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Abstract

Greenhouse gases are the major cause of global warming and it leads to climatic changes. It poses
a major threat to the development of the global community and human civilization. The emission
of greenhouse gases is gradually increasing due to fossil fuel consumption by the industries and
automobiles. Effective control or reduction of greenhouse gases is a global challenge and has
emerged as a major problem over the past few decades. The decomposition or conversion of
greenhouse gases has lured various scientific communities. Worldwide numerous scientists are
employing different methods to mitigate this problem. The major conventional methods that are
used for decomposition of greenhouse gases are absorption, photocatalysis, electrochemical and
thermochemical methods. Conventional methods have some drawbacks such as high capital cost
and kinetic limitations in different steps. Additionally, the greenhouse gases are
thermodynamically stable and are difficult to activate. Most of the conventional methods are
encountering problems such as low selectivity, conversion and energy efficiency. Due to the
setbacks of the conventional methods, several innovative approaches are being developed. Among
these approaches, plasma technology is one of the feasible methods which has received immense
attention from various scientific communities. Plasma assisted decomposition technique provides
a complete or partial solution to the limitations of the conventional methods. This review presents
the current state of art of plasma assisted decomposition and reforming of greenhouse gases.

Highlights



¢ Global warming and climate changes are the major threats for the sustainable growth and
development of the human civilization.

e Greenhouse gases are major reason for the global warming.

e Plasma methods are n efficient methods for greenhouse gas treatment.

e We have reviewed the decomposition/ conversion of the major greenhouses such as CO»,
CHa4, N20 and fluorinated gases using plasma technology.

e This review article consists of different plasma sources and plasma assisted catalytic
conversion of major greenhouses such as CO>, CH4, N>O and fluorinated gases.
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1. Introduction

The progress of the human race and the use of natural resources are closely related. Among these
resources, fossil fuels have particular importance. The Industrial revolution has changed the
culture and lifestyle of the human race. Fossil fuels are the backbone of industrialization. They are
widely used in automobiles, energy production, aviation etc. The significant portion (~ 80%) of
the worldwide energy requirement is fulfilled by fossil fuels ever since the beginning of the
industrial revolution [1]. The burning of fossil fuels emits various gases such as carbon dioxide
(CO,), methane (CH,), nitrous oxide (N,0), sulfur hexafluoride (SF¢) etc. These gases in the
earth’s atmosphere act as a greenhouse barrier and trap the solar radiations. These heat-capturing
gases are known as greenhouse gases [2]. The greenhouse effect is a natural process which makes
the earth a comfortable place to live by maintaining an average temperature on the earth.

The large-scale exploitation of fossil fuels dramatically increases the level of greenhouse gases in
the atmosphere [3]. At the commencement of industrial revolution, the presence of atmospheric
CO, stood at 280 ppm but it has reached 400 ppm in 2014 [4]. The world’s energy consumption
rate in the last ten years has doubled, while oil production rate has witnessed a growth of only
2.2% [5]. Numerous scientists have predicted that by the end of the 21% century due to man-made
causes there would be an increase in atmospheric CO, and other greenhouse gases thereby leading
to a growth in the worldwide average temperature by 0.3 to 4.8 °C (0.5 to 8.6 °F) relative to the
1986-2005 average. The excess quantity of greenhouse gases which cause climatic and ecosystem
changes are followed via various environmental problems. The increase in global warming is
altering the planet’s climatic systems in countless ways. The large-scale emission of greenhouse
gases has become a global issue in the past few decades. The global warming potential,
atmospheric lifetime and the contribution of the greenhouse gases towards global warming are
shown in Table 1. It is our responsibility to reduce and control the emission of greenhouse gases.

Tablel. Global warming potentials and the atmospheric life time of greenhouse gases.[6]



Greenhouse gas Global Warming  Atmospheric Contribution to the

Potential Lifetime greenhouse effect
[GWP100*] (years) [%o]

Carbon dioxide (COy) 1 50-200 80

Methane (CHa), 25 12 10

Nitrous oxide (N2O) 298 120

Sulfur hexafluoride (SFs) 22,800 3200 3

*GWP100: The global warming potential of the gas relative to CO> for a time interval of 100 years
in atmosphere

The effective control and utilization of greenhouse gases has become a worldwide concern [7,8].
Various international agencies and countries have made various protocols and policies for the
proper management of greenhouse gases. The Kyoto protocol is one among them. The Kyoto
protocol is dedicated to reducing the emission of the predominant greenhouse gases which includes
CO, CH4, N2O, perfluorocarbons (PFCs), hydrofluorocarbons (HFCs), and SFs. This protocol
stipulates effective guidelines for eliminating these gases [9].

Utilization or conversion of greenhouse gases into other fuels complies with the framework of
sustainability and Green Chemistry. Therefore, the conversion of the greenhouse gases into value-
added chemicals and liquid fuels is considered as one of the main challenges for the 21% century
[5, 10]. Converting greenhouse gases provides us twin benefits; addressing the climate change
issue and reducing our dependence on fossil fuels.

Currently different technologies are being used for greenhouse gas mitigations. They include
replacement of fossil fuels, recovery and recycling of greenhouse gases and conversion of
greenhouse gases into value-added chemicals. Various scientific groups are promoting to develop
new energy sources that can serve as alternatives to fossil fuels. For instance, solar cells, windmills
and tidal power are widely used as some of the alternative energy sources. These are ecofriendly
as they do not produce greenhouse gases. However, these are not fully successful due to their cost
and low efficiency. Advanced countries are on a quest for newer technologies to recover or recycle
greenhouse gases, but it is still a long road to travel to make it economically viable. Fig.1.
graphically represents the concept of 3R i.e. recover, reform and reuse of industrial waste
greenhouse gases.




Fig.1. Concept of 3R: Recover, Reform and Reuse

The decomposition and conversion of greenhouse gases is the most promising approach for the
reduction of greenhouse gases. The reformation of greenhouse gases into value-added chemicals
or new fuels that can be alternatives for fossil fuels [11, 12] is widely prevalent. This will
eventually reduce the greenhouse gases and convert them into alternate fuels which will help to
meet the energy requirement process. As per the reports, the global consumption of energy is
expected to rise by 30% in 2040 (relative to the year 2010) [13]. This situation demands other fuels
for energy purposes. The renewable (e.g., solar and wind) and alternate (e.g., hydrogen, syngas)
energy resources can play a major role in future. The conversion of greenhouse gases into other
fuels like hydrogen, synthetic gas will lead to a new direction. This area of research is relatively
new but it is widely accepted and has been actively pursued over the last few years.

At present, the decomposition or conversion of greenhouse gases has been extensively studied by
many research groups via conventional thermal, chemical, electrochemical reduction,
photochemical and biological methods. However, conventional methods require a huge amount of
energy due to the high chemical stability of the greenhouse gases. Fig.2. represents the different
methods of greenhouse gas decomposition.

Decomposition of

Fig.2. Classification of greenhouse gas decomposition

The thermal decomposition method is one of the broadly accepted methods for the decomposition
of greenhouse gases [14]. The schematic diagram of the thermal decomposition is shown in Fig.3.
This method is effectively used for the decomposition of SFe in the semiconductor industry. In this
process, SFs molecules are converted into gypsum (CaS0,) and fluorspar (CaF,) through reacting
with calcite (CaCO3) as follows:

heat
CaCO; — Ca0 +CO, (1)
2SF, +6 Ca0 — 250,  (2)
250, + 0, — 2505 (3)
Ca0 + 2505 — CaS0,  (4)

Meanwhile, thermal conversion of CO» requires very high temperatures which are practically very
challenging to implement. It requires around 5000 K to achieve 100% conversion rate [15].
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Fig.3. Schematic of thermal decomposition

Unfortunately, thermal decomposition has a major drawback which requires higher energy
consumption than other decomposition methods. This higher temperature in the furnace can
produce regulated NOx emissions also. Compared to the conventional thermal decomposition
method, the photochemical decomposition of greenhouse gases is relatively new. The major
advantage of this method is that the formation of chemically energetic particles during the
photolysis of some reductive agents like acetone, styrene and propane enables to disintegrate the
greenhouse gases under ultraviolet light [16, 17]. The power consumption in this method is
comparatively lower than other decomposition methods. However, the removal efficiency in this
method is comparatively less and hence not suitable for practical applications.

The decomposition of greenhouse gases using the catalytic method is another promising approach.
The studies on the catalytic reformation of greenhouse gases for continual energy development are
blooming currently [18, 19, 20]. The schematic diagram of the catalytic dry reforming process is
shown in Fig.4. Decomposition or reformation is an endothermic reaction. It requires high
operating temperature for the efficient decomposition or conversion of the greenhouse gases. The
presence of the catalyst reduces the operating temperature and enhances the dry reformation of
methane [21, 22]. In general, the catalysts consist of support, active materials with or without
promoters. The promoter is an additive which has no catalytic properties but it influences the
activity, selectivity and stability of the catalyst.

The catalyst support is usually a solid material with a high surface area to which a catalyst is
affixed. The active metal and promoters are loaded on the surface of the support. Generally, metals
are used as active materials. Several promoters are added into a catalyst to investigate the influence
of promoters. Detailed studies which reveal the interaction between support and active metals and
mechanisms of catalytic reactions with or without promoters could be indexed as follows: (1) Size
factor of particles: A mixture of small size particles of active metal, promoter and supporter in
catalyst preparation leads to better dispersion, high specific surface area with more active sites and
relatively high resistance against carbon deposition [23]. (2) Stronger metal-support interaction
(SMSI): The interaction between the active metals and support materials directly influences the
reforming efficiency [24]. (3) More active basic sites (MABS): Basic active sites have higher
affinity towards acidic gases. Specific surface area of support and basicity of metal oxides on the



catalyst surface decides the fraction of active basic sites on the catalyst structure. The catalytic
enhancements can be attributed to the above mechanisms, respectively.

Generally, noble metals like Pd, Pt, Rh, Ru, etc. and transition metals like Fe, Co and Ni are widely
used for the dry reforming of CHa4 [25, 26, 27, 28]. The catalytic method is effectively used for the
conversion of CHj into valuable products including higher hydrocarbons, hydrogen, synthesis gas,
alkanes, methyl alcohol, carboxylic acids, alkanes, or aromatics [29, 30, 31, 32]. It is an emerging
field in gas reformation and the quest for better catalysts continues. Meantime, the catalytic
conversion of greenhouse gases is allied with several hitches such as high-temperature operation,
sintering, coke formation, operational cost, low conversion rate and product selectivity. The use of
catalyst reduces the operational temperature. However, a temperature of around 800° C is required
for good catalytic activity. Carbon deposition on catalyst inhibits the catalytic reaction. The
catalytic deactivation is a major drawback for scaling up the catalytic reforming process.

2CO + 2H;

o

Fig.4. Schematic of catalytic decomposition of CO, /CHy,

Latest developments in the area of plasma assisted decomposition techniques provide a
comprehensive solution to overcome the limitations of catalytic decomposition. Plasma has
attracted immense attention for its high effectiveness in greenhouse gas decomposition and
reformation. Plasma is partially or fully ionized gas, it contains active species such as ions, excited
atoms, free radicals and energetic electrons [33, 34]. Plasma is mainly classified as non-thermal
and thermal plasma depending on their temperature and extent of ionization. The properties of the
plasma are mentioned in Section 2. Non-thermal plasma is widely used for greenhouse gas
treatment due to its high non-equilibrium characteristics (Te>>Tgas) at low gas temperature. Even
at room temperature, non-thermal plasma can easily break most of the chemical bonds by electron
impact excitation, ionization and dissociation reactions. Further, it can facilitate some of the
thermodynamically unfavorable chemical reactions at ambient conditions.

On the other hand, thermal plasma is also preferred to treat the greenhouse gases due to its
exclusive properties such as high temperature and heat flux, intense reactive radicals, rapid
reaction kinetics and controlled chemistry over large throughputs. Moreover, the formation of
unwanted byproducts can be reduced in thermal plasma process by controlling the thermophysical



and chemical properties of thermal plasma medium. As a result, thermal plasma will become a
promising tool for large scale treatment of greenhouse gases with higher conversion and good
selectivity. So far, both non-thermal [27] and thermal plasma [35] are being used effectively for
conversion /decomposition of greenhouse gases.

The current trend is to use the plasma assisted catalytic methods for the reformation of greenhouse
gases [36, 37]. This plasma-catalytic hybrid process has the synergistic combination of the
advantages of both plasma decomposition and catalytic decomposition method. There are a few
ways to integrate the plasma and catalyst for the hybrid process: (1) Plasma catalyst pre-treatment
(2) Double stage hybrid system and (3) Single stage hybrid system. In the first method, the catalyst
is pretreated with non-thermal plasma to improve the activity of the catalyst materials for durability
and selectivity. In double stage hybrid process, catalyst is positioned after the discharge region of
plasma to induce synergistic effects of the plasma medium and the catalyst. This method is also
called as post plasma catalysis (PPC), both non-thermal and plasma can be used for this hybrid
system.

In single stage hybrid process, the catalyst is positioned within the discharge region. This process
also named as In-plasma catalysis (IPC), which is suitable only for non-thermal plasma. In fact,
the plasma system is complex with many reactive species that can induce chemical reactions, e.g.,
electron impact ionization and radical recombination. Hence, plasma-catalyst hybrid system would
be more complex than plasma and although it enhances the reforming efficiency, we are yet to
completely understand its reforming reaction mechanism. Development of energy efficient
plasma-catalyst hybrid system and understanding of its reaction kinetics are the essential tasks to
make this technology commercialized.

In this discussion, we would like to focus on the systematic review of the current status of
conversion and decomposition of greenhouse gases using plasma technology and to attest that
plasma technology is an alternative way to decompose or convert greenhouse gases in order to
move towards clean and green environment. This article has been divided into 7 sections including
general introduction. Section 2 introduces the plasma technology. Section 3 focuses on the
decomposition of CO» . Section 4 describes the conversion methods of CHa. Section 5 and Section
6 describe the decomposition strategies that are being adopted for N>O, and SFe gases respectively.
Section 7 summarizes the conclusion and future outlook of the decomposition or conversion of the
greenhouse gases using promising plasma technology.

2. Plasma technology

Plasma is generally considered as the fourth state of matter or ionized state of the matter [38]. Sir
William Crookes referred plasma as the ‘fourth state of matter’. The term ‘plasma’ [39] was first
applied by Langmuir in 1928. Major portion (around 99%) of the matter in the universe exists in
the form of plasma. A plasma is a partially ionized gas, containing free electrons, ions, radicals
and typically also contains neutral particles (atoms, molecules) such as free radicals and stable
molecules in ground and excited states [40]. Chen defined plasma as a quasi-neutral gas of charged



and neutral particles which exhibit collective behavior [41]. Quasi neutrality and collective
behavior are the fundamental properties of the plasma. Plasma can occur naturally and it can also
be created in laboratories. Lightning and ionosphere are examples of natural plasma; glow
discharge, arc discharge, RF discharges, etc. are examples of laboratory generated plasmas.

2.1 Types of plasma

The plasma is characterized by its electron number density (ne) and electron temperature (Te).
Based on these two parameters, natural and laboratory plasmas are classified as shown in Fig.5.
The plasmas are mainly classified into thermal plasma (hot/equilibrium) and non-thermal plasma
(cold/ non-equilibrium) depending on the state of thermal equilibrium.
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Fig. 5. Classification of the plasmas depending on the electron number density (n.) and electron
temperature (Te).

2.1.1 Non thermal plasma

In a non-thermal plasma, the temperature of the electron is much higher than the temperature of
the heavy particles (ions and atoms). The bulk temperature and electron density of the non-thermal
plasma are in the range of 300 K - 1000 K and < 10°m respectively. The non-thermal plasmas
are characterized by low electron number density and low gas temperature. The highly energetic
electrons will lead to the generation of some highly active species including radicals [42, 43, 44].
Presence of these reactive species at room temperature provides a control over the chemical
selectivity of a process, thus favored in many chemical processing applications. Non-thermal
plasma produced at atmospheric and below atmospheric pressure have been extensively used in
various fields of research including physics, medicine and material science [45, 46, 47, 48, 49, 50].

2.1.2 Thermal plasma



In thermal plasma, the temperature of electrons and heavy particles are nearly equal. This type of
plasma is generated at atmospheric or near atmospheric pressures. The bulk temperature and
electron density of the thermal plasma is in the range of 10,000 K - 30,000 K and 10?' — 10?6 /m™
respectively. The main advantages of the thermal plasma are its high temperature and high energy
density. The thermal plasma can reach a temperature of 20,000 K or more, whereas the higher
temperature limit of the fossil fuel is around 3,000 K only. Thermal plasma is characterized by the
high electron number density and high gas temperature [51]. Due to high temperature and high
enthalpy of the thermal plasmas, they are widely used for various high temperature industrial
applications such as synthesis of nanostructures [52, 53], disposal of waste materials [54, 55],
material spheroidization [56], metallurgical applications [57, 58], surface modification through
nitriding [59, 60] and thermal barrier coatings [61, 62] etc. Comparison between thermal and non-
thermal plasma is illustrated in Table 2.

Table.2. Comparison between thermal and non-thermal plasma

Thermal plasma Non-thermal plasma

Temperature >10,000 K ~300-1000 K

Discharge volume High Low

Reaction conversion High Low

Input flow rate High Low

Difficulty of Operation High Low

Safety precautions High Low

Cost factor High Low

Working pressure Atmospheric pressure and ~ Atmospheric pressure and
slightly above low pressure

2.2 Plasma generation

Plasma can be generated by different methods. Thermal excitation is one of the simplest methods
used for generation of plasma. When heat energy is supplied to the neutral gas to heat it to a
temperature of few thousands of degrees, the gas molecules acquire enough energy for
spontaneous dissociation, excitation and ionization to take place. However, this method of plasma
generation has some practical restrictions related to the operation. Another most common
technique for plasma generation is by applying electric field to a neutral gas. A typical example is
the DC plasma generation. In this method, the applied potential difference between the two
electrodes causes an electrical discharge on the gas medium in between the electrodes. The voltage
can be in the order of thousands of volts and for gas at atmospheric pressure, it can be roughly
estimated to be about 3 kV for a distance of | mm of gas column between the electrodes [63].

Plasma can be generated by applying electromagnetic radiations. The electromagnetic energy is
transferred from the high-frequency (1-10MHz) source to the plasma gas either by a coil or a set
of capacitor plates, resulting in an inductive or capacitive coupling between electrical and magnetic



fields. No electrodes are used in this method of plasma generation. Microwave is another source
to produce plasma. The microwave source consists of a microwave generator, wave-guide
apparatus and impedance-matching mode converter, which couples the microwave power to a
coaxial wave-guide and a quartz window. For jet like plasma production, central conductor of the
coaxial wave-guide acts as one of the electrodes and the annular flange function as the outer coaxial
electrode. When a microwave power of optimum frequency is applied, electrical break down occurs
in the working gas and plasma is formed, driven by microwave energy.

2.3 Plasma sources

Depending upon plasma discharge, various plasma sources are used for different applications.
Atmospheric pressure plasma sources are more appropriate for the decomposition/conversion of
greenhouse gases. Atmospheric pressure plasma devices do not require vacuum devices. The different
plasma sources that are used for decomposition of greenhouse gases are described below.

2.3.1 Dielectric barrier discharge (DBD)

Dielectric barrier discharge (DBD) is a commonly used method for generating non-thermal
plasmas at atmospheric pressure. It is also called “silent” and ‘“atmospheric-pressure-glow”
discharges [64, 65]. The schematic of the dielectric barrier discharge (DBD) is shown in Fig.6a.
In this configuration at least one electrode should be separated by a layer of dielectric material
such as quartz, glass, ceramics, polymers, etc. for limiting the current flow. The application of high
voltage accumulates the electric charges on the dielectric material and generates plasma as short-
lived streamers. The gap between the electrodes is in the order of several mm and the applied
voltage is around few kV. The plasma is generated as a micro arc for a few seconds (10-100 ns)
and is randomly distributed in space and time. These streamers are believed to be few tens of (10
- 100 pm) in diameter. A non-uniform, filamentary structure consisting of a series of micro
discharges [64, 65]. DBD plasmas typically operate with either an AC (frequency: kHz-MHz) or
in a pulsed DC mode. DBD are feebly ionized with a large number of active particles present in
the plasma medium. It is easy to construct in different geometry and therefore, widely used for
surface treatments of materials such as polymers, textiles [66, 67] ozone generation [68, 69], and
air sterilization in heating [70]. DBD is an efficient tool for material processing applications [71],
plasma-assisted chemical vapor deposition of polymers [65] and glass films [72].

2.3.2 Corona discharge (CD)

The corona discharge is one of the weakly ionized and highly non-equilibrium plasmas. It can be
found in nature during electrical storms near sharp edges and points. The name called ‘Corona’
comes because the plasma creates a lighting crown around the electrodes during the discharge.
Fig.6 (b) shows the schematic of corona discharge. Corona discharge is relatively a low power
discharge at atmospheric pressure. Generally, it is generated by high electric fields in association
with a sharp needle tip or small diameter of the wire. The inhomogeneous electric field causes a
partial breakdown of the narrow gap. The localized corona glow can be observed in several forms
depending upon the polarity of the field and the electrode geometrical configuration. The main



advantage of the corona discharge is that it is easy to establish. Due to this convenience, corona
discharge is widely used in ozone production [73], water treatment [74], removal of unwanted
volatile organics [75] and material treatment [76, 77, 78].

2.3.3 Gliding arc discharge (GAD)

Gliding arc discharge is an alternative to high power thermal arc systems and it is a type of
transitional non-thermal plasma. Gliding arc generates both thermal and non-thermal regimes of
the plasma at atmospheric pressure [79]. Fig.6 (c) shows a schematic of a planar gliding arc
discharge configuration. The gliding arc plasma is weakly ionized and the energy of the electrons
is markedly higher than that of the heavy species. It has been reported that the electron temperature
in the non-equilibrium regions is around 11600 K. Vibration and translational temperatures are
around 2000-3000 K and 800-2100 K. AC gliding arc, rotating gliding arc, three-phase gliding arc
generators with several parallel or serial electrodes have been designed for various purposes
including greenhouse gas treatment. In this case, the arc ignites at the shortest gap of electrodes
due to the applied high voltage between the electrodes which provides the intense electric field to
break down the gas. At this instant of time current is at its maximum value and voltage is at its
lowest value. A transverse gas is introduced that pushes the arc and arc gets elongated. The
elongation of the arc depends on the input power. The gliding arc discharge utilizes more than
80% of its input power for chemical reaction, hence the energy utilization rate is high. Relatively
low energy costs and greater efficiency of gliding arc discharge makes its one of the most attractive
advanced oxidation techniques. The vortex type gliding arc provides good mixing and contact of
the plasma discharge. The gliding arc discharge plasma has been applied in a wide range of
environmental applications [80, 81, 82], energy conversion [83, 84], material processing [85, 86,
87] and medical science [88, 89, 90].

2.3.4 Microwave and radio frequency plasma discharge

These type of plasma generators use high frequency electromagnetic waves for plasma generation.
Fig. 6 (d) shows the schematic view of the microwave discharge plasma. In microwave discharge,
collision of oscillating electrons with gaseous atoms and molecules generates the plasma with high
degree of ionization. Electron oscillation can be controlled by the microwave frequency. The
advantage of this microwave plasma source is that it does not need electrodes. In radio frequency
discharge, electromagnetic fields generated by the power supply interact with the plasma gas
through inductive or capacitive coupling. Inductive coupling is used to generate thermal plasma
and the capacitive coupling is used for generating non-thermal plasmas. The frequencies used to
generate RF plasmas are typically in the range between 0.1 and 100 MHz. This type of plasma
source can be used with various applications due to its unique characteristics such as high
temperature and electrode free operation. Electrode less plasma source is widely used in the field
of production of high purity nanomaterials, nanotubes [91] and other advanced materials [92]. It
has the ability to produce plasma by using all kinds of gases at atmospheric pressure.
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2.3.5 Arc discharge (AD)

Arc discharge plasma produces thermally equilibrium plasma at atmospheric pressure. The arc
discharge provides a high density and high temperature region between the two electrodes and in
the presence of sufficiently high gas flow; the plasma can extend beyond one of the electrodes in
the form of a plasma jet. Initially, a high voltage is used for initiating the electric breakdown
between the electrodes. The plasma generating device is known as the plasma torch or plasmatron,
which is designed to heat the gases to high temperatures. The plasma torches are flexible devices
due to their working abilities at wide ranges of operating powers (kW to MW) and large
combinations of working gases such as argon, nitrogen, air, carbon dioxide etc. There are four
different types of plasma torches that are being currently employed for various applications. They
are direct current (DC) torch, alternating current (AC) torch, radio frequency (RF) torch and
microwave plasma torch (MW). Typically arc plasma operates at high-current (30 A to 30 kA),
low-voltage (10-100V) in and around the atmospheric pressure. The temperature of arc plasma is
very high (>10000 K) and the temperature of the ions and electrons are nearly equal. Due to this
property, arc plasma is widely used in various industrial applications especially in metallurgy [57,
58], waste disposal [54, 55] and gasification [35]. Fig.7 represents the schematic of conventional
DC non-transferred arc plasma torch.
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Table.3. Properties of different plasma sources

Plasma properties DBD Corona Gliding arc  Micro wave Arc

Electron energy (eV) 1-30 ~5 1.4-2.1 - 1-10
Electron density (cm™3) 10'2-10*>  10°-101® 10'4-10%° Up to 102° 101°-10"°
Current (A) 1-50 ~1075 0.1-50 - 50-500

Gas temperature (K) 300-500 ~400 1000-3000  2000-6000 10000-30000
Break down voltage (kV)  5-25 10-50 0.5-4 - 10-100

3. Decomposition of carbon dioxide (CO2)

Carbon dioxide (CO2) makes a major contribution towards global warming and it also participates
in ozone depletion reaction [93, 3]. It causes global climatic changes and extremely influences
environmental issues. The industries, automobiles, agriculture and household works are the major
sources of CO, emission. Worldwide emission of CO> is about 30 billion tons per year. The
gradual increase of COz in the atmosphere has become the major concern of the world from the
last few decades [4]. The increase of CO; emissions demands effective methods to reduce the CO-
concentration in the atmosphere. The decomposition or conversion of COz is the main agenda to
mitigate the CO; emissions [94]. Concurrently, CO> has a very good application potential to
generate alternate fuels. It can be converted into new chemicals and can also be used as feedstock
for alternative fuels. The conversion of CO into valuable products reduces the presence of CO; in
the atmosphere and as well as fulfills the demand for fuels and chemicals. However, conversion
of COz into value added chemicals and liquid fuels is one of the major challenges of this century.
Recently, various scientific groups are focused on converting CO> and utilizing its valuable
products; subsequently leading to the framework of sustainable and green chemistry [11,12]. In
the recent years, plasma assisted decomposition of CO> has drawn immense attention along with
the electro-chemical, biological reduction and catalytic conversion process.

The decomposition of COx is the initial step in the CO; utilization process. Formation of carbon
monoxide (CO) and oxygen (O2) are the main products during the splitting. The CO> molecule is
stable and strongly bonded, hence the decomposition is highly endothermic by nature.



COo, - CO+ 2 0, =280 kJ/mol (2.9¢V/ molecule) (5)
2

The required thermal energy for CO: splitting should be supplied from external energy sources
like fossil fuels, electricity, etc. Thermodynamic calculations predict that the required temperatures
to break the chemical bond and complete decomposition into a carbon (C) and oxygen (O) are
around 1500 °C and 5000 °C respectively. The conversion and energy efficiency are the main
parameters used to observe the effectiveness of the CO; utilization. Conversion measures how
effectively the process can convert the supplied CO,. Energy efficiency represents how efficiently
the input energy converts into chemical energy.

During the past two decades, several plasma enhanced CO> decomposition systems have been
developed by using plasma sources like DBD [95, 96], Microwave, [97, 98, 99, 100, 101] gliding
arc [102] and thermal plasma sources [103]. Fig. 8 shows the schematic view of CO:

decomposition using plasma medium.
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Fig.8. Schematic view of plasma assisted CO> decomposition

DBD plasma is the most popular plasma source at atmospheric pressure and it is effectively used
for the decomposition of the CO,. Many notable works have been reported in this area but detailed
studies of energy efficiency and conversion rates are limited. Most of the studies are concentrated
on the influence of the operating parameters on the decomposition of CO» [95, 96, 104, 105]. DBD
reactors with different geometries have been developed for this application, particularly, coaxial
type DBD is the most favorable choice of reactor for gas decomposition [95, 96]. Numerous studies
have been carried out by using DBD plasma for achieving higher percentage of CO; conversion
with higher energy efficiency by changing the parameters such as applied power, gas flow rate,
discharge frequency, discharge dimension, reactor temperature, electrode and dielectric material,
catalytic materials, secondary gases (Ar, He, N2) and their mixing ratios.

Paulussen et al. used tubular DBD reactor to study the effect of gas flow rate, discharge power,
frequency and reactor temperature on the decomposition of CO> [96]. The experiments were
conducted at two different gas flow rates (0.05 and 0.5 slpm) with wide ranges of frequency (10
to 90 kHz). Maximum conversion of 30% was achieved in low gas flow rate (0.05 slpm) at the
power density of 14.75Wcem™. It was found that the gas flow rate has a strong influence on the
conversion and CO yield followed by discharge power and gas temperature.



Aerts et al. used a simple co-axial type DBD reactor for CO> decomposition at atmospheric
pressure [95]. Operating parameters such as applied input power, gas flow rate, frequency,
dielectric material and discharge gap was varied and their role in the CO, conversion and energy
efficiency was studied in detail. They observed that the applied frequency and electric field did
not have significant influence on the conversion and energy efficiency whereas the discharge gap
and gas flow rate had a significance effect on both. Maximum of 35% CO, conversion was
obtained at a high specific energy input (above 200 J cm™3), which corresponds to a low energy
efficiency of only 2%. The selectivity of CO and O> were found to be around 50% under all the
conditions. The specific energy input (SEI) is one of the important factors that correlates the
conversion rate and energy efficiency. It was found that the conversion increased with increasing
SEI and energy efficiency decreased with increasing SEI.

The nature of dielectric material in a DBD reactor can change the conversion rate significantly.
Yu et al. investigated the decomposition of CO; in a dielectric packed bed reactor [104]. The
packing dielectric material was commercial silica gel, alumina (y-Al, 03, and a-Al,03), quartz and
calcium titanate (CaTiO3). A high voltage (0-30V), high-frequency AC power source was used to
generate the plasma in the reactor. Different discharge length and input power were used in the
experiments. It was observed that the dielectric packing material in the DBD reactor enhanced the
conversion rate from 11 to 20 %. Li et al. prepared high permittivity Cay,Srg3;TiO3 dielectric
material by liquid phase sintering and used it for decomposition of CO; through plasma medium
[106]. The obtained results were compared with conventional dielectric materials such as Al,O3
and SiO;. By virtue of the high value of permittivity and high dielectric strength of Ca, ;Sr( 3TiO3,
much denser and numerous micro-discharges were produced than in the case of Al,O3; or SiO».
The maximum conversion reported when Cag ,Sry 3 TiO; was used as the dielectric barrier was
15.6%, whereas Al,O3 and SiO: dielectrics gave conversion of 4.7% and 3.8% respectively.
Tagawa et al. developed a hybrid reactor by integrating DBD and solid oxide electrolyzer cell
(SOEC) for enhancing the efficiency of CO, decomposition [ 107]. The SOEC made of yttria-
stabilized zirconia tube with lanthanum strontium manganite thin film (acting as electrodes), was
inserted into a quartz tube. CO> was supplied between the quartz tube and SOEC where the DBD
plasma was formed. The maximum conversion rate was around 40 % while using DBD and SOEC
independently. Meantime, the combined operation of DBD and SOEC increased the conversion
rate up to 80%. On other hand, Belov et al. observed that the surface conductivity of the dielectric
walls on the DBD reactor affects the electrical current profiles and it can greatly influence the CO»
conversion [108].

In terms of energy efficiency, microwave plasma has been recognized as the most favorable tool
for CO; dissociation [109, 110]. It is generally assumed that this is due to a low reduced electric
field and the accompanying preferential vibrational excitation of CO> molecules [110, 111, 112,
113]. Vesel et al. measured the dissociation fraction of CO: in microwave plasma discharge and
found that the dissociation rate decreased with decreasing discharge power. The maximum
dissociation rate was 13% at a pressure of 20 Pa [114].



Savinov et al. studied the decomposition of CO; using capacitive RF plasma in moderate range of
pressures 5-60 Torres [101]. Fig.9. shows the schematic of the experimental setup used for this
study. The results showed that the decomposition of CO, molecules was caused by direct electron
collision via excitation of the unstable electronic state. The energy costs for decomposition of one
molecule of CO; was determined as 130 + 15 eV/ mol.
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Fig.9. Schematic of the plasma assisted CO2 decomposition system used by Savinov et al. [101].

Buser and Sullovan used glow discharge to reduce the concentration of CO2 [100]. The authors
studied the dissociation rates of pureCO; and the mixture of CO, with H2, He and N», in 1 Torr
pressure range. It was found that H, gas mixtures are most influential in slowing down the initial
CO, decay rate and as well as in reducing the steady-state dissociation.

CO. vibration levels are more important for energy efficient conversion. Heijkers et al. developed
a computer model for studying the effect of N2 on the CO2 conversion in a microwave discharge
plasma [115]. They calculated the conversion and energy efficiency of CO; for different power
densities (30-80 Wem) and N> fractions in the gas mixture (0-90%). The absolute CO» conversion
was found to be in the order of 10-80%, rising with power density and with N> fraction. Their
results show that the introduction of N is beneficial for energy conversion.

Wang et al. used a glow discharge plasma in a tubular reactor for CO> decomposition at
atmospheric pressure [99]. They studied the influence of concentrations and flow rate of the flow
gas, discharge power, frequency and filled metal on the conversion of CO> and energy efficiency.
They found that the initial excitation voltage to produce the plasma is independent of the metal
identity on the surface of the electrode and the flow rate of CO; containing gas but dependent on



the CO2 concentration and frequency used. High concentration of CO> and high discharge
frequency is more favorable to obtain high reaction rates and high energy efficiencies.

Corona discharge is another efficient tool for decomposition of CO>. Maezono and Chang used
two small size cylindrical hollow electrodes to produce corona discharge for reducing the
concentration of CO> [98]. The gas flow rates and discharge current throughout the experiment
was 0 to 3 Ipm and 0 to 4 mA respectively. The gas mixing ratio of argon was varied from 0 to
70% and percentage of gas mixing of CO; from 0 to 10%. Experimental results showed that
discharge current has an impact on the decomposition of CO, and formation of CO. The
decomposition of CO2 and formation of CO increased with increasing discharge current. During
the decomposition CO; gas is mainly converted as CO and O.

On other hand, thermal plasma is also an efficient tool for decomposition of CO> in bulk volume.
Kobayashi et al. used thermal plasma torch for the treatment of the CO> gas [103]. Authors found
that thermal efficiency of the plasma torch increased with increase in input power and the
maximum thermal efficiency achieved was 80%. Due to the high power of the plasma, complete
decomposition of CO2 to pure carbon and oxygen was accomplished.

4. Decomposition or conversion of methane (CHa)

Methane (CH4) is the second largest greenhouse gas responsible for global warming. The global
warming potential (GWP) of CH4 is 25 times greater than CO,. Manmade activities such as
petrochemicals, mining and natural decomposition of organic compounds are the major sources of
CHa. CHais the principal component of natural gas and an abundant source of energy. Natural gas
is the one of the cheapest energy sources and it is the major source of electricity throughout the
globe. The conversion of CH4 and CO; can produce valuable chemicals and liquid fuels, such as
hydrogen gas, syngas, methanol, higher hydrocarbons, formaldehyde etc. Viewing from these
aspects CH4 is an important feedstock for power production. The utilization of CH4 eventually
reduces the emission of CH4 in the atmosphere and also acts as an alternate source of energy.

CHg4 can be directly used for the production of electricity or it can be used for the production of
syngas. CHy is a very stable compound. The conversion of CHg into energy sources and value-
added chemicals is still complicated [116, 117, 118]. Various methods are being used for the
transformation of methane into syngas that includes steam reforming of methane (SRM), partial
oxidation of methane (POM) and dry reforming of methane (DRM). Steam reforming of methane
(SRM) is a commercialized technique to produce syngas by reaction of CH4 with water.

CH4+H20—)CO+3 H2 AH0298K =206 KJ/mol (6)
It is an endothermic reaction that needs higher temperatures (~ 700° C) to activate the reforming

reaction [119, 120, 121, 122, 123]. Partial oxidation of methane (POM) is an exothermic reaction
and the reaction is possible at relatively lower temperatures (300-500 °C). The energy consumption



is low in this method. It is crucial to control the ratio of O2/CHs in this POM, otherwise it may
lead to full oxidation and generate CO; and overheat the reaction bed [124, 125, 126, 127].

CHyt~ 0, — CO+2Hy AH398 5 =-36 KJ/mol (7)

Integration of SRM and POM in a single process is called a hybrid reforming system which can
be a promising approach for effective conversion of CH4 with zero net entropy. Here, the heat
released during POM can be used to activate SRM, hence the energy utilization efficiency is
relatively higher in this process. This hybrid system also named as auto-thermal reforming of CH4
(ATR). However, ATR is quite complex than other processes due to overheating [128, 129, 130].

Dry reforming of methane (DRM) is another promising approach for converting CH, and CO, into
syngas [131, 132, 133, 134, 135].

CH, + CO, —2CO + 2 H, AH®,o5 4 =247 KJ/mol (8)

DRM is a highly endothermic reaction. Theoretical studies state that conversion rate of CH4 and
COz are respectively 41% and 55% at 600 °C [136]. Meantime, the presence of catalysts made of
noble and transition metals has significantly reduced the conversion temperature or enhanced the
conversion rate [137, 138, 139, 140, 141, 142, 143]. For example, while using Pt-Ni/ZSM-5
catalyst, the conversion rate of CH4 and CO; are 53.8% and 98.5% respectively at 600 °C [22]
which is higher than the theoretical value. Naturally abundant transition metals such as Fe, Ni and
Co are widely used for the DRM process although their conversion efficiency is not substantial
like noble metals [144, 145, 146, 147, 148]. Catalytic method of DRM is restricted in its industrial
application due to its low energy efficiency, high operating temperature (700-1000° C) to activate
and break the C-H bond of CH4 molecule. The catalyst deactivation caused by carbon deposition
on the catalyst surface is another major barrier in this process [149].

Recently, plasma methods have been widely employed for CH4 conversion [150, 42, 43, 44, 151,
152 ,44, 153, 154, 155, 156, 157, 158, 159, 160, 101]. Non-thermal plasma is widely used for the
conversion of CH4 due to its unique properties [161, 80, 143]. The high temperature is the major
advantage of the thermal plasma, thus it can dissociate CH4 and CO; spontaneously. The reported
results shows that conversion rate is 80% and the carbon deposition is suppressed [162, 35] in
thermal plasma assisted dry CH4 reformation. The major advantage of the plasma technology is
that different plasma sources and its wide operating parameters can produce different product
distribution. Conversion of CHs using dielectric barrier discharge (DBD) [163,164,165,
166,167,168,154], Radio frequency plasma [169, 170], corona [171,172] gliding arc and thermal
plasma [173,174] have also received wide attention. Schematic view of plasma based syngas
production by dry reformation of greenhouse gases is shown in Fig.10.



Plasma.medium
, & f‘" o 0® - .

-

"
e ce
¥ e

b

Fig.10. Schematic of plasma-based syngas production by dry reformation of greenhouse gases.

Generally, thermal plasma converts CH4 mainly into C and H, [175]. Non-thermal plasma assisted
conversion of methane produces higher hydro carbons such as acetylene and ethane through the
coupling reactions of methyl radicals or carbon with methyl radical [176].

CH, + Energy - C+2H, (9)
CHZ + CH3 i C2H6 (10)
C+ CHZ—) C2H2 (11)

Non-thermal plasma sources are considered as an appropriate alternative for the catalyst assisted
CH4 reformation process due to their high chemical selectivity, low temperature and low
investment. Particularly, DBD plasma has caught the eye than other non-thermal plasma sources.
The application of high voltage creates an intense electric field where the charged particles
accelerate and collide with the gas molecules thus creating excited species, such as electrons,
radicals, ions and excited molecules.

Zhou et al. conducted experiments and numerical simulations for the conversion of CH4 and CO
into syngas using DBD at low temperature and pressure. [177]. Influence of operating parameters
such as discharge power, flow rate and mixing ratio, pressure and temperature on the conversion
were evaluated in detail. It was observed that the syngas production was strongly dependent on the
input power and gas mixing ratio. The maximum conversion of CHs and CO; that could be
obtained were 64%, and 54% respectively. Higher amount of H> (52 mole) and CO (14 mole) was
obtained at a specific input energy of 87 kW h/(N m?). Authors suggest that low pressure is suitable
for synthesis gas formation. Gesser et al. converted CHs4 and CO> by using DBD reactor in series
(two) and they achieved conversions up to 50% at the applied voltage of 13 kV with 25 mA of
discharge current [178].

The input power has a huge impact on the conversion and selectivity of the CH4 and CO,. Liu et
al. converted CH4 into hydrocarbons using dielectric barrier discharge. The major products were
syngas, acetylene, ethylene, propylene, liquid hydrocarbons etc [179]. The feed gas ratio and
applied power was found to influence the product distribution and selectivity. Further it was



observed that increase in applied power increased the H2/CO ratio in the syngas. The higher
CH4/CO; feed ratio was observed to lead to a higher selectivity of C> and C3 hydrocarbons. With
an input power of 40W and a large excess of methane (CH4/CO>= 6.5) the hydrocarbons selectivity
from C2 to C4 reached 62%, while ethane was mostly formed with a selectivity of 23% [180].
Wang et al. used coaxial dielectric barrier discharge reactor to investigate the influence of the input
power on the conversion of CH4 and CO» [27]. They observed that the major product was syngas
along with C2Hs and other hydrocarbons. The conversion and selectivity increased with increasing
input power. Maximum conversions of CHs (72.8 % ) and CO» (44.4%) were obtained at an input
power of 107.4 W with the discharge gap of 1.95 mm, electrode length of 20 cm, total feed flux of
0.02 Ipm and 1:1 mole ratio of CH4/CO,. The selectivity of CO, H, and C2Hg was about 82%, 70%
and 8.8%, respectively.

Legrand et al. investigated the conversion of CH4 along with N> gas by using DBD [171,181]. It
was observed that the reactions were initiated by the excited nitrogen compounds and increasing
the power could increase the electron density inside the reactor, thus enhancing the conversion
rate. Movement of electron is much faster than ion and radicals in the reactor and the electron
plays a dominant role in the reforming reactions [182]. The dilution of CH4 and CO> by He gas
plays a vital role in the reactant transformation under non-thermal plasma. At a fixed specific
energy input, the conversions of CH4 and CO: increased significantly from 10 to 20% and 7 to
16% respectively when the dilution ratio of the mixture was increased from 0 to 80 vol% [183]. It
can be explained by the “penning ionization” phenomenon corresponding to an energy transfer
from excited species to atom or molecule in ground state [184]. The pulsed form of an applied
voltage has a moderate impact on the conversion of CH4 and CO:. Song et al. investigated the
effect of pulse form of applied voltage on the conversion and product selectivity of CH4/CO>
conversion using cylindrical dielectric barrier discharge [185]. They used AC power supply with
a high-frequency sinusoidal wave form and AC pulse wave form for their studies and found that
the pulse width of pulse power supply was not effective in enhancing the conversion. Meantime,
long pulses were found to increase the power consumption.

Lee et al. used AC DBD, pulsed DBD, AC spark, rotating arc, gliding arc and hollow cathode
plasma sources and compared their characteristic conversion of CHs. Reactions were optimized
by determining the yield of Ha, CoHs, CsH and CoH» at constant flow rate of CH4 [186]. The
experimental set up is the same except for the plasma source. Comparative results revealed that
AC spark, hollow cathode plasma and rotating arc show higher degree of temperature than other
plasma sources thereby aiding the achievement of higher conversion and selectivity of H> and
C2Ha. The plasma characteristics such as electron energy and temperature have a direct influence
on the selectivity of the process, thus implying that proper selection of the plasma source can play
a vital role in controlling the reaction.

Microwave plasma is another type of plasma source which is widely used for CHs reformation.
DRM by microwave plasma sources offers bulk amount of treatment with higher energy
efficiency, higher conversions and selectivity. Zhang et al. used pulsed microwave plasma
(frequency: 2450 MHz) for the conversion of CH4 with CO; at atmospheric pressure [187]. It was



found that by changing the ratio of CH4/CO:x it is possible to change the H2/CO ratio and selectivity
of CO and Ca. The energy efficiency of the conversion increased while increasing the input power
of the microwave discharge. Maximum conversion of CHs and CO> were 70.8% and 68.8%,
respectively. The selectivity of CO, C2Hz, and CoHg were 75%, 17.8%, and 4.1% respectively.
The lack of carbon deposition is another major advantage of this method. Chun et al. [188]
converted CH4 and CO; into syngas using atmospheric pressure microwave plasma torch at 6 kW
input power and 30 slpm of total gas flow rate. The CH4/CO; mole ratio was kept at 1:1 throughout
the experiment. The temperature of the microwave plasma was measured by optical emission
spectroscopy and was found to be 6760 K. The conversion of CO; and CH4 are 68.4% and 96.8%
respectively. Observation shows that this method is more efficient than most of the DBD processes
[189].

Atmospheric pressure gliding arc discharge (GAD) plasma is another effective tool for DRM due
to its large gas flow capacity and high electron energy [190]. Fig.11 shows the schematic of the
gliding arc discharge plasma reactor for DRM used by Stryczewska et al. [191].
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Fig.11. Gliding arc discharge plasma reactor for dry reformation of methane used by stryczewska
etal. [191].

GAD plasma can produce thermal equilibrium state and thermal non-equilibrium state in one
cycle, thus gives high productivity and good selectivity in most of the reforming processes
[192,193, 194]. Hu et al. used GAD plasma for the conversion of CHs into C; hydrocarbons and
H> gas at atmospheric pressure in the presence of Ar additive gas [195]. The major operating
parameters such as input voltage, CH4/Ar mole ratio, CH4 flow rate and electrode gap on CH4
conversion rate, product distribution, energy consumption, carbon deposit and reaction stability
were studied. Authors found that the presence of additive gas increased the conversion and the
maximum CH4 conversion rate obtained was 43.39 % at CH4/Ar mole ratio of 0.27, CH4 flow rate
of 14 mlpm and input voltage of 22 V.



Indarto et al. studied the influence of additive gases such as He, Ar, N, and CO; on CHy
reformation in a gliding arc plasma at atmospheric pressure [196]. They found that diluent gases
such as Ar, He, and N> enhance the CH4 conversion rate and reduce the power consumption.
Maximum conversion efficiency reaches 65% when 10% of CHg is diluted with 90% of Ar or He
gas under optimum conditions. Further, an increase in the diluent gas concentration produces
higher selectivity of H> and reduces the selectivity of CoHoa.

Wu et al. studied the CH4/CO» reforming process in a rotating gliding arc discharge co-driven by
a tangential gas flow and a magnetic field [197]. Optical emission spectroscopy was used to
classify the intermediate species and to measure the basic characteristics of CH4/CO> discharge.
They found that the increase in applied voltage increased the conversions of CH4 and CO2 whereas
an increase of the CH4/CO; ratio decreased the conversion. Under the optimum conditions (10 kV;
3/2 mole ratio of CH4/CO2, Hz selectivity reached its maximum value (40%). In addition, well-
graphitized carbon structure formation was identified in this process. Lists of the non-thermal
plasma based CH4/COz conversion processes displayed in Table 4.

Bo et al. studied about the influence of CH4/ CO: proportion on the performance of dry CHa
reformation in a gliding arc discharge at different discharge voltages [198]. The experiments were
conducted by varying the molar ratio of CHs4/ CO2 (1:2, 1:1 and 2:1) at a fixed gas flow rate (12.7
slpm). The major products of this reaction were synthesis gas with CoH4, C2Hz, CO and H. The
increase of CH4/ CO2 molar ratio increased the conversion rates of CH4 and CO» with subsequent
formation of main by-products such as CoH> and CoHa. Further, the selectivity of H increased and
selectivity of CO decreased with respect to increase in molar ratio. Conversion rate of CH4 and
CO»> increased with increasing the discharge voltage irrespective of the CH4/ CO> molar ratio.
Formation of carbon over the electrode surface was increased while the molar ratio of CH4/ CO>
was greater than 2:1 at higher voltages. It was found that the energy consumption for their dry
reforming of CHj4 (3.2-21.2 eV/molecule) is lower than that of pulsed DBD (38-57 eV/molecule),
AC DBD (116 —175 eV/molecule) and pulsed spark discharge (14-25 eV/molecule) [199].

Lately, plasma assisted catalytic dry reformation of CH4 has been widely focused due to integrated
advantages of both plasma and catalyst. Bouchoul et al. used La>O3, a-Al, 05, y-Al, 05, TiO,, CeO,
BaO, ZnO, Ca0, and MgO as the catalytic materials for plasma assisted catalytic dry reformation
[200]. The experiments were conducted in coaxial DBD reactor at a fixed discharge power of 8
Watts with He gas atmosphere. Results revealed that y-Al, 05 produced maximum conversion of
CH4 (30.6%) and CO: (16.1%), whereas in the case of TiO, the conversions of CHsand CO; were
5.6% and 1.9% respectively. The selectivity towards CO and carbon balance was the highest with
CaO, La203 and MgO. The detailed study about the MgO catalyst reveals that increase of
temperature increased the CH4 conversion along with reduction in methanol selectivity.

Goujard et al. used pulsed DBD reactor and perovskite LaNIOs as a catalytic material for the
conversion of the mixture of CH4/CO> with a molar ratio of 6:4 (biogas) at different reaction
temperatures [201]. They observed that syngas was the main product along with C2H», CoHa, C2He,
C3Hg and traceable amounts of Cs to Cs, and oxygenate compounds. The conversion of CHs and



CO: increased with respect to the reaction temperature. At 673 K, the selectivity of light
hydrocarbons was found to be maximum. The reaction between the cracked carbon and active
oxygen was promoted at higher temperature (>373 K), thus favoring the formation of CO. The
results showed that the coupling of catalyst with plasma enables CO, molecules activation and
influences the product selectivity.

Jiang et al. investigated CH4 conversion into syngas, light hydro carbons and fuels in cylindrical
DBD plasma coupled with zeolite [202]. They found that the increasing gas flow rate increased
the selectivity of C> and decreased the selectivity of Cs hydrocarbon. Meantime, flow rate does not
have a significant influence on the yield of C>—C4 hydrocarbons. Presence of zeolite reduced the
formation of carbon black and leads to a higher selectivity of light hydrocarbons (C>—C4). The
yield of CO, Hz and other higher hydrocarbons increased with the increasing discharge plasma
power and decreased with high flow rate of feedstock gases. Interestingly, authors found that the
conversion of CH4 and CO> decreased while the reactor wall temperature increased from 50 to 150
°C. Song et al. used Ni/y-Al203 as the catalyst in a DBD plasma reactor for CH4 reforming and
found that CO, H», CoHs, C3Hsg and C4Hio are the resultant products while feeding equal mole ratio
of CH4/CO» [203]. The presence of catalyst increased the conversion of CO; from 30.95% to
33.48% at the discharge power of 130 Watts with the flow rate of 0.03 lpm.

Compared to non-thermal plasma, thermal plasma offers significant advantages such as high
temperature, high energy density, intense active species and bulk reforming capacity. This in turn
leads to higher conversion rate with good selectivity and less by-product formation which are the
primary concerns while scaling-up the process to industrial level. Tao et al. used thermal plasma
reactor for reforming of CH4/CO> with and without the presence of catalyst [35]. Commercial
Ni/Al, 05 catalyst was used in the experiment. Thermal plasma was generated at 9.6 kW power
with N> gas. Mixture of CO; and CH4 with 4:6 molar ratio was injected into the plasma jet at
different feed rates in order to study the effect of total flux of feed gases on the conversion and
selectivity of the product. Conversions of CH4 and CO> reached a maximum of 92.32% and
82.19%, respectively. Selectivity of CO and H> were 90.05% and 75.43%, respectively. The results
revealed that the conversion and selectivity and the specific energy of the reforming reaction were
impressive by the nature of thermal plasma. Moreover, specific energy input in plasma with
catalysts was also high, it reached its maximum value of 2.3mmol/kJ] at 2.2m3/h. From the
observed results it is evident that thermal plasma assisted reforming has the potential to be scaled-
up when compared to the non-thermal plasma sources.

The same research group developed [175] a novel thermal plasma torch with two anode
configurations (binode thermal plasma torch) for CH4/CO, reformation. The binode thermal
plasma generator consists of a club-shaped cathode and two columnar anodes which are separated
by an insulating material. A mixture of Ar/CH,/CO, were used as the plasma forming gases.
Fig.12. shows the schematic of the binode plasma processing system which is used reformation.



Fig. 12. Thermal plasma processing system. 1. Ar, 2. CHs, 3 CO», 4. Gas inlet I, 5. Gas inlet II,
6. Gas inlet III, 7. DC power supply, 8. Cathode, 9. Plasma generator, 10. First anode, 11.
Contactor, 12. Second anode, 13. Graphite tube reactor, 14. Collector, 15. Gas outlet [174].

Experiments were conducted in the following two different modes: 1) Mixture of feed gases
Ar/CH4/C0O2) were directly introduced into the discharge region between the first anode and the
second anode as the plasma forming gas. 2) Mixture of feed gases was partially introduced into
the plasma jet from the exit of the plasma generator. The experiment conducted in the second mode
achieved a higher energy conversion rate than the first mode because the introduction of the
mixture of CH4 and COz as the plasma forming gas in the plasma discharge region changes the arc
voltage with respect to the gas flow rate. The higher energy efficiency (57.22%) could be achieved
when the plasma discharge power was 18 kW, the feed gas flow into inlet IT was 2.4 m3/h and feed
gas flow into inlet IIT was 2.0 m*/h.

Lan et al. studied CH4/CO; reforming by a single-anode hydrogen thermal plasma jet operated at
8.5 kW input power with the gas flow rate of 1.3 m3/h. Mixture of CH4/CO> gas with 4/6 mole
ratio was fed into the plasma jet and the maximum conversions of CHs and CO; obtained were
87.98% and 84.34%, respectively [162].

Table 4. CH,/CO, conversion through non-thermal plasma reactor

Feed gas Plasma Plasma SEI Conversion  Products Reference
ratio reactor Temperature [kJ/mol] [%] selectivity
[K] [%]
5% CH,, DBD AC 500 1094.4 CH, - 14.8% C,H4(10.6%) [204]
95% N, C,H, (0.7%)

C,H,(0.8%)



5% CH,,
95% N,

5% CH,,
95% N,

5% CH,,
95% N,
5% CH,,
95% N,

21.2%
CH,,
78.8% Ar
100% CH,
15% CH,,
85% Ar
100% CH,
100% CH,

50% He,
50% CH,

100% CH,

20% 0,,
80% CH,
5% CH,,
5% N,0,
90% Ar
16% CH,,
84% H,0

67.4%
CH47
32.6% CO,

66.8%
CH4,
33.2% CO,

DBD pulsed

Rotating arc

Gliding Arc

Hollow
cathode

Gliding Arc

Gliding arc,
Gliding arc

Microwave
DBD

DBD

DBD

DBD
DBD
Capacitive

coupled
plasma

DBD

DBD

500

1000

3000

2000

1500-2500

373

353

330

338

333

224.64

61.92

72

28.8

2090
273.6
165.6

963.5
4624.9

10,350

7372.8

530

1029

345.6

3600

2400

CH, — 12.4%

CH, —25.8%

CH, —23.7%

CH, — 42.2%

CH, — 43.4%
CH, — 47%
CH, — 65%

CH, — 90%
CH, — 38%

CH, — 18.4%

CH, — 10.2%

CH, — 15%

CH, - 32.2%
N,0 — 53.8%

CH, — 5%

CH, —35%
CO, —20%

CH, — 64.3%
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4.1 Utilization of CO; and CHj4 as the plasma forming gases



Mostaghimi et al. developed two novel DC plasma torches (80 kW and 200 kW) which can work
stably with CO; and CH4 gas mixture [215]. These torches provide higher plasma enthalpy and
higher thermal conductivity than conventional DC plasma torches due to the use of molecular
gases. The molecular gases provide high plasma enthalpy and processing rates. The mixture of
CO2/CHs gas can provide higher plasma power than argon-based gas mixtures with similar
configuration. In addition, the plasma volume is also larger due to the extended recombination
region. The low power torch (80 kW) is mostly used for coating deposition and surface treatment
and the high-power torch (200 kW) is used for material processing and waste treatment
applications. The volumetric ratio of CO, to CH4 has a major role on the plasma plume
composition. Pershin et al. studied the effect of the volumetric ratio of CO> to CH4 on the plasma
plume composition and the in-flight particle behavior of Ni-alloy powder during spraying [216].

Recently, our group has developed a multi-cathode thermal plasma torch for efficient dry
reforming of CH4/CO> gas mixture. The torch is made of three graphite cathodes and a single
copper anode which is insulated with the vortex generator. The torch can be operated upto 15 kW
input power. Fig.13 shows the operational mode of the multi-cathode plasma torch being operated
at two different gas mixing ratios.

Fig.13. Images of CO2/CH4 plasma jet produced by multi-cathode plasma torch at different gas
mixing ratios (Pondicherry University)

Soucy et al. used carbonaceous (CO2/CH4) plasma torch for the decomposition of sebacic acid in
submerged conditions and achieved the highest decomposition rate in a short span of time [217].
High level of UV intensity from the CO2/CH4 plasma jet leads to an effective photo-oxidation
along with thermal decompositions for this process. Rutberg et al. developed a three phase 120
kW AC plasma torch which works on a mixture of steam with CO; and CHs (H,O/CO2/CHa).
Actual goal for the development of this torch was to produce syngas (H2/CO) through /CH4
reforming on an industrial scale [218]. Europlasma has been designing a new generation of



molecular plasma torches powered from 150 kW to 2 MW. These torches can work with any gas
mixture composed of CO, Hz, CO2, CHs and N2; in particular, the torch can be fed with a gas
mixture which is recycled from the exhaust gas stream [219]. The performances of these new
torches have been studied in the frame of the ULCOS (Ultra Low CO: Steelmaking) European
program, to reduce the CO» emissions of the conventional blast furnace.

5. Decomposition of Nitrous oxide (N20)

Nitrous oxide (N20) is the third most significant greenhouse gas and the highest ozone-depleting
substance [220, 221, 222]. Disproportionate use of nitrogen fertilizers in agriculture, medical
exhaust, fossil fuel combustion, chemical industries and wastewater treatment are the important
sources of nitrous oxide emission. N>O is the main cause of photochemical smog, acid rain,
depletion of stratospheric ozone and haze. Even though the concentration of N>O is less its
contribution to the greenhouse effect is significant because the GWP of nitrous oxide is 310 times
higher than that of CO; [223]. Fig.14 shows the graphical image of nitrous oxide decomposition

by plasma.

Fig.14. Graphical image of nitrous oxide decomposition by plasma

Various human activities have led to the increase in the level of N>O concentration in the
atmosphere. Different approaches are being used to control N2O emission in the environment
which includes thermal decomposition, catalytic decomposition, oxidation of nitrous oxide to
nitric oxide, adsorption, wet scrubbing, masking and biofiltration [224, 225, 226]. Catalytic
conversion of N>O consisting of non-selective catalytic reduction (NSCR), selective catalytic
reduction (SCR) and direct catalytic decomposition have been reported by various research groups
[220, 222, 223,224,227, 228]. However, formation of secondary pollutants such as NOy poisoning
of the catalyst and high process cost are the major drawbacks of the catalytic conversion. Recently,
new approaches such as photocatalytic oxidation, electro-chemical oxidation, direct plasma
decomposition and plasma-catalytic conversion have been developed for the decomposition of
these gases more effectively.



The direct catalytic method has been much explored due to its simple experimental set up and high
efficiency. However the high temperature seriously impairs the activity of the catalyst during the
N20O decomposition. The frequent replacement of catalyst increases the experimental cost. These
are the major drawbacks of the catalytic method. Among these new methods, the plasma technique
has come under limelight due to its unique properties of direct decomposition even at high
concentration levels. Combination of plasma and catalytic materials are widely applied for the
decomposition of N>O and volatile organic compounds. The advantage of the plasma-catalyst
hybrid method is the initiation of chemical reactions at low temperatures and improved selectivity
[22,230,231,232, 233, 234,235].

Generally, N>O molecule is stable at room temperature. The N-N bond in the N-N-O molecule, is
stronger than the N-O bond. During the dissociation of NoO, N-O bond is the first bond to be
broken. The energy required for the bond break of N-O is around 250-270 kJ/mol. Temperature
above 900 K is required to initiate the N>O decomposition. Meantime, direct plasma and plasma
assisted catalysis methods are claimed as an efficient method to decompose the N>O with oxygen
free systems at room temperature while using nitrogen or argon as the plasma gases [
236,237,238,239,240,241].

N20 — NZ + 0.5 02 AH0298K = '163 kJ/mOl (12)

Austin and Smith used the glow discharge plasma to decompose N>O [242]. In this experiment,
laboratory grade N>O (and additives) were allowed to flow through a small (diameter: 1 cm)
discharge tube. The result showed that the decomposition of N>O was predominantly by direct
electron impact and that nitric oxide was found to be a significant dissociation fragment.

Mahammadunnisa et al. investigated the influence of operating parameters such as discharge gap,
initial flow concentration, residence time, and the effect of packing on the conversion of N>O in
DBD reactor [238]. Three different discharge gap (2.5, 3.5 and Scm) and dielectric materials (ZrO»,
AlO3 and Glass beads) were used in the experiment. It is observed that the conversion of N>O
reached 100% at 1.6 Watts plasma power with 3.5mm discharge gap. The dielectric packing in the
discharge volume enhances the conversion. The ZrO, pellets shows better conversion rate
compared to other dielectric materials irrespective of discharge power. The authors are
recommended that high concentration and low residence time are most favorable for practical
applications. Bosi et al. investigated the capability of the gliding arc to decompose N>O for space
craft monopropellant thruster applications [243]. The experiments were conducted at atmospheric
pressure. The average voltage and average power of the experiments were 480-1050 V and 13- 34
W respectively. The vibrational temperatures and rotational temperatures were estimated by
optical emission spectrum. They developed kinetic model for N2O decomposition and predicted
the influence of gas temperature on the dissociation of N2O.

Fan et al. investigated the degradation behavior and conversion of N>O in plasma and plasma-
assisted catalytic processes with and without the presence of oxygen atmosphere. The experiments
were conducted at room temperature and as well as at high temperature (300°C). A coaxial DBD



reactor was used to produce the plasma and RuO>/Al,O3 was used as the catalyst. The effect of
catalyst, presence of oxygen and its concentration and inlet N>O concentration on the conversion
of N>O were systematically studied. The authors found that NoO conversion increased with the
increase of discharge power and decreased with the increase of O concentration. The presence of
RuO2/AlO3 inside the discharge zone enhanced the conversion of N>O and improved the
selectivity of N>O decomposition under N>—O> atmosphere. Results showed that the plasma-
assisted catalyst activity led to enhanced decomposition of NO» [244].

Lee et al. successfully decomposed N>O by plasma assisted catalytic method [240]. They used a
tubular quartz reactor in which the Ru catalyst was supported on Al pellets. The effects of
discharge voltage, space velocity, temperature, and reactant compositions on the N>O
decomposition were studied. The plasma assisted catalyst can break the N>O bond at low
temperatures due to the presence more active radicals. Similarly, Jo et al. investigated the
decomposition of N2O in plasma assisted catalytic method by using y- AlbO3 supported metal oxide
catalysts [245]. Among the several catalysts, Al>O3 supported Ru was found to be the appropriate
catalyst for the decomposition of N>O in a plasma assisted catalytic reactor. Influence of different
operating parameters such as applied voltage, type of catalyst, oxygen content, inlet N>O
concentration, gas flow rate and reaction temperature on the dissociation of NoO were studied in
detail. The studies revealed that, increasing the voltage increased the electron generation and
decomposition efficiently. Compared to the catalytic decomposition of N>O, plasma assisted
process improved the decomposition of N2O by 30-50% depending on the operating parameters.

6. Decomposition of fluorinated gases

The fluorinated gases are considered to have a significant role in the greenhouse effect.
Hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulfur hexafluoride (SFs) are the major
fluorinated gases. Fluorinated gases are widely used in the semiconductor industry due to their
unique properties such as inertness, heaviness and non-flammability [246]. SFs is the prominent
fluorinated gas which is the most dangerous greenhouse gas compared to the other fluorinated
gases. The global warming potential of SFs gas is 23,900. In other words, emission of 1 ton of SFe
is equivalent to 23,900 tons of CO> emission [247]. Further SFs has long atmospheric lifetime of
about 3200 years. According to the Kyoto protocol [248], SFs is among the six most potent
greenhouse gases whose emission should be strictly controlled. The octahedral shaped SFs is
highly symmetric, stable and chemically inert, hence it is quite difficult to disintegrate it thermally
or catalytically [249]. Due to its high inertness and high stability, SFe is extensively used as an
electrical insulator in the power industries [250]. The studies reveal that the emission of SFs from
power industry will increase through 2030, reaching 64 million metric tons of CO, equivalent
[251]. Furthermore, the emissions of SF¢ from the semiconductor industries are also steadily
increasing due to the large production of the electronic products.

The decomposition of SFeis the most suitable way to mitigate SFs emissions. In order to reduce
the SF¢ level in the atmosphere, recycling is one of widely used technologies in some developed
countries. However, this method is not successful in all the parts of the globe due to its high cost.



On other hand, numerous attempts have been tried to synthesize and test an alternative material
for SFs such as CF3l/ N2, CF31/COz etc.

So far, several technologies have been used for the decomposition of SFs, such as thermal
decomposition, catalytic decomposition, photo reductive disintegration and plasma assisted
decomposition. Thermal decomposition requires higher energy consumption than other
decomposition methods. The catalytic decomposition method significantly reduces the operating
temperature; however, it requires temperature of around 500-800°C for suitable catalytic activity.
Moreover, catalytic decomposition produces primary and secondary wastes. Photo disintegration
method requires low power consumption than other decomposition methods but it does not have
high removal efficiency. Meantime, both the thermal and non-thermal plasma mediums have been
successfully utilized for the decomposition of SF¢ with impressive grades. The properties of the
non-thermal and thermal plasma have already been described in section 2. The different types of
plasma sources such as microwave, corona, dielectric barrier discharge, radio frequency plasma
and arc plasma are used for SF¢ decomposition. The reaction kinetics of SF¢ decomposition in
plasma medium can be described as follows [252,253]:

SFg+e — SF;+(06x)F+e (13)
SFg+e — SF,-+(6-x)F (14)
SFg+M* — SF,+ +(6-x)F+M (15)
SFg+M* — SF; +(6-x)F+M (16)

Here M* and M* represent the excited particles and energetic ion, respectively. During the
dissociation, the resultant lower fluorides of sulfur rapidly recombine with fluoride to reform SFe.
In order to avoid this issue, concentration of reactive radicals in plasma is increased by adding
water vapor and oxygen with the feed gas. The reactive radicals help the lower fluorine sulfides to

experience a cascade of chemical reactions to generate the final products as mentioned below
[254,255]:

SFs + OH — SOF, +HF  (17)
SF, + OH — SOF, + HF +F (18)
SFs +O — SOF, +F (19)
SF, +O — SOF, +2F (20)




Fig.15. Multistage decomposition of SFg by plasma medium

Radio frequency (RF) plasma is widely used for the decomposition of SFs. Fig.15 represents the
multistage decomposition of SF¢ by plasma medium. Shih et al. effectively used RF plasma to
decompose SFs emitted during the etching process in the semiconductor industry [256]. Ar and
O2/Ar gases were used as the plasma forming gas to decompose SF¢ at a pressure of 9 Torr. The
RF plasma was produced by a 13.56 MHz frequency plasma generator and the power ranged from
5-50W. The total gas flow rate was kept as 100 sccm with varied feed ratio of O2/ SF¢ (from 0 to
2). The SiF4, SO, F2, SO2F2, SOF2, SOFs, S2OF 10, S202F10,and SF4, were the major products when
SFs reacted with Ar and Ar/O> plasma. The SF¢ removal efficiency and the end products were
strongly influenced by the input power. When the input power raised above 40W, SFs was
converted into stable products such as SF4, SO, and F>. Meantime, SO2F>, SOF, and SOFs were
generated only when the input power was below 40 W. The reported removal rate was 99% in this
process. The same group used HzS as the reducing agent to decompose SFe in a RF plasma system.
Besides effectively reducing SFs, the problem of H>S disposal is also solved. The operating
pressure of the system was 10 Torr and the H2S/SF¢ feed ratio was varied between 0.0 and 9.9.
The removal efficiency of SFs and H>S exceeded 99% at the discharge power of 10 Watts and
H>S / SFs feed ratio was within 1.7 and 2.9. Result showed that H2S/SF¢/Ar plasma system reduced
the formation of by-products such as SiF4, SO, and sulfur oxyfluorides [257].

RF plasma system is effectively used for the disintegration of SFs-R134a (isobutene-freon)
effluents from resistive plate chambers detectors [258]. R134a (isobutene-freon) is used as
radiation detectors which is more harmful than CO,. The reaction chamber is filled with a gas
mixture and operated at 1 Torr absolute pressure. Removal efficiency of the effluent gas mixture
was more than 90% and the resultant products were mainly SiF4 and SO2F>. The results revealed
that the optimized electrode geometry and electrode surface temperature play a vital role in the
SFs removal efficiency.

Kabouzi et al. studied the properties of microwave plasma and their influence on the degradation
removal efficiency (DRE) of S SFe¢ [259]. The plasma generator was operated at 2450 MHz with
different power range (1.5 to 6 kW). The experiments were conducted at atmospheric pressure
using N> as the plasma forming gas. In addition to that Oz was used as an additive gas to ensure
complete oxidation of SFs. The results revealed that the degradation removal efficiency increased
with the microwave power and decreased with higher gas flow rates and discharge tube radius.

Radoiu et al. studied the removal of SFs by microwave plasma discharge at atmospheric pressure
[249]. Their studies confirmed that the addition of water vapor becomes a powerful source of free
radicals formation, thus reacting with SFs and enhancing the removal rate. Similarly, Ahmadi et
al. found that using compressed air as an additive gas was more effective than oxygen for SFe

decomposition due to the fact that H>O molecules in the air were efficient sources of O, H, and
OH radicals [263].



In order to increase the efficiency of the SFs decomposition, Kim et al. designed a reverse vortex
microwave plasma reactor [261]. For SFe abatement, they used air as an additive gas in microwave
plasma reactor along with N»/SF¢ gas mixture. The destruction and removal efficiency of the
reverse vortex reactor increased by about 29% SFs decomposition compared to normal vortex
reactor. Fig.16. shows the comparison of degradation removal efficiency (DRE) between
conventional vortex and reverse vortex reactor at different applied energy densities.
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Fig.16. DREs vs applied energy density for conventional vortex reactor and reverse vortex reactor
[264].

Nagai et al. studied the characteristics of SFs decomposition in a single layer DBD reactor with
two different types of power sources (9 kHz power with a rise-time of 20 ps, and a pulsed power
with a rise-time of 100 ns at a frequency of 200 pulse per minute) [262]. The studies showed that
the energy efficiency of SFs disintegration by the pulsed power supply was greater than the regular
power supply. In order to improve the SFs decomposition efficiency, Zhuang et al. designed a new
DBD reactor with 16 star-shaped discharge elements. Obtained results showed that decomposition
efficiency increased on increasing the discharge frequency and decreased with an increase in gas
flow rate and SFs concentration [263]. Zhang et al. used double layer DBD reactor to decompose
the SFs in the presence of water vapor with different gases (He, Ar, N2, and air) and they found
that higher removal rate and higher energy efficiency were accomplished while using Ar as the
background gas. Generally, decomposition of SF¢ by DBD reactor produces SOz, SOF2, SO2F2,
SOF4 and SFs which cannot be released into the environment directly [264,265]. A consolidation
of DBD plasma with ultraviolet photochemical collection toward appropriate material reduces the
oxidized SF¢ gases. The photochemical reactions can reduce oxyfluorides [266]. Numerous
attempts have been made to degrade SF¢ by plasma assisted catalytic methods. Cui et al.



investigated the degradation of SFs (10% SFs in Ar gas mixture) in DBD plasma reactor with and
without catalyst (Glass beads/y-Al2O3 pellets) [267]. A high frequency AC power supply was used
to generate plasma in different power ranges (0-150 Watts). It was observed that the packing
materials (glass, beads and y-Al>Os) significantly alter the physical characteristics of the discharge
and thereby enrich the active radical’s density and mean electron energy. Hence, the degradation
efficiency of SFs was relatively higher with the presence of catalyst in the plasma zone.
Particularly, y-Al2O3 packed reaction gives degradation removal efficiency of 85.97% at 110 W
discharge power.

Sung et al. decomposed SF¢ using thermal plasma at atmospheric pressure. 5 kW power range DC
plasma torch was used for this experiment [268]. Ar gas was used as the plasma generating gas
and Hz and O were used as the additive gases. The decomposition of SFs was analyzed by using
gas chromatography. They observed that decomposition efficiency was closely related to the
residence time because the decomposition efficiency of SF¢ decreased as the Ar and SFs flow
rates were increased. The presence of additive gas increased the decomposition efficiency in
thermal plasma as well. The result shows that addition of H, was better than O, as an additive gas.
A SFsdecomposition rate of 99.2% was achieved at 5 kW by using H as the additive gas.

7. Summary and outlook

Extensive research on the application of plasma technology for greenhouse gas destruction and
utilization is being carried out by various research teams throughout the globe. Different types of
plasma sources have been successfully used for the decomposition of the greenhouse gases, which
includes both the thermal and non-thermal plasmas. Although thermal plasma is an effective
medium for decomposing or reforming the greenhouse gases, most of the plasma assisted
decomposition of greenhouse gases have been carried out using non-thermal plasma sources.
Plasma assisted catalyst reforming has been explored as a promising route for decomposition and
reforming of greenhouse gases. Non- thermal plasma-based dry reforming processes have been
widely investigated, but they have not yet been implemented on a commercial scale due to its low
energy efficiency, yield and unresolved environmental risks. Interestingly, few of the non-thermal
plasma processes such as gliding arc and microwave plasma have shown significant conversion
rate and good selectivity with notable energy efficiency. However, it has not been proved whether
these processes can be applied at an industrial level for large scale production of syngas. So far in
non-thermal plasma route, the maximum energy efficiency is 68% and energy cost for syngas
production is 10.25 kJ/L [269], which could be improved further.

Compared to non-thermal plasma very few works have been carried out using thermal plasma
assisted greenhouse conversion. CO; reforming of CH4 through the thermal plasma route will be
a potential approach for scalable and renewable fuel production. Thermal plasma has its own
advantages such as high temperature, chemically active species, large treatment capacity, fewer
by- products and high energy conversion. But there are some issues that need to be addressed
before they can be commercially exploited for greenhouse gas mitigation and utilization. The



existing plasma sources need further improvement for increased thermal efficiency and conversion
efficiency so that the overall production cost is reduced and the technology becomes commercially
feasible. It is also imperative to develop novel and as well as energy efficient thermal plasma
reactors to decrease the energy consumption and to increase the treatment capacity of the reforming
process. An in depth understanding of the process of converting greenhouses gases using thermal
plasma operated at low power levels helps to identify the issues required to be resolved for scaling
up to higher power levels and industrial applications. Meantime, recent developments in material
science can lead to development of more efficient catalytic materials, which can be coupled with
the plasma sources to improve the conversion efficiency and to make the plasma-catalytic hybrid
process a commercial success. These are excellent opportunities for researchers in the field of
plasma applications for greenhouse gas mitigation and utilization. Besides mitigating the
greenhouse gas emission, the technology offers an eco-friendly alternate route for cleaner fuels
and energy sources.
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