following reactions:

e +CO, - CO+0+e” (4)
e +H,0 -OH+H+e" (5)
CO+ OH — CO, + H (6)

H+ 0, +M — HO, + M 7)

HO, + O — OH + 0, (8)

OH + H — H,0 9)

2e” + CO, + H,0 — CO; + Hy0 + 2e” (10)

Reactions (4) and (5) yield the dissociation of CO, and H,0, but the products,
CO and OH, will rapidly recombine into CO, again (reaction (6)). Moreover, the
two H atoms and one O atom formed will also quickly recombine, first into OH
(through subsequent reactions (7) and (8)) and subsequently into H,O through
reaction (9). Thus, overall, there is no net dissociation of CO, and H,O in this
pathway (see overall reaction (10)).

Of course, there exist also other pathways for the conversion of these molecules,
so there will still be some conversion of CO, and H,O in the plasma, but electron
impact dissociation is typically the major loss mechanism for CO, in a DBD (cf. also
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above), so the above mechanism explains the drop in CO, conversion upon addition
of H,0, as the OH radicals created upon H,O dissociation give rise to the back
reaction, creating CO, out of CO.

The above mechanism can also explain why no (significant) methanol (or other
oxygenated hydrocarbons) is formed in the CO,/H,0 mixture, because all the H
atoms needed to form CH and CHO fragments for the formation of methanol are
steered to OH and subsequently H,O again. Hence, this chemical kinetic analysis
indicates that H,O might not be a suitable H-source for the formation of oxygenated
hydrocarbons in a one-step process, because of the abundance of O atoms, O,
molecules, and OH radicals, trapping the H atoms.

It should be noted that this fast reaction between H and O atoms was demon-
strated to be useful for the O-trapping in the case of pure CO, conversion, thus
providing a solution for the separation of the CO, splitting products [120], but in
the present case, it is clearly the limiting factor for the formation of oxygenated
hydrocarbons.

4.1.5 CO,/N, mixture

Real industrial gas flows typically do not contain pure CO, but also other gases
and impurities. In most cases, N, is the most important component. It is thus also
important to study the effect of N, on the CO, conversion and energy efficiency, as
well as which products are formed, that is, useful products or harmful NO, com-
pounds. Hence, we developed some models for a CO,/N, mixture, both for a MW
plasma [76] and a DBD [77]. Both models predict that N, has a beneficial effect on
the CO, splitting, but the mechanism is completely different. In a DBD, the elec-
tronically excited metastable N,(A%%;") molecules give rise to the enhanced CO,
splitting [77], while in a MW plasma, the N, vibrational levels help to populate the
CO, vibrational levels, by VV relaxation, and this causes the enhanced CO, splitting
[76]. It should be mentioned, however, that in spite of the higher absolute CO,
conversion upon addition of N, the effective or overall CO, conversion will drop in
both cases, because of the lower absolute fraction of CO; in the gas mixture. The
effect is minor up to about 60% N, but more pronounced for higher N, fractions. As
the effective CO, conversion determines the overall energy efficiency of the pro-
cess, the latter also drops upon addition of more Ny, as some of the energy is used
for ionization, excitation, and dissociation of the N, molecules.

Both the modeling and experiments also reveal that several NO, compounds are
produced in a CO,/N, plasma, especially NO, NO,, N,0, and N,Os, as was discussed
in detail in [77]. A detailed chemical kinetic analysis reveals how the NO, com-
pounds are formed and thus also how this formation can be reduced. As illustrated
in Figure 7, N; is excited to a metastable state NZ(AZ’Z;), as well as dissociated into
N atoms, by electron impact reactions. The N2(A32;) molecules react with O atoms
into NO or with O, into N,O. The N atoms react with both O and O3 into NO. NO
can be converted into NO, upon reaction with O, but the opposite reaction, upon
collision with either O or N atoms, occurs as well, making NO, the main source of
NO production and vice versa (see Figure 7).

Furthermore, the N atoms are trapped in two reaction loops, that is, between
NO, NO,, and N,03 and between NO,, NO3, and N,0Os. The only way to escape
from these loops is by the reaction of NO, to N,O (which can react back to N, and N
upon collision with Nz(A32;r ) and N, ") or by the reaction of NO with either N
atoms or Nz(a’lZu_ ) molecules, forming again N atoms or N, molecules (see
Figure 7).
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Figure 7.

Dominant reaction pathways leading to NO, formation in a CO,/N, DBD plasma, as obtained from the model
in [77]. See details in the text. The thickness of the arvow lines corresponds to the time-integrated reaction rates,
indicating the importance of the veactions. Adopted from [77] with permission.

Figure 7 shows that, in order to avoid the formation of NOy compounds, we
should prevent the reaction between the reactive N-species (i.e., Nz(A3Z; ) and N)
and the O species (O, O,, or O3). Reducing the concentrations of reactive N-species
in the plasma is not straightforward, so we think that a more viable option to avoid
NO, formation is to remove the O atoms from the plasma, by means of O-
scavengers, or separation membranes or a catalytic system.

4.2 2D or 3D fluid modeling

While 0D chemical kinetic models are most suitable to elucidate the underlying
chemical reaction pathways, they cannot describe detailed effects of reactor design.
For this purpose, fluid modeling is more appropriate. We will show here how 2D or
3D fluid models can help to obtain a better insight in the basic characteristics of
plasma reactors, using two examples of our group PLASMANT, which are of great
interest for the application of CO, conversion, that is, packed bed DBD reactors and
reverse vortex flow GA reactors.

4.2.1 Packed bed DBD reactors

Packed bed DBD reactors are known to enhance the electric field and thus also
the electron temperature, at the contact points between the packing pellets or
beads, due to polarization of this dielectric packing. This is illustrated in Figure 8,
showing the time-averaged electric field and electron temperature distributions in a
2D representation of a packed bed DBD reactor, for a peak-to-peak voltage of 4 kV
and a frequency of 23.5 kHz. These results are obtained from a so-called “channel of
voids” model, where the packing beads are not in direct contact, but allow the gas
flowing through the packing. This is done to allow a 2D model representing a real
3D geometry (see details in [94]). In spite of the fact that there is no real contact
between the beads, the local electric field enhancement in between the beads, due to
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Figure 8.

Calculated time-averaged 2D profiles of the electric field and electron temperature in a packed bed DBD
reactor, at a peak-to-peak voltage of 4 kV and a frequency of 23.5 kHz, as obtained from the model in [94].
Adopted from [94] with permission.

their polarization, is still visible, although it must be mentioned that the effect is
more pronounced in a so-called “contact point” model (see [94]). This enhanced
electric field gives rise to more electron heating and thus to a higher electron
temperature in between the beads (see right panel of Figure 8). At this relatively
low applied voltage of 4 kV, the plasma is initiated at the contact points and remains
in this region, reflecting the properties of a Townsend discharge, while at higher
applied voltage, for example, 7.5 kV (peak-to-peak), the discharge will spread out
more into the bulk of the reactor, from one void space to the other, ultimately
covering the whole gas gap [94]. Such behavior was also reported from experi-
ments. Indeed, by means of an intensified charge-coupled device (ICCD) camera
[121, 122], Kim and coworkers also observed that at low applied potential, the
discharge stays local at the contact points, while at higher potential, it spreads
across the surface of the packing material, and similar observations were also made
by Tu et al. [123].

Although the above model was developed for helium, we expect a similar
behavior in a CO, plasma. The higher electron temperature will give rise to more
electron impact ionization, excitation, and dissociation of the CO, molecules, for
the same applied power, and this can explain why a packed bed DBD gives a higher
CO, conversion and energy efficiency than an empty reactor.

We also developed a model for a packed bed DBD reactor in dry air, to study the
propagation of a plasma streamer [97], as illustrated in Figures 9 and 10. Our
calculations reveal that the plasma formation in a packed bed DBD reactor in dry air
may exhibit three types of discharge behavior, that is, positive restrikes; filamen-
tary microdischarges, also localized between the packing beads; and surface ioniza-
tion waves, in agreement with the model by Kruszelnicki et al. [93]. Positive
restrikes between the dielectrics result in the formation of filamentary
microdischarges. Surface charging creates electric field components parallel to the
dielectric surface and leads to the formation of surface ionization waves. At a low
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Figure 9.
Calculated electron number density distribution as a function of time, for a packed bed DBD reactor in dry air,
with packing beads of €, = 5. Adopted from [97] with permission.

dielectric constant of the packing (e, = 5), plasma ignition between the beads occurs
directly in the mode of surface discharges (or surface ionization waves), which can
connect with the surface of the adjacent bead; see Figure 9. On the other hand, at
high dielectric constants (e, = 1000), no surface streamer jumping toward the
adjacent bead surface is observed, and spatially limited filamentary
microdischarges, so-called local discharges, are generated between the beads; see
Figure 10. For intermediate dielectric constants, a mixed mode of surface dis-
charges and local discharges exists [97]. Good qualitative agreement with experi-
ments was obtained, as detailed in [97].

The positive restrikes, local discharges, and surface discharges all give rise to the
production of reactive species, because they exhibit an enhanced electric field and
thus they create a burst of energetic electrons, which produce reactive species by
electron impact dissociation. Packed bed reactors are often used for plasma cataly-
sis, where packing beads with different dielectric constants can act as supports for
the catalytic materials. Therefore, this study is important to gain a better insight on
how different packing materials can influence the performance of packed bed DBD
reactors for plasma catalysis. As our results indicate that a higher dielectric constant
constrains the discharge to the contact points of the beads, this may limit the
catalyst activation due to the limited catalyst surface area in contact with the
discharge, and thus it may have implications for the efficiency of plasma catalytic
CO, conversion. Indeed, the best results are not always reached for the highest
dielectric constant [9, 10].

23



Plasma Chemistry and Gas Conversion

Ne (m=3)

ln'll l,n L& lola

Figure 10.
Calculated electron number density distribution as a function of time, for a packed bed DBD reactor in dry air,
with packing beads of €, = 1000. Adopted from [97] with permission.

4.2.2 Gliding arc plasmatron (GAP)
Figure 11 illustrates a typical 3D gas flow pattern (a), as well as the calculated

electron density profile (b), in a reverse vortex flow (RVF) GA plasma reactor, also
called gliding arc plasmatron (GAP), operating in argon. The stream line plot clearly

{a) (k)

Figure 11.

Calculated steady-state gas flow stream lines (a) and electron density at a time of 5.3 ms, when the arc is
stabilized in the center (b), for a veverse vortex flow GA plasma reactor at an arc current of 240 mA, as
obtained from the model in [87].
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depicts the formation of a reverse vortex flow. The gas is forced into a tangential
motion due to the tangential inlets and travels in this way, close to the sidewalls,
toward the closed cathode side at the end (= back of Figure 11(a)) with a velocity
around 30-40 m/s. After it has reached the closed cathode end, it moves in the
opposite direction, in a smaller inner (reverse) vortex toward the outlet, with much
lower velocity, and it exits the reactor with a velocity around 20 m/s (see also the
color scale in Figure 11(a)).

The arc plasma reacts to this gas flow pattern, in the sense that when the gas
stream is forced to the center, the arc channel will also move to the center (due to
convection), and it will stay in this position as long as the gas keeps it stabilized.
Hence, the arc plasma is effectively stabilized in the center, as illustrated in
Figure 11(b). Furthermore, as the mass transfer is directed toward the center, the
walls are thermally insulated from the hot plasma arc column. The fact that no heat
is lost to the reactor walls or other parts of the reactor means that more power can
be consumed by the discharge, that is, the plasma generation is more effective.
Furthermore, keeping the walls insulated (cold) is also beneficial for the reactor
materials itself. The calculated plasma density, for an arc current of 240 mA, is
around 10?° m 3, which is a typical value for GA plasmas at atmospheric pressure.

It should be noted that the results of Figure 11 are for an argon plasma, but we
also developed a similar model for a CO, plasma, but this was only possible in 2D,
because of computation time [87]. However, in the same paper, we also
“downgraded” the 3D argon model into 2D, and a comparison between both indi-
cated that the difference between the 3D and 2D argon models was limited. There-
fore, the 2D CO, model provides data with reasonable accuracy. We calculated a
typical plasma density of 4 x 10" m ™ in the arc center, which is about one order of
magnitude lower than in argon (4x10%° m~>), due to other chemical processes, not
all leading to ionization.

We can conclude from Figure 11 that the gas, when moving in the inner vortex
flow will largely pass through the arc column. This result is very interesting for the
application of CO, conversion, as it shows that the design of this GAP allows more
gas to pass through the arc zone than in a classical (diverging electrodes) GA.
Nevertheless, our combined simulations and experiments reveal that the fraction of
gas that passes through the arc is still somewhat limited, thus limiting the overall
CO, conversion [19, 20]. By means of this type of 3D fluid dynamics modeling, we
aim to predict a more optimized design, to further improve the application of CO,
conversion.

5. Conclusion

Plasma-based CO, conversion is gaining increasing interest, but to improve this
application, we need to obtain a better insight in the underlying mechanisms. The
latter can be obtained by both plasma chemistry modeling and plasma reactor
modeling. This chapter shows some examples of both modeling approaches from
our own group, to illustrate what type of information can be obtained from such
models and how this modeling can contribute to a better insight, in order to
improve this application.

0D chemical reaction kinetic modeling is very suitable for describing the under-
lying plasma chemical reaction pathways of the conversion process. We have illus-
trated this for pure CO, splitting, showing the difference between a DBD and MW/
GA plasma. Indeed, in a DBD, the CO, conversion is mainly due to electron impact
electronic excitation followed by dissociation with the CO, ground-state molecules,
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which requires about 7-10 eV per molecule. This “waste of energy” explains the
lower energy efficiency of CO, splitting in a DBD. On the other hand, in a MW and
GA plasma, vibrational excitation of CO, is dominant, and VV relaxation gradually
populates the higher vibrational levels (so-called ladder climbing). This is the most
energy-efficient way of CO, dissociation, as it requires only 5.5 eV per molecule,
that is, exactly the C=0 bond energy.

We also presented the important reaction pathways in CO,/CH,4, CH4/O,, CO,/
H, and CO,/H,0 mixtures, as well as for the effect of N, addition to a CO, plasma.
In a DBD plasma, the conversion is always initiated by electron impact dissociation,
creating radicals that react further into value-added compounds. The main products
formed are syngas (CO/H,), but higher hydrocarbons and oxygenates are also
formed in limited amounts. However, the selective production of these targeted
compounds is not yet possible, due to the high reactivity of the plasma. Therefore, a
catalyst must be inserted in the plasma. Our models reveal that CO,/CH4 and CH4/
O, mixtures exhibit totally different chemical reactions, resulting in different prod-
ucts. A CO,/H, mixture does not produce many higher hydrocarbons and oxygen-
ates, and the CO, conversion is very limited, due to the lack of CH, (and CH3)
radical formation. Indeed, the CH; radicals are the main collision partners of CO, in
the CO,/CH,4 mixture. Furthermore, adding H,O to a CO, DBD plasma yields a drop
in CO, conversion, and also the H,O conversion is limited, and virtually no oxy-
genated hydrocarbons are formed, which could also be explained from the chemical
reaction paths. The insights obtained by the model might be useful to provide
possible solutions. The last example of 0D chemical kinetic modeling was given for
a CO,/N; plasma, where it was shown that also NOy compounds are produced,
which might give several environmental problems. Again, the model can explain
their formation, which is useful to provide possible solutions on how to avoid this
NO, formation.

Although 0D models can give useful information on the plasma chemistry, they
cannot really account for details in the plasma reactor configuration and thus
predict how modifications to the reactor design might lead to improved CO, con-
version. For this purpose, 2D or 3D fluid models of specific reactor designs are
needed. Developing such fluid models for a detailed plasma chemistry, however,
leads to excessive calculation times. Therefore, these models are up to now mainly
developed for simpler chemistry, in argon or helium. We have shown here exam-
ples for a packed bed DBD reactor and a GAP. These models allow to elucidate why
certain reactor designs give beneficial results and to pinpoint the limitations and
finally how improvements in the reactor designs might yield a better CO, conver-
sion and energy efficiency.

In the future work, we intend to implement the more complex CO, chemistry
(either pure or mixed with other gases) in such fluid models, to obtain a more
comprehensive picture of CO, conversion in a real plasma reactor geometry. As this
is quite challenging in terms of computation time, reduced chemistry sets must be
developed for CO, and its gas mixtures. When modeling CO, conversion in a MW
or GA plasma, the vibrational kinetics must be accounted for. To avoid the need of
describing all individual levels, we have developed a level-lumping strategy [39],
which enables to group the vibrational levels of the asymmetric stretch mode of
CO, into a number of groups. This reduces the calculation time, so that it can be
implemented in 2D models [86]. We believe that a combination of 0D chemical
kinetic models (to obtain detailed insight in the entire plasma chemistry and to
develop reduced chemistry sets, identifying the main species and chemical reac-
tions) and 2D/3D fluid models (for a detailed understanding of the reactor design)
is the most promising approach to make further progress in this field.
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Chapter 3

Plasma-Enabled Dry Methane
Reforming

Zunrong Sheng, Seigo Kameshima, Kenta Sakata and
Tomohiro Nozaki

Abstract

Plasma-enabled dry methane reforming is a promising technology for biogas
upgrade and shows multiple benefits to provide additional energy and material
conversion pathways. This chapter first presents the role of nonthermal plasma as
a potential energy supply pathway in the low-temperature methane conversion: an
appropriated combination of electrical energy provided by plasma (AG) and the
low-temperature thermal energy (T'AS) satisfies the overall reaction enthalpy (AH)
with higher energy conversion efficiency. Moreover, plasma-enabled dry methane
reforming could be operated at much lower temperature than thermal catalysis with
sufficient material conversion. Three kinds of typical packed-bed plasma reactor were
introduced to give a better understanding of the application of plasma and catalyst
hybrid system. Subsequently, plasma-enabled dry methane reforming was diagnosed
by pulsed reaction spectrometry compared with thermal catalysis, presenting a clear
overview of gas component changes and significant promotion in reactant conversion
and product yield. The interaction between plasma and catalyst was summarized
based on two aspects: catalyst affects plasma, and plasma affects catalyst. We discussed
the coke formation behavior of Ni/AlL,O; catalyst in the plasma-enabled and thermal
dry methane reforming, followed by the oxidation behavior. The interaction between
plasma and catalyst pellets was discussed toward deeper insight into the mechanism.

Keywords: plasma catalysis, dry methane reforming, dielectric barrier discharge,
biogas, methane conversion

1. Introduction

Dry methane reforming (DMR) has drawn keen attention as viable CO, utiliza-
tion technology because it may have one of the greatest commercial potentials [1, 2].

CH, + CO, -» 2H,+2CO AH = 247 kJ/mol (R1)

Moreover, products are the main components of syngas (H, and CO), which
can be converted to the synthetic fuels as well as H, carrier via well-established C1
chemistry. Conventionally, the H,/CO ratio from DMR is more suitable for Fischer-
Tropsch synthesis than other methane reforming reactions [3-5]. Figure 1 shows
the reaction enthalpy and Gibbs free energy of DMR (R1) with respect to tempera-
ture. According to the definition, reaction enthalpy (Eq. (1)) consists of two terms:

AH = TAS + AG 1)
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Energy diagram of DMR.

DMR is categorized as uphill (endothermic) reaction where energy input (AH)
is indispensable in order to satisfy the conservation of energy. Moreover, the reac-
tion does not occur spontaneously by the low-temperature thermal energy due to
the large positive value of AG at low temperature. Figure 1 shows that at least 900 K
is required to have a negative value of AG, and all energy is supplied via high-
temperature thermal energy. Such high-temperature heat is supplied by the com-
bustion of initial feed that produces CO, as well as NO,. Net CO, utilization is partly
canceled unless combustion-generated CO; is utilized which is economically quite
difficult. Moreover, heat transfer from the combustion gas flowing outside of the
reactor to the catalyst bed governs the overall material throughput which is known
as a heat transfer-limiting regime. Because the heat transport property of a fixed bed
reactor is poor, excessively high-temperature operation beyond thermodynamic
limitation (i.e., 900 K) is necessary.

To overcome the aforementioned problem, low-temperature DMR is demanded,
pursuing a new technology, and potential use of nonthermal plasma is highlighted.
Assume DMR is operated at a lower temperature than the thermodynamic limita-
tion as schematically depicted in Figure 1. A part of the energy is supplied by a
low-temperature thermal energy (TAS), while the rest of energy is supplied by
the electricity (AG) under the nonthermal plasma environment so that TAS + AG
satisfies reaction enthalpy (AH). Electrical energy is used to accelerate electrons;
subsequently, the electron energy is transferred to the molecules to initiate DMR
at much lower temperature than thermal catalysis. Electronic collision process is
independent of reaction temperature if gas density does not change significantly.
Meanwhile, a part of the electrical energy is converted to heat: electrical energy
consumed by nonthermal plasma (E) is depicted in the dashed line in Figure 1:
inevitably, E is greater than AG at a fixed temperature. Although heat generated by
nonthermal plasma is considered as energy loss (i.e., E-AG), both excited species
and heat are utilized via endothermic DMR, which enables efficient use of electri-
cal energy without heat transfer limitation: electrification of reforming reaction, or
chemical processes in general, has the greatest advantage that the energy transfer
and the control are independent of temperature gradient.
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Dielectric barrier discharge (DBD) is the most successful atmospheric pressure
nonthermal plasma sources in industry applications [6] and is used exclusively
for this purpose. DBD is combined with a catalyst bed reactor and generated at
atmospheric pressure [7]. DBD is characterized as a number of transient discharge
channels known as streamers with nanosecond duration. Because the streamer has a
nature of propagation along the interface between two adjacent dielectric materials,
namely, the catalyst pellet and the gas interface, excited species produced by DBD is
transferred to the catalyst surface efficiently. Moreover, the heat generated by DBD is
transferred directly to the catalysts; overall energy transfer from nonthermal plasma
to the catalyst bed is efficient. If the electricity is supplied from the renewable
energy such as photovoltaics and wind turbines, low-emission DMR is possible with
free of combustion. Moreover, nonthermal plasma-assisted C1 chemistry enables
renewable-to-chemical energy conversion, which provides an alternative and viable
solution for the efficient renewable energy storage and transportation pathways.

The aforementioned thermodynamic analysis (Figure 1) implies that the temper-
ature-benign and low-emission chemical processes are possible with the appropriate
combination of nonthermal plasma and the heterogeneous catalysts. Meanwhile,
such hybrid system does not work at room temperature simply because the overall
reaction rate is kinetically controlled at much low temperature: Nevertheless, we
would like to highlight that nonthermal plasma technology solves many technologi-
cal obstacles such as the elimination of combustion as well as heat transfer limitation.
Moreover, low-temperature operation suppresses coke formation which is one of
the big issues in DMR. In this book chapter, we focus on low-temperature DMR and
compare thermal and plasma catalysis. Plasma catalysis of DMR was diagnosed by
pulsed reaction spectrometry [8], and results were compared with thermal catalysis
to highlight the benefit of DBD and catalyst combination. Subsequently, the interac-
tion between DBD and catalyst pellets was discussed toward deeper insight into the
mechanism. Finally, future prospects of plasma catalysis of DMR are provided.

2. Packed-bed plasma reactor

Based on the location and number of plasma zone and catalyst bed, the combi-
nation of heterogeneous catalysts with plasma can be operated in three configura-
tions: single-, two- and multistage, which are shown in Figure 2.

2.1 Single-stage reactor

In a single-stage reactor (Figure 2(a)), the catalyst is packed inside the plasma
zone, where the interaction of plasma and catalysts occurs. Because thermal plasma
(gas bulk temperature >3000°C [9]) could damage catalyst, single-stage reactor
is, therefore, suitable for nonthermal plasma sources. The single-stage reactor is
widely applied in CH, reforming [10-14], direct conversion of CO, [15-19], VOCs
abatement [20-22], exhaust matter removal [23], formaldehyde removal [24],

NOj synthesis [25], and ozone synthesis [6]. There are two significant merits of
single-state reactor: (I) great flexibility exists in terms of electrode and reactor
configurations that the reactor can be constructed using inexpensive materials such
as glass and polymers and (II) reactive species, ions, electrons, etc. generated by
nonthermal plasma could modify the gas composition, which affects the surface
reactions with catalyst synergistically. However, the interaction between plasma
and catalyst is complex when the catalyst is placed directly in the plasma zone. The
synergy of plasma and catalyst will be discussed further in Section 4 based on the
single-state reactor.
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Figure 2.
Schematic diagram of single-stage (a), two-stage (b), and multistage reactor (c). Catalyst is depicted as orange
circle; plasma is depicted as purple “lightning” symbol.

Figure 3.

Single-stage DBD reactor system for DMR: (a) overview of the reactor system, (b) cross-sectional view, (c)
overview of the catalyst bed, (d) DBD generated in the catalyst bed, and (e) temperature distribution during
reforming reaction.

Figure 3 depicts a single-stage DBD reactor for CH, reforming [26], mainly
including a quartz tube reactor, high voltage (HV) electrode at the center, and
ground electrode outside of the tube. Catalyst pellets are packed in the plasma zone
between two electrodes, and both ends of the catalyst bed are fixed by metallic sup-
ports. The high voltage is applied between the HV centered electrode and ground
electrode to generate dielectric barrier discharge over the pellet surface. Discharge
power was measured by voltage-charge Lissajous analysis. The discharge gap, which
is the distance between HV electrode and the ground electrode, is usually less than
10 mm [27]. Catalyst temperature is controlled by a furnace. The temperature dis-
tribution of the catalyst bed is measured by thermography through the observation
window. Figure 3(c)-(e) shows an overview of the catalyst bed, DBD generated in
the catalyst bed, and the temperature distribution during reforming reaction. The
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catalyst bed temperature was clearly decreased because of the endothermic nature
of DMR. In addition, gas temperature was estimated by optical emission spectros-
copy (OES) of CO(B-A) transition [28], showing that catalyst temperature and gas
temperature matched within a measurement error.

2.2 Two-stage reactor

In the two-stage reactor, the catalyst is located at the downstream of plasma
(Figure 2(b)). The gas is first addressed by the plasma and subsequently interacts
with the catalyst [29]. Due to the separation of plasma and catalyst, both thermal
and nonthermal plasma can be utilized. Because excited species generated in
plasma have very short lifetimes, plasma mainly plays the role to preconvert the gas
composition and then feed it into the catalyst reactor, e.g., in NO, removal process,
due to the pretreatment of plasma, NO and NO, were coexisted, which enhanced
the following selective catalytic reduction in catalyst bed [30]; the other example
is the benzene removal process where ozone (O;) was formed from background O,
by plasma, which promoted the decomposition of benzene in the next stage [31].
However, compared with the single-stage reactor, application of a two-stage reactor
is limited in plasma catalysis and shows a lower performance for a given catalyst

[32-37].
2.3 Multistage reactor

The multistage reactor can be described as a combination of more than one
single-stage bed/reactor (Figure 2(c)). The multistage reactor gives a more flexible
option in the industrialization of the plasma catalysis, attributing to the combina-
tion of catalysts with a different function for the expected reaction [38]. Chavade
et al. [39] used a four-stage plasma and catalytic reactor system for oxidation of
benzene. The results showed that the increase in stage number enhanced benzene
conversion and CO, selectivity. The same result can be found in biogas reform-
ing process using a multistage gliding arc discharge system without catalyst [40].
Harling et al. [41] developed a three-stage reactor for VOCs removal. The combina-
tion of plasma and catalyst in series could significantly improve the efficiency of
VOCs decomposition. At the same time, the formation of by-product such as NOy
was suppressed.

3. DBD-enabled dry methane reforming

The pulsed reaction spectrometry using DBD with Ni/ALO; catalysts was inves-
tigated to develop a reforming diagnostic method [10]. Pulsed reforming enables
the transient analyses of both CH,/CO, consumption and H, and CO generation.
Furthermore, carbon formation was analyzed quantitatively without serious
catalyst deactivation. The varied CH4/CO, ratios between 0.5 and 1.5 were investi-
gated at a fixed catalyst temperature near 600°C. The CH,/CO;, ratio was initially set
to 0.5, and then the CH,/CO, ratio was incremented stepwise until CH,/CO; = 1.5,
consecutively, while total flow rate was fixed at 1000 cm?/min. De-coking process
(R2) was followed up after every pulsed reaction. System pressure was kept at 5 kPa
during the reforming process. Discharge power was 85—-93 W where specific energy
input was ca. 1.2 eV/molecule. Commercially available catalyst pellets (11 wt%
Ni-La/ALO;, Raschig ring type: 3 mm) was packed for 40 mm length (total weight
ca.12 g; Ni 1.36 g; La 0.35 g). Figure 4 provides an overview of gas component
changes in the entire hybrid reforming.
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Figure 5.
Effects of CH,/CO, ratio on DMR at ca. 600°C: (a) CH, conversion, (b) CO, conversion, (c) H, yield, and
(d) CO yield.

Reactant conversion and product yields are shown in Figure 5. The definition for
conversion and yield were provided in Ref. [8]. CH, conversion and H, yield were
monotonically increased with the CH,/CO;, ratio. There are two simultaneous routes
for CH, conversion as shown in Figure 6. Route (I) is a reforming path: CH, is chemi-
sorbed on metallic sites (adsorbed species are denoted by * in reaction). The adsorbed
CH, fragments (CH,*) is oxidized by CO,* to form CH,O* before complete dehydro-
genations to C* occurs. In route (II), CH, almost irreversibly dehydrogenates toward
carbon atom, and then C*-rich layer is oxidized slowly by CO,* (R2), which can be
evidenced in the de-coking process in Figure 4. When the CH,/CO, ratio exceeded
1.0, CH, prefers to dehydrogenate to solid carbon through route (II) due to the low
proportion of CO,. Subsequently, a nonnegligible amount of solid carbon is produced,
and CO, conversion and CO yield turned to proportionally decrease.
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Compared with thermal reforming, both CH, conversion and H, yield were
clearly promoted in hybrid reforming (Figure 5), and the main pathway of CH,
conversion and H, yield could be simply described as CH4 dehydrogenation (R3).

It is proposed that CH, dehydrogenation was enhanced by the synergistic effect

of DBD and catalyst. Molecular beam study revealed that dissociative chemisorp-
tion of CH, on the metal surface was enhanced by vibrational excitation [42]. The
numerical simulation of one-dimensional streamer propagation demonstrated that
the vibrationally excited CH, is the most abundant and long-lived species generated
by low-energy electron impact [43]. The reaction mechanism of plasma-enabled
catalysis could be explained by the Langmuir-Hinshelwood (LH) reaction scheme.
The analysis of overall activation energy is expected to understand the contribution
of plasma-generated reactive species.

The CO, conversion and CO yield were promoted in hybrid reforming com-
pared to thermal reforming (Figure 5). H,O was simultaneously produced as
a by-product by reverse water gas shift (RWGS) reaction (R4). Reactivity of
plasma-activated H,0 was confirmed by Arrhenius plot analysis where reaction
order for H,O was doubled by DBD [44]. Plasma-activated H,O promotes reac-
tion with adsorbed carbon; it creates additional pathways (R5) to syngas (H; and
CO). The CO, conversion and CO yield were promoted in the hybrid reforming,
illustrating that the reverse-Boudouard reaction (R2) was enhanced by DBD. The
reaction between plasma-activated CO, and adsorbed carbon increases CO yield.
The same result was obtained in the de-coking period [10]. Although excessive
production of carbon is detrimental for catalyst activity and lifetime, the pres-
ence of adsorbed carbon creates key pathways for emerging plasma-induced
synergistic effect. Consequently, plasma-activated CO, and H,0 would promote
surface reaction and increase CO and H, yield. Figure 5 clearly shows that the
slope of each line increased in hybrid reforming compared with thermal reform-
ing, attributing to the nonthermal plasma-excited species. The increase of slope

43



Plasma Chemistry and Gas Conversion

could be further explained by the promoted overall reaction order, which plays
the key role in the estimation of the rate-determining step [44].

4. The synergy of plasma and catalyst

Synergism in plasma catalysis in the single-stage reactor is not fully understood
due to the complex interaction between the various plasma-catalyst interaction
processes [45-49]. Kim et al. [27] discussed the criteria for interaction between
nonthermal plasma and the porous catalyst. The chemical species in nonthermal
plasma are highly reactive; the lifetime is very short, e.g., O (*D), 10 ns; O (3P),

50 ps; and OH, 100 ps: their one-dimensional diffusion length is limited from 0.7 to
65 pm. Plasma generated species within diffusion length from the external surface
of pellets would contribute to the plasma-induced reaction pathways. The interde-
pendence of plasma and catalyst can be discussed as two aspects: catalyst affects
plasma, and plasma affects catalyst.

4.1 The effects of catalyst on plasma

With the packed catalyst in the plasma zone, gaseous species adsorbed on the
catalyst surface increase the concentration of surface species. In addition, the
electric field is enhanced near the catalyst surface due to catalyst nanofeatures
[50, 51]. Moreover, the packed catalyst also enables the discharge type change, as
well as microdischarge generation.

Without packed materials, discharge mode is the “free-standing” filamentary
discharge propagating across the gas gap (Figure 7(a)). With a packed catalyst,
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Figure7.

(a) Filamentary discharge without catalyst pellet, (b) time-vesolved images of surface streamers propagating

on the surface of y-AlL, O, (veproduced with permission from ref 54. Copyright 2016 IOP Publishing), and (c)
distributions of the electron density and total ion density with a 100 um pore (veproduced with permission from ref
56. Copyright 2016 Elsevier).
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the surface streamer is propagated with the close contact with the catalyst
surface, and intensive partial discharges occur between the contact area of
catalysts [52, 53]. The time-resolved visualization of surface streamer propaga-
tion and partial discharge were detected by Kim et al. [54] with an intensified
charge-coupled device (ICCD) camera. Figure 7(b) shows time-resolved images
of surface streamers (i.e., primary surface streamer and secondary surface
streamer) propagating on the surface. Enhanced catalytic performance in the
presence of a catalyst is closely linked with the propagation of surface streamers
[55]. Moreover, with packed catalyst, microdischarge is generated inside cata-
lyst pores (when the pore sizes >10 pm) [56, 57]. Zhang et al. [56] investigated
microdischarge formation inside catalyst pores by a two-dimensional fluid
model in the pm range (Figure 7(c)), indicating that the plasma species can be
formed inside pores of structured catalysts in the pm range and affect the plasma
catalytic process.

4.2 The effects of plasma on catalyst

The plasma also affects the catalyst properties, which are summarized as the
following aspects:

(I) Modification of physicochemical properties of the catalyst by plasma, which
is widely used in catalyst preparation processes [58]. With plasma prepara-
tion, the catalyst obtains a higher adsorption capacity [59], higher surface
area, and higher dispersion of the catalyst material [60-62], leading to a
plasma-enhanced reactivity.

(II) It is possible that plasma makes changes in the surface process with the cata-
lyst. As for the CH, reforming process, the deposited carbon from Ni catalysts
can be removed effectively by plasma-excited CO, and H,O [8]. The other
example of the synergism is NH; decomposition for the application of fuel
cell, where NHj; conversion reached 99.9% when combining plasma and cata-
lyst, although the conversion was less than 10% in the case of either plasma
or catalyst only reaction [63].

(III) Based on Arrhenius plot analysis, plasma can decrease the activation barriers
(overall activation energy), attributed to the vibrational excitation, which
is schematically depicted in Figure 8. The net activation barrier will be
(E;’ =0_ ,,,-;,) in an adiabatic barrier crossing case and (E;’ O _E,. - E*) ina
nonadiabatic barrier crossing case, respectively [64]. The activation barrier
decrease was reported in toluene destruction process [65]. In steam methane
reforming, the preexponential factor was increased clearly by plasma, attrib-
uting to plasma-activated H,O removes adsorbed carbon species, which
regenerate active sites for subsequent CH, adsorption [11].

(IV) The excited species or dissociated species might create other pathways with the
presence of catalyst, e.g., during the CO, plasma oxidation process, plasma-
enhanced CO, oxidized Ni/ALO; catalyst to form a NiO layer, which could
drive an oxidation-reduction cycle in dry methane reforming reaction. The
same NiO layer was found when specific energy input (SEI) was sufficiently
high: the O, that dissociated from CO, plays the key role in the oxidation pro-
cess. The details will be interpreted in Section 5.2.
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Figure 8.
Reduction of the overall activation energy by vibrational excitation of the reactants. (A) Adiabatic barvier

crossing case and (B) nonadiabatic barrier cvossing case. Reprinted with permission from ref 64. Copyright
2004 AAAS.

5. Discussion
5.1 Coke formation behavior

Coke formation behavior was studied as a reaction footprint to track reaction path-
ways induced by DBD [26]. Coke morphology and their distribution over the 3 mm
spherical Ni/ALO; catalyst pellets were obtained after 60 min DMR. Figure 9 shows
cross-sectional carbon distribution, where (a)-(c) and (d)-(f) correspond to plasma
catalysis and thermal catalysis in low, middle, and high temperatures. For the thermal
catalysis with the temperature at 465°C, carbon deposition over the entire cross-
section was obvious. With the temperature increased, coke was decreased and finally
became nondetectable at ca. 620°C. At low temperature, plasma catalysis suppressed
the coke formation significantly over the entire cross-section.

By the analysis of scanning electron micrographs (SEM) and Raman spectrum,
fine carbon filaments were detected on the external pellet surface in plasma catalysis

[26]. In contrast, thick fibrous carbon deposition was observed on the external sur-
face in thermal catalysis, as well as in the internal pores in both thermal and plasma
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Figure 9.
Carbon distribution over the 3 mm spherical pellet cross-section after 60 min reforming: plasma catalysis
(a)-(c) and thermal catalysis (d)-(f), respectively. Reprinted with permission from ref 26. Copyright 2018

IOP Publishing.
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catalyses. The CH, dehydrogenation on catalyst is enhanced by nonthermal plasma,
contributing to the generation of highly filamentous and amorphous carbon. Such
nonthermal plasma-enhanced reaction has been demonstrated by carbon nanotube
growth [66] and plasma-enabled steam methane reforming [67]. The fine amorphous
carbon filaments, deposited in the external surface of catalyst, prove that the interac-
tion of DBD occurs mainly in the external surface. Consequently, DBD generation
and plasma-excited species diffusion are inhibited in the internal pores of catalyst.

5.2 Oxidation behavior of Ni/Al,O; catalyst

The nickel (Ni) of Ni/AlL,O; catalyst was oxidized slightly by CO, in the thermal
catalysis [68, 69] . However, the significant Ni oxidation by CO, (R6) was dem-
onstrated when the catalyst were packed in nonthermal plasma zone. In this case,
Ni uptakes surface oxygen beyond the adsorption/desorption equilibrium (i.e.,
Langmuir isotherm) to form NiO, which further promotes CH, dehydrogenation
without solid carbon deposition (R7):

Ni + CO, - NiO + CO (R6)

NiO + CH; - Ni+ OH + CH; (R7)

The specific energy input (SEI) is a critical operational parameter in plasma-
enabled CO, treatment process due to the fact that dominant reaction pathway
shifts dramatically with SEI:

Discharge power (W)

SEI = C x (eV/molecule) 2)

Total flow rate (cm®/min)

SEI expresses energy consumption by discharging per unit volume of the feed
gas, which could be further interpreted as average electrical energy (eV) per mol-
ecule. In Eq. (2), C is the conversion factor of the unit [10]. Two contrasting condi-
tions are demonstrated in plasma-enabled CO, oxidation: one is designated as the
direct oxidation route; with a small SEI, CO, dissociation to CO and 0.5 O, (R9) is
negligible, and then the plasma-excited CO, dominates the oxidation process (R8).
The other is the indirect oxidation route where O, provides an additional oxidation
pathway; with a large SEI, CO; is dissociated into CO and O, (R9) without heteroge-
neous catalysts by electron impact [70, 71], followed by Ni oxidation by O, (R10).

Direct oxidation route: Ni + CO, — NiO + CO (R8)
Indirect oxidation route: CO;+e — 1/20,+CO +e (R9)
Ni+1/20, - NiO (R10)

The plasma-enhanced direct oxidation route (R8) is further investigated because
the plasma-enabled synergistic effect was demonstrated distinctly without O, [8, 10,
26]. Ni oxidation behavior without O, was studied with SEI = 0.46 eV/molecule. The
CO, conversion is far below 1% when the SEI was smaller than 0.5 eV/molecule [72,
73]; in the plasma and thermal oxidation, the CO, flow rate, catalyst temperature, and
the oxidation time were controlled as 1000 cm’/min, 600°C, and 70 min, respectively.
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After DBD-enhanced oxidation and thermal oxidation, the formation of NiO
and its distribution over the cross-section of 3 mm spherical pellet were investigated
by Raman spectroscopy and optical microscope. Results showed that the NiO layer
was recognized clearly with the thickness of ca. 20 pm. In contrast, the NiO layer
was not identified after thermal oxidation. We should point out that the plasma-
excited CO, has a strong oxidation capability of Ni catalyst. In addition, the effect of
DBD is inhibited in the internal pores beyond 20 pm from the pellet surface.

In the thermal oxidation, CO, is most likely adsorbed at the perimeter between Ni
nanocrystals and AL O; interfaces [74-76] (Figure 10(a)). Subsequently, the adsorbed
CO, oxidize Ni to NiO near the perimeter. It is clear that the reaction sites for thermal
oxidation are limited in the perimeter. The Ni oxidation reaction terminates after
the reaction sites are fully oxidized by adsorbed CO,. In plasma-enhanced oxidation
reaction, CO, is firstly excited by electron impact. The vibrationally excited CO, plays
the key role to enhance adsorption process and subsequent oxidation reaction of Ni
catalyst, leading to an extensive Ni nanoparticle oxidation, which occurs not only in
the perimeter but also in the terrace, step, and kink (Figure 10(b)). Figure 10(c) and
(d) show hemispherical catalyst pellets after thermal and plasma oxidation. After
thermal oxidation, the external surface and cross-section of catalyst pellets remained
black. In contrast, after plasma oxidation, the external surface was oxidized and has
showed whitish color change (oxidized stage); in the meantime, the cross-section of
the hemispherical pellet has been kept black (unoxidized stage).

The vibrationally excited CO, by DBD would induce Ni oxidation to form the
oxygen-containing active species (i.e., NiO) rather than simple adsorption, leading
to oxygen-rich surface beyond Langmuir isotherm. Incoming plasma-excited CO,
would carry a few eV internal energy due to the gas phase vibration-to-vibration
energy transfer [77, 78], which is the main source of energy for NiO formation.
Plasma-excited CO, could promote the adsorption flux; however, the adsorbed CO,
is finally desorbed by the equilibrium limitation unless it forms NiO. In addition,
the plasma-induced nonthermal heating mechanism plays another key role in the
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Figure 10.

Ni oxidation pathways: (a) thermal oxidation including CO, adsorption near the perimeter of Ni catalysts
and (b) plasma-enhanced oxidation. Hemispherical catalyst pellets: (c) thermal oxidation and (d) plasma
oxidation.
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enhancement of Ni oxidation. Charge recombination and association of radicals
can release energy corresponding to 1-10 eV/molecule on catalyst surface. When
this excess energy is directly transferred to the adsorbed CO,, Ni oxidation may
be enhanced without increasing macroscopic catalyst temperature. This reaction
scheme is explained by nonthermal plasma-mediated Eley-Rideal mechanism,
rather than precursor-type adsorption enhancement.

In the DMR process, the oxygen-rich surface (NiO layer) has a capability of
oxidizing a large flux of ground-state CH, efficiently. Consequently, CH, is not
necessarily preexcited. CH, is almost fully reacted in the NiO layer (20 pm thick-
ness) to inhibit the coke deposition toward the internal pores [26]. However, in
the thermal catalysis, NiO is generated in a negligible amount. The ground-state
CH, can diffuse into internal pores and deposit coke as previously confirmed [26].
Formation of NiO shell (Figure 10(d)) and the coke formation behavior (Figure 9)
are well correlated in plasma catalysis as further discussed in the next section.

5.3 Interaction between DBD and catalyst pores

Although the synergies of plasma and catalyst have been summarized in
Section 4, the interaction between DBD and catalyst pores will be further discussed
in this section based on the carbon formation and oxidation behavior, as well as
DBD-enhanced DMR. For the plasma catalysis, carbon deposition in the internal
pores could be remarkably prevented, and fine amorphous carbon filaments were
deposited only on the external surface of pellets. A similar trend was observed
when NiO was formed in the limited region over the external surface (20 pm
depth) only when DBD was superimposed. The results of coke formation behavior
and oxidation behavior of Ni-based catalyst in plasma catalysis evidence that the
interaction of DBD and catalyst occurs at the external surface of the pellets and
the effected thickness is ca. 20 pm. Neither generation of DBD nor diffusion of
plasma-generated reactive species in the internal pores is possible. Although DBD
and pellet interaction is limited in the external surface, conversion of CH, and CO,
was promoted clearly compared with thermal catalysis: this is the clear evidence of
reaction enhancement by DBD.

For DBD, due to the enhanced physical interaction between propagating
streamers and catalysts, plasma and catalyst contact area, as well as the streamer
propagation from one pellet to the other, are promoted significantly. Nevertheless,
electron density in a narrow filamentary channel is of the order of 10'* cm™ [6,
79, 80]; in contrast, molecule density at standard condition is approximately
10" cm™3, indicating that a major part of the gas stream is neither ionized nor
excited. Consequently, the extremely low proportion of ionized and excited
species is inadequate to explain the net increase of CH, and CO, conversion and
selectivity change by DBD. However, if reactive species are fixed and accumulated
on the surface of the catalyst, the gross conversion of materials will be promoted.
For this reason, the hetero-phase interface between DBD and the external pellet
surface provides the most important reaction sites. In Section 5.2, nonthermal
plasma oxidation of Ni to NiO creates a critically important step for plasma-
enabled synergistic effect.

As Section 4.1 mentioned, gas breakdown is hard to occur in a pore smaller than
10 pm. For the pores catalyst with a pore size less than 2 nm, standard Paschen-type
gas breakdown is impossible. To sum up, the external surface of pellet plays the
key role for the DBD and catalyst interaction; however, the internal pores play a
minor role.
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6. Conclusion and outlook

The synergistic effect induced by DBD was clearly observed both in the CH,
and CO; conversion and in the syngas yield. CH, dehydrogenation was enhanced by
the synergistic effect of DBD and catalyst. Plasma-activated CO, and H,0 would
promote surface reaction and increase CO and H, yield. The analysis of overall
activation energy is expected to understand the contribution of plasma-generated
reactive species.

In plasma catalysis, the fine amorphous carbon filaments, deposited in the
external surface of catalyst, prove that the interaction of DBD occurs mainly in the
external surface. The DBD generation and plasma-excited species diffusion are
inhibited in the internal pores of the catalyst. Moreover, although the interaction
between plasma and catalyst is limited in the external surface, the coke deposition
was inhibited significantly in the internal pores by DBD, which is the clear evidence
of reaction enhancement by DBD.

Oxidation behavior of Ni-based catalyst in nonthermal plasma-enabled catalysis
showed that the NiO layer was generated in the external surface with the thickness
of ca. 20 pm during plasma oxidation. In the internal pores, Ni oxidation is inhibited
due to the negligible interaction with DBD. Contributing to the NiO layer, the surface
of catalyst uptakes more oxygen beyond thermal equilibrium, which is known as
Langmuir isotherm, creating a new reaction pathway via NiO. In the plasma catalysis
of DMR, NiO drives the oxidation-reduction cycle, which promotes CH, dehydrogena-
tion on the surface. Consequently, carbon deposition is suppressed effectively.

For further improvement of plasma-enhanced DMR, the following issues should
be investigated:

(1) The effect of radical injection on reaction enhancement should be kinetically
analyzed by the Arrhenius plot method, and the analysis of the overall activation
energy is expected to understand the contribution of plasma-generated reactive
species.

(2) Exploring new types of catalysts, dedicated to plasma catalysis, is an important
subject of research. We have demonstrated that the interaction of DBD and cata-
lyst occurs only at the external surface of the pellets, and the effected thickness
is ca. 20 pm, which means a majority of the active sites in pores of catalyst do
not interact with any excited species. New catalyst preparation method such as
catalytic functionalization of reactor wall and catalyst coating for the reactor
may be beneficial to strengthen the synergistic effect of nonthermal plasma and
catalytically functionalized surface.

3

~

The catalyst activity of partially oxidized catalyst and the nonthermal plasma
heating mechanism have not been demonstrated experimentally yet; moreover,
diagnosis of intermediate species on the surface, created by plasma-derived spe-
cies, as well as their reaction dynamics are expected to be investigated for deep
insight in plasma catalysis.

(4) Although the plasma-induced energy transfer mechanism is commonly accepted
in particle growth, it has yet to be investigated within the scope of plasma catalysis.
Deep understanding of highly transient and nonequilibrium energy transfer via
excited molecules, without macroscopic temperature change, need to be studied.

(5) The individual contribution of radical injection and heat generation, as well as
combination of those, must be understood. The gap between macroscopic and
microscopic understanding, including various time scales covering nanoseconds
to the millisecond, should be bridged by consistent manner.
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Progress in Plasma-Assisted
Catalysis for Carbon Dioxide
Reduction

Guoxing Chen, Ling Wang,
Thomas Godfroid and Rony Snyders

Abstract

Production of chemicals and fuels based on CO, conversion is attracting a spe-
cial attention nowadays, especially regarding the fast depletion of fossil resources
and increase of CO, emissions into the Earth’s atmosphere. Recently, plasma
technology has gained increasing interest as a non-equilibrium medium suitable
for CO, conversion, which provides a promising alternative to the conventional
pathway for greenhouse gas conversion. The combination of plasma and catalysis
is of great interest for turning plasma chemistry in applications related to pollution
and energy issues. In this chapter a short review of the current progress in plasma-
assisted catalytic processes for CO, reduction is given. The most widely used
discharges for CO, conversion are presented and briefly discussed, illustrating how
to achieve a better energy and conversion efficiency. The chapter includes the recent
status and advances of the most promising candidates (plasma catalysis) to obtain
efficient CO, conversion, along with the future outlook of this plasma-assisted
catalytic process for further improvement.

Keywords: green energy, plasma-based CO, conversion, plasma catalysis, oxygen
vacancies, synergistic effect

1. Introduction

The utilization of CO, for production of fuels, energy storage media, chemicals
or aggregates is attracting interest worldwide due to the essential contribution of the
greenhouse gases to the global warming. CO, capture and utilization are considered
as a promising option for the mitigation of CO, emissions, which provides a lower
carbon footprint for the synthesis of value-added products than those produced
by conventional processes using fossil fuels. In spite of the continuously increasing
interest for CO, recycling, there are significant challenges to overcome due to its
stable molecular structure and low chemical activity. There are several methods
that can be used to convert CO,, including traditional catalysis, photochemical,
biochemical, solar thermochemical, electrochemical and plasma chemical. Snoeckx
and Bogaerts recently made a detailed comparison of these technologies as shown
in Table 1 [1]. They concluded that the plasma technology fares very well in this
comparison and is quite promising. Indeed, nonthermal plasma has attracted much
attention of the scientific community as a non-equilibrium medium suitable for CO,
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“Bio- and photochemical processes can also rely on indirect renewable energy when they are coupled with artificial
lighting.

YElectrochemical cells ave turnkey, but generally the cells need to operate at elevated temperatures and the cells are
sensitive to on/off fluctuations.

“The need for post-reaction separation for the electrochemical conversion highly depends on the process and cell type used.
Biochemical CO, conversion requires very energy-intensive post-veaction separation and processing steps.

“The need for post-reaction separation for plasma technology highly depends on the process.

Table 1.
Comparing the advantages and disadvantages of the different technologies for CO, reduction (adapted

from [1]).

conversion, which provides an attractive alternative to the conventional pathway for
CO; recycling, such as traditional catalysis and solar thermochemical process.

Nonthermal plasmas have been successfully utilized in many applications for
the environmental control (such as gaseous pollutant abatement), material science
(such as surface treatment) and medical applications (such as wound and cancer
treatment) [1-3]. Nowadays, an increasing interest has been focused on examin-
ing their use for CO, utilization [3-54]. In comparison to the other processes,
plasma process is fast: plasma has the potential to enable thermodynamically
unfavorable chemical reactions (e.g. CO, dissociation) to occur on the basis of its
non-equilibrium properties, low-power requirement and its capacity to induce
physical and chemical reactions at a relatively low temperature. In addition, plasma
can be ignited and shut off quickly, which enables plasma technology powered by
renewable energy to act as an efficient chemical switch for the conversion purposes.
Although plasma technology shows great potential, there is always a trade-off
between the energy efficiency and conversion efficiency in plasma-only process.
Last but not least, the conversion efficiency can be significantly improved by
combining plasma with catalyst while maintaining high-energy efficiency.

Plasma catalysis (also referred to as plasma-enhanced catalysis, plasma-driven
catalysis or plasma-assisted catalysis) has gathered attention as a way of increasing
energy efficiency and optimizing the byproduct distribution [55]. On one hand, the
catalyst can increase reaction rates and overall process selectivity. The nonthermal
plasma can provide energy to drive highly endothermic processes. Plasma-catalytic
processes have great potential to reduce the activation barrier of different reac-
tions and improve the conversion rates. In addition, the nonthermal plasma itself
can influence the acid-base nature of the supports, enhance the dispersion of the
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Figure 1.
Applications of plasma catalysis.

supported metals and even adjust the microstructure of the metal nanoparticles
and metal-support interface [56, 57] and in this way change the catalyst proper-
ties. All these factors contribute in different ways to the enhancement of energy
efficiency of the plasma process as well as the catalyst stability, due to a synergy that
occurs between the catalyst and the plasma [58]. This novel technique combines the
advantages of high product selectivity from thermal catalysis and the fast startup
from plasma technique. Plasma catalysis has been widely investigated for many
applications. Figure 1 briefly summarizes the main application areas of plasma
catalysis. In the domain of energy applications, the use of plasma catalysis for dry
reforming, CO, reduction, hydrogen production, methanation and ammonia (NHj;)
synthesis has been intensively studied. In this chapter, however, we focus only on
their application for CO, conversion into value-added chemicals and fuels.

2. Brief theoretical background
2.1 CO, dissociation chemistry
As mentioned in Introduction, nonthermal plasma shows a great potential for an

efficient CO, utilization. Different routes for CO, conversion have been investigated
using plasma-catalytic process. Table 2 summarizes some of the main reactions

Process Reaction Enthalpy (AH) Enthalpy (AH)
kJ mol™ eV/molecule
CO, splitting Co,~Co+1o, 2798 29
Dry reforming of methane CO, + CH, - 2CO + 2H, 2474 2.6
Methanol synthesis CO, + 3H, - CH;0H + H,0 —128 -13
Methanation CO; + 4H, —» CH, + 2H,0 —164.8 -17
Reverse water-gas shift CO, + H, —» CO + H,0 412 0.4
reaction
Water-gas shift reaction CO + H,O0 —» CO, + H, —41.2 -04
Methanation CO + 3H, - CH, + H,0 -205.8 -21
Water spitting H0 - H,+10, 250.9 26
Table 2.

Chemical reactions velated to CO, reduction and their enthalpies.
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usually considered in plasma chemistry for CO, reduction using different pathways
(such as dry reforming of methane, hydrogenation of CO,). Significant attention has
been given to plasma-catalytic dry reforming of methane (DRM) using supported Ni
catalysts. However, most of these studies focused primarily on identifying plasma-
catalytic chemical reactions to maximize process performance. Optical emission
spectroscopy and plasma chemical kinetic modeling should be used to achieve a better
understanding on the formation of a wide range of reactive species in this plasma-
catalytic reforming process. Recently, Chung et al. had described the mechanisms of
catalysis promotion, elucidated the synergistic effects between catalyst and plasma and
proposed possible approaches to optimize DRM process performance [2]. As explained
by Fridman [3], cumulative vibrational excitations of the CO, molecule can result in

a highly energy-efficient stepwise dissociation. Thus, CO, splitting using nonthermal
plasmas has been considered as another promising pathway to produce synthetic fuels
via CO, as an intermediate product. As well-accepted in the literature, dissociation of a
CO, molecule in plasma is represented by the following global reaction [3]:

CO, - CO +%02, AH = 2.9 eV/molecule (1)

The main pathways for decomposition of CO, molecule include the electron
impact dissociation:

CO, - CO+0,AH = 5.5eV/molecule 2)
which is often accompanied by the further recombination of atomic O:
M+0+0 - O,+M (Misaparticle) 3)

In addition to this, the vibrationally excited CO, molecules may also undergo
decomposition via the collisions with atomic O:

0+ CO,"™ 5 CO+0,AH = 0.3eV/molecule 4)
as well as with the plasma electrons:
e+ CO,"™ 5 CO+ % O, (the energy required is << 1eV) (5)

Traditionally, to characterize the process efficiency, two main parameters
reflecting the conversion efficiency and energy efficiency are used. The conversion
efficiency (;) and energy efficiency (1) of CO, are defined as follows:

les of CO, input - moles of CO, output
X _ moles o zlnpu moles O zoupu (6)

moles of CO; input

29eV
ns @

Here the specific energy input (SEI) per molecule is given by the ratio of the
discharge power (P) to the gas flow rate (F) through the discharge volume.

2.2 Plasma catalysis

When catalysts are combined with plasmas, they can be classified into three
systems, i.e. single stage, two stage, and multistage, depending on the location of
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Figure 2.
Schematic diagram of different plasma-catalyst configurations according to the catalyst bed position and
number.

the catalyst [59, 60]. These three configurations are illustrated in Figure 2. In all
cases, the plasma can be used to supply energy for catalyst activation, and it can also
provide the reactive gas species needed for reactions on the catalyst surface. The
single-stage type is constructed by coating catalyst on the surface of electrode(s)
or packing catalyst within the plasma zone, which is also called in-plasma catalysis
(IPC). The catalysts could completely or just partially overlap with the plasma zone.
In this manner, the plasma and catalysis could directly interact with each other.
This single-stage system is also easy to combine with the UV irradiation, which is
known as plasma photo catalysis, as shown in Figure 2. For the two-stage type, the
catalyst is placed after the plasma discharge region; it is also called post-plasma
catalysis (PPC). The plasma provides chemically reactive species for catalysis or
pre-converts reactants into the easier-to-convert products to accelerate the catalysis.
In the nonthermal plasma catalysis system, the long-lived reactive species produced
by plasma, e.g. vibration-excited species, radicals, and ionized molecules, can react
with the catalyst to induce catalytic reactions via either the Eley-Rideal mechanism
or Langmuir-Hinshelwood mechanism [2, 59]. The multistage plasma catalysis
system is a promising option for the industrial use in the future. Different functions
of the catalysts can be combined to achieve certain expected reaction in the multi-
stage system.

In the context of plasma catalysis, the synergy is referring to a surplus effect of
combining the plasma with catalyst, namely, when the resulting effect has a higher
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Interaction between catalyst and plasma.

impact than the sum of their individual impacts. In several studies, the combination
of plasma and catalysts has been found to have synergistic effects [34, 35, 61, 62]. A
highly important synergistic effect of plasma catalysis is promotion of catalyst activ-
ity at reduced temperatures, and hence, a significant reduction in the energy cost
for activating the catalyst [34]. For example, Wang et al. illustrated such synergy
for plasma catalysis of dry reforming methane (DRM) in the single-stage system
with Ni/ALO; catalyst but did not observe this synergy in the two-stage system or
when the catalyst is only placed at the end of the plasma zone [62]. Typical syner-
gistic effect factors of 1.25-1.5 were obtained. Zhang et al. presented the results on
the plasma-catalyst synergy in the case of dry reforming methane using different
Cu-Ni/y-ALO; catalysts [63]. The effect was observed on the conversions of CH, and
CO,, where the result for the plasma-catalytic reaction was greater than the sum of
the catalyst-only or plasma-only results. The selectivity towards H, and CO produc-
tion was also enhanced by the use of plasma catalysis. In general, the enhanced
performance of plasma catalysis can in part be attributed to vibrational excitation
of CO, in the plasma, which enables easier dissociation at low temperature on the
catalyst surface. The plasma electrons in turn affect the catalyst properties (chemical
composition or catalytic structure). Synergistic effects in the plasma and catalyst
are illustrated in Figure 3. Plasma can alter the physicochemical characteristics of
catalyst via several routes, which are induced mainly by energetic electron genera-
tion. In the meantime, a catalyst can induce electric field concentration due to its
pore structure and dielectric properties. Hence, both electric field distribution and
catalyst characteristics are modified to have better DRM performance.

3. Plasma-assisted catalytic conversion of CO,

Nonthermal plasma technology provides an attractive alternative to the other
(classical) technologies for converting inert carbon emissions. Different types of
plasmas have already been used for CO, reduction, including dielectric barrier
discharges (DBDs), glow discharges, radio frequency (RF) discharges, microwave
(MW) discharges and gliding arc plasma (GAP) and corona discharges [8-39]. In
this section, the most widely used discharges for CO, conversion are presented.
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DBDs have been known for more than a century. They were first reported in
1857 by Siemens for the use in ozone production and were originally called ‘silent’
discharges [64]. The DBD is the most widely used discharge type for CO, conversion
among the variety of other plasma sources because it is easy to handle with relatively
cheap equipment and it operates at atmospheric pressure [34]. Even though the con-
version efficiencies obtained in DBDs are generally quite low [1, 4, 5, 8, 9, 12, 13], the
possibility to work at atmospheric pressure under non-equilibrium conditions is still
a very strong advantage of these discharges. Combined with plasma catalysis, these
discharges should also improve the selective production of the targeted compounds.
An atmospheric pressure GAP discharge can be formed between two flat knife-
shaped electrodes with a gas flowing between them. These discharges are suitable
for applications that require relatively large gas flows (several 1/min). The gliding
arc plasma can be operated in the thermal and nonthermal regime depending on the
applied power and flow rate. Furthermore, the arc can be operated in the transition
regime, which is an evolving arc starting in the thermal regime going to the nonthermal
regime. This transition regime makes the discharge energy efficient for gas treatment.
An energy efficiency of 43% was reported by Nunnally et al. for the decomposition of
CO, in areverse vortex flow gliding arc discharge, which is quite high compared to the
efficiency obtained with DBDs (about 10%) [31]. The high level of efficiency can be
attributed to non-equilibrium vibrational excitation of CO, and a high-temperature
gradient between the gliding arc and the surrounding gas that results in fast quenching.
Plasmas generated by the injection of microwave power, i.e. electromagnetic
radiation in the frequency range of 100 MHz-10 GHz, are called MW plasmas [65].
MW discharges are commonly generated using frequencies of 2.45 and 0.915 GHz.
They can be operated over a wide pressure range (from few mTorr to the atmo-
spheric pressure). The properties of the MW discharges operating at atmospheric
pressure are close to those of thermal plasma. However, the MW discharges are far
from thermodynamic equilibrium at low pressure. The performance of a microwave
discharge in terms of efficiency of CO, dissociation process depends heavily on
the plasma parameters such as power and operating pressure. The highest energy
efficiency (about 90%) for pure CO, conversion was reported in a MW plasma oper-
ating with supersonic gas flows [22]. The ability to create a strong non-equilibrium
environment in microwave discharges possesses highly vibrational states of CO,
molecules, which are energy-efficient for CO, decomposition [3]. In general, the high
efficiency of microwave plasmas is attained due to the high absorption of the applied
power by electrons as well as relatively high excitation of the CO, asymmetric mode
[24], which plays a key role for CO, decomposition [22]. In the low-pressure case, the
microwave plasmas are typically characterized by an electron temperature around
1-2 eV and a gas temperature below 1500 K. Under these conditions, it has been
estimated that about 95% of all the discharge energy is transferred from the plasma
electrons to the CO, molecules, mostly to their asymmetric vibrational mode [3, 24].
Bogaerts et al. has presented some insights into how the electron energy is
transferred to different channels of excitation, ionization or dissociation of the
CO, molecules [1, 66]. Figure 4 illustrates the fractional energy transferred from
electrons to different channels of excitation, ionization and dissociation of CO,, as
a function of the reduced electric field (E/n) in a discharge. This plot is calculated
based on the cross sections of the corresponding electron impact reactions [1, 37,
66]. In microwave plasma, the reduced electric field is typically around 50 Td,
which is most appropriate for the vibrational excitation of CO,. Fridman has shown
that up to 97% of the total nonthermal discharge energy can be transferred from the
plasma electrons to vibrational excitation of CO, molecules at an electron tempera-
ture around 1-2 eV or a reduced electric field (E/n) of about 20-40 Td [3, 36]. This
is indeed indicated by the calculated curve referred to as the ‘sum of all vibrations’
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Figure 4.

The fraction of electron energy transferred to different channels of excitation as a function of the reduced
electric field (E/n) (adapted from [1]).

shown in Figure 4. Moreover, the purple curve in Figure 4 has its particular impor-
tance as it represents the first vibrational level of the asymmetric vibrational mode
of CO,, which represents the most important channel for the dissociation [66]. The
energy efficiency for the dissociation of CO, is quite limited in a DBD plasma [3,

4, 11-13]. The electron temperature in a DBD is about 2-3 eV, which is somewhat
high for efficient population of the CO, vibrational levels. The reduced electric field
values are being typically about 200 Td or even higher, indicated as ‘DBD region’ in
the figure. As a result of previous studies on CO, decomposition in plasma, it was
concluded that higher pressures and lower values of reduced electric field make

the vibrational excitation mechanism more favorable than the electronic excitation
mechanism, explaining the higher energy efficiency of these types of discharges
(e.g. MW, GAP) [1, 3, 22, 26, 28, 32, 33, 35, 37, 38].

3.1 MW region

In this chapter we have summarized the results from the recent publications
on plasma set-ups with and without combining a catalyst for CO, conversion
in Table 2 and discussed the current research status on this topic. Porous Al,O;
(a-Al,O;5 and y-Al,O;5) has been investigated in a pulsed corona discharge reactor
for CO, conversion by Wen et al. [39]. y-AL,O; was found to enhance CO, conver-
sion due to its high surface area and strong adsorption capability. Zhang et al.
investigated CO, decomposition to CO and O, in a DBD reactor packed with a
mixture of Ni/SiO; catalyst and BaTiO; spheres. In comparison to the reaction
in the absence of a Ni/SiO, catalyst, introducing a Ni/SiO, catalyst to the plasma
reactor packed with BaTiO; spheres slightly increase the CO, conversion from
19 to 23.5% at low temperatures [17]. Van Laer demonstrated a packing of ZrO,
beads in a DBD reactor. The best combination of conversion (37.8%) and energy
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(6.4%) efficiency was reached at a flow rate of 20 mL min™" and an input power
of 60 W [16]. Their simulation results suggest that the increased CO, conversion
is caused by the presence of strong electric fields and thus high electron ener-
gies at the contact points, which thereby lowers the breakdown voltage. These
findings suggest that the interactions between plasma and packing materials
play an important role in the plasma conversion of CO,. Brock et al. studied the
catalytic effect of metallic coating on the decomposition of CO, in fan-type AC
glow discharge plasma reactors, using a gas mixture of 2.5% CO, in He [19]. They
showed that an Rh-coated reactor has the highest activity for the CO, decomposi-
tion compared to the reactors coated with Cu, Au, Pt and Pd and mixed rotor/
stator systems (Rh/Au and Au/Rh).

In relation to microwave plasmas, Chen et al. reported that placing a NiO/
TiO, catalyst in the downstream of a low-pressure microwave plasma significantly
increased the CO, conversion efficiency and energy efficiency [25, 28]. They
concluded that the oxygen vacancies provide the sites for adsorption of oxygen
atoms from CO,. The energetic electrons supplied by the plasma enhance the
dissociative electron attachment of CO;, at the surface. Recently, Ray et al. found
that CO, conversion was enhanced upon packing CeO, into the discharge region
of a DBD reactor. They also suggest this enhancement can be mainly attributed to
the formation of oxygen vacancy defects on the surface of CeO,, to stabilize the
produced atomic oxygen, thereby preventing the revise reaction [18]. Spencer
et al. experimentally investigated the conversion of CO, in an atmospheric pressure
microwave plasma-catalytic system [21]. The results showed that Rh/TiO, coating
on a monolithic cordierite structure used as a catalyst actually caused a drop in
conversion efficiency due to reverse reactions occurring on the surface. Mei et al.
demonstrated that the combination of plasma with BaTiO; and TiO, catalysts has
a synergistic effect, which significantly enhances the conversion of CO, and the
energy efficiency by a factor of 2.5 compared to the plasma reaction in the absence
of a catalyst [7]. The overall synergistic effect resulting from the integration of
DBD with catalysis for CO, conversion can be attributed to the dominant catalytic
surface reaction driven by energetic electrons from the CO, discharge. Theoretical
and experimental studies consistently showed that the CO, adsorption, activation
and dissociation processes were significantly enhanced by the presence of oxygen
vacancies [7, 23, 28, 67, 68]. The mechanism of plasma-catalytic CO, conversion can
be described by Figure 5. The oxygen vacancies provide sites for the adsorption of

e, CO,, CO, 0, O,, ions and radicals

ton
Adsorption pesor®
co,* co; o o
=V~ a‘l..",c,* -0- .Va:--"’ 0,
plasma e

CO,+V, —3C0; —5C0+0 —=C0(g) + 0, +¢

Figures.
Schematic mechanism of plasma-assisted catalytic process for CO, conversion.
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Plasma Comments Gas Catalyst X n SEI Ref.
type mixture (%) (%) eV/
molecule
DBD CO, — 17 9 5.8 [4]
DBD Co, — 30 1 87 [5]
DBD Co, y-ALO; 20 49 12 6]
DBD CO, BaTiO;, 38 17 6.5 [7]
DBD CO, — 18 4 13 [8]
DBD Low flow rate CO, — 14 8 5.2 [9]
DBD 10% CO, in the CO,- Ni/y-ALOs 36 23 4.5 [10]
gas mixture H,0-Ar
DBD co2 — 35 2 50.8 [11]
DBD CO, — 28.2 111 74 [12]
DBD CO-N, — 4.5 4.5 29 [13]
DBD CO, CaO 39.2 71 16 [14]
DBD CO, — 20 10.4 5.6 [15]
DBD Co, 710, 29 96 96 [16]
DBD CO, Ni/ 235 231 29.5 [17]
SiO, + BaTiO;
DBD CO, CeO, (2 mm) 10.6 276 111 [18]
DBD CO, TiO; (3-4 mm) 8.2 15.54 1.53 [18]
Glow CO,-Ar Rh-coated 30 14 62 [19]
RF Co, — 20 3 19 [20]
MW CO,-Ar — 10 20 14 21]
MW Supersonic CO, — 10 920 0.3 [22]
flow
MW CO, NiO/TiO, 42 18 7.0 [23]
MW CO,-N, — 80 6 39 [24]
MW CO, — 20 20 29 [25]
MW Co, — 12 45 0.8 [26]
MW COxH0 = 1:1 CO-H,0 — 12 87 4 [27]
MW CO, NiO/TiO, 45 56 23 [28]
MW CO, — [29]
Corona CO, — 11 2 16 [30]
Gliding CO, — 4.6 43 03 [31]
arc
Gliding CO, — 15 19 23 [32]
arc
Gliding CO, — 10 34 0.85 [33]
arc
Table 3.

Summary of the plasma-assisted catalytic CO, conversion for diffevent discharge types.

oxygen atoms from CO,. The energetic electrons supplied by the plasma enhance

the dissociative electron attachment of CO, at the surface. Subsequently, CO

desorbs or moves from the reactive site while the other O (bridging) atom ‘heals’
the oxygen vacancy. The oxygen vacancy can be regenerated via the recombination
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on the surface of a bridging oxygen atom with a gaseous oxygen atom. Such regen-
eration maintains the equilibrium of the active sites in the catalyst and controls the
CO, conversion [23]. If the catalyst is placed in the plasma zone (single stage), the
electron-hole pairs can be created by highly energetic electrons from the discharge
upon the surface of photocatalysts once plasma can generate electrons of very
similar energy (3-4 eV) to the photons. In this case, oxygen vacancy can be regener-
ated by oxidizing the surface O, anions using holes, followed by releasing O, [7].
Plasma-catalytic conversion of CO, is a complex and challenging process involving
alarge number of physical and chemical reactions. The performance of the process
is controlled by means of plasma parameters and the properties of the catalysts as
well. This suggests that more systematic studies on both the plasma effects and the
chemical effects of the catalyst are highly needed (Table 3).

4. Conclusions and perspectives

Plasma-assisted catalytic processes used for CO, reduction are gaining increas-
ing interest worldwide. There is still a room, however, for further improvement of
the CO, conversion and energy efficiencies through the optimization of the plasma
parameters (e.g. high pressure and high flow rate) as well as through modification
of catalysts.

The plasma-catalytic activities can be controlled by numerous factors such as the
nature of the catalyst support, active metal sites, surface area and the nanoparticle
size. Let us note that the catalyst preparation (sometime called ‘activation’) plays a
very important role in this regard. In addition to these factors and also due to their
existence, the fine-tuning of a given catalyst is inevitable and crucial factor for
enhancing plasma-catalytic process efficiency. Several methods, such as loading
different metal nanoparticles, using different catalyst preparation schemes (sol gel,
co-precipitation, deposition-precipitation or hydrothermal synthesis), using larger
surface area of the support, etc., can be mentioned to realize the mentioned tuning.

An important factor which cannot be omitted here is that a chosen catalyst mate-
rial should have rather low costs to be potentially commercialized and implemented
in the industrial scale. Moreover, as a result of recent development of the microwave
discharges, namely, a possibility to place catalyst packing directly in the discharge
zone can be a powerful way to take advantage of the stepwise vibrational excita-
tion on the catalyst surface. In addition, using plasma as a tool for the preparation
(activation) of the catalyst surface may be another promising way. To improve its
application, a better insight into the underlying mechanisms of the plasma catalysis
is desirable. A greater understanding of the plasma chemistry, both by plasma
modeling and by coupling with other techniques such as catalysis and membrane
materials, will allow this field to expand. We expect that the results presented in
this chapter will provide useful insights into the plasma-assisted CO, conversion
in the presence or the absence of catalysts, which may be used for greenhouse gas
conversion in the industry.
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