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Chapter 1 

Introduetion 

The research on 'Plasrna-induced Catalysis' is perforrned in a cooperation of the 
department Anorganic Chemistry and Catalysis of the faculty of chemica! engineering 
and the department Electrical Energy Systems of the faculty electrical engineering, 
botb of the Eindhoven University of Technology, The Netherlands. The research 
is initiated and actively supported with finances and scientific supervision by DSM 
Research, Geleen, The Netherlands. 

1.1 Objective 

Our modern standard of living depends for a major part on tbe large scale production 
of chemicals. The chemica! industry transforrns raw natura! rnaterials to useful prod
ucts such as fuel , plastics, fertilizers , pharrnaceutics, etcetera. To ensure the modern 
way of life for Jonger times, the large scale production of chemieals should he opti
mized. This can he clone by the development of new processes which use less natura! 
resources and less energy, and by the destructien of harrnful compounds in waste 
strearns to avoid environmental pollution. The aim of this thesis is to contribute to 
these two fields of interest by a study of the feasibility of plasma-induced catalysis 
for chemica! synthesis reactions and pollution controL The research described in this 
thesis consists of three parts. 

The first subject in this research concerns the investigations to new and direct 
chemica! synthesis reactions which are induced by a plasma. 

The introduetion of catalytic reactions already ledtoa large improverneut of chem
ica! synthesis processes. Catalysts are materials which accelerate chemica! reactions 
without being consumed thernselves. Usually, catalytic processes also increase the 

selectivity towards the desired product. In some cases, even the number of reaction 
steps (i.e. reactors) can be reduced. These properties of catalytic processes reduce 
the investrnent and operating costs of industrial processes for the prodt~ction of bulk 
chemicals. The irnportance of catalysis is stressed by the fact that current!y almost 
all bulk chemieals are produced with catalysts. 
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Still, some bulk chemieals are produced in several reaction steps because there 
ts no alternative currently. This usually concerns chemica! processes with stabie 

reactant molecules such as nitrogen and methane which have high activatien energies 

for chemica! reactions. The production of e.g. nitric acid from nitrogen, oxygen and 
water is thermodynamically allowed in one reaction step, but (luckily) highly unlikely 
because of chemica! kinetics. Therefore, nitric acid is produced in three sequentia! 

steps. Firstly, nitrogen and hydrogen are reacted to ammonia over an iron catalyst. 

Secondly, the ammonia is oxidized to nitric oxide over a platinum/rhodium catalyst. 
Finally, the nitric oxide is oxidized to nitrogen dioxide in presence of silica, and 
subsequently dissolves in water as nitric acid. 

Another example is the production of gasoline or methanol from methane. The 

direct synthesis of gasoline from methane is thermodynamically not allowed. The 
partial oxidation of methane to methanol or formaldehyde suffers from a low selectiv

ity due to the more favored total oxidation reaction. Therefore, methane is converted 

firstly to synthesis gas (a mixture of carbon monoxide and hydrogen) by the en dother
mal steam reforming of methane over a nickel catalyst . This is an energy intensive 
process. Subsequently, methanol or gasoline can be produced from synthesis gas over 
respectively copper or iron based catalysts. 

In the first part of this research we aim at direct catalyt ic reaction routes for the 
conversion of stabie molecules such as nitrogen and methane to useful chemicals. This 

may be possible by changing the chemica! properties of the reactant molecules by ex
citation in a plasma. A plasma is a gas in which free electrens and ions are generated. 
The electrens excite molecules by inelastic collisions when they gain sufficient energy 
from an electric field. Excited molecules are usually more reactive than the parent 
molecule in the groundstate. Therefore, new and direct synthesis routes might be 

possible. The catalyst is introduced to increase the selectivity of the plasma process. 
Excitation of molecules is not selective in plasma's. Earlier research in the field of 
plasma-induced catalytic reactions showed that the direct conversion of nitrogen with 
oxygen to nitric oxide, and nitrogen with methane to hydrogen cyanide is possible in 
presence of a catalyst in the plasma (see section 1.5). Unfortunately, these plasma 

processes are all performed at pressures far below atmospheric. Our aim is to per
form plasma-induced catalytic reactions at atmospheric gas pressure to increase the 
possibilities to industrial application. 

The second subject in this research concerns the application of plasma-induced 
catalytic reactions for the removal or destructien of harmful compounds from the 
exhaust of power plants or industrial processes. The mechanism of these reactions is 

different from the synthesis reactions discussed above. Usually, the impurity is present 
in only small concentrations which makesits direct excitation by the electrens of the 
plasma unlikely. The application of plasma for pollution control is based on the 

generation of reactive species in the gas mixture by the plasma without increasing 
the temperature of the gas much. 
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In the secono part of the research we focus on the conversion of nitric oxide impu

rities which are present in exhaust gases. The nitric oxide is preferentially converted 
to the harmless gases nitrogen and oxygen, or alternatively to its acid which can be 
removed easily by conventional techniques. The main objective of this part of the 

work is to decrease the energy consumption of the plasma process by the presence of 
an active solid material in the discharge zonè. Masuda [23] showed that the plasma 

treatment of flue gas can be cheaper than the conventional deSOx/deNOx catalytic 
processes at an energy consumption of 50 eV jNOx under the standard conditions of 

a coal fired power station. A higher removal efficiency wiJl favor the plasma process 

even more, since the investment costs of the plasma power supply aud the energy 
consumption of the plasma process decreases simultaneously. The electricity utilities 

demand that the energy costs of the plasma deSOxfdeNOx process should be much 
lower than 5% of the electrical output of a power plant. 

However, the scale of electricity production exceeds the current scale of plasma 
generation by some orders of magnitude. A common unit of a modern power sta

tion generates 600 MW e (i.e. ~ 1.5 · 106 m3 / h flue gas). A plasma process for 
deSOxfdeNOx with an energy consumption of 2% of the station requires a plasma 
power supply of 12 MW power. Currently, the largest avajJable plasma power supplies 

have a power of 200 kW [4]. Therefore, we aim on a deNOx process for the exhaust 
of industria/ chemica! processes such as the nitric acid production. These industrial 

processes have emissions of ~ 103 m3 jh . This is within the current scale of plasma 
technology. It must be realized that the composition of the exhaust of chemica! pro

cesses differs significantly from fiue gas. In our experiments we wil! focus on the 
conversion of nitric oxide in fiue gas and in the exhaust of a nitric acid production 
plant which have respectively a high and low water content. 

The third subject in this research is the modeling of two aspectsof plasma-induced 
catalytic reactions to gain insight in the reaction mechanism. 

Firstly, the excitation of gas molecules is modeled by the simulation of a single 

electron in the plasma. The electron is accelerated in an electric field, and looses 
its energy by inelastic collisions with gas molecules which are excited this way. The 

computer program of this model is used to compute useful plasma parameters such as 
the branching of the discharge energy over the possible excited statesof the molecules 
and the electron energy distri bution function. Simuiatiens of gases with the composi

tion of experimentally used gas mixtures are used to elucidate the mechanism of the 
plasma-induced reactions. 

Secondly, the de-excitation of vibrationally excited molecules is modeled in the 

plasma after-glow. Vibrations are the lowest excited state of a molecule that can 

enhance reaction rates. Therefore, vibrational energy is attractive for low energy costs 
of the plasma-induced ( catalytic) surface reactions. However, vibrationally excited 

molecules are not only de-excited by the reaction with the ( catalytic) surface, but 
also in the gas phase. The quenching in the gas phase leads to heating of the gas 
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which is loss of energy in the plasma. This model computes the ratio of vibrational 

energy transferred to the catalyst and to the gas phase in the experimentally used 

reactor. This ratio is the highest possible energy efficiency of the plasma process with 
vibrationally excited molecules. 

The subjectsof the chapters in this thesis are as follows: 

The rest of chapter 1 contains an introduetion and backgrounds on the subject 

of plasma-catalysis. The fields of plasma's and catalysis have only little in common. 
Therefore, the basic principles of catalysis and plasma's are introduced in section 
1.2 and 1.3 respectively. The phenomenon of plasma-induced catalytic reactions is 
introduced in the introduetion of catalysis. Several properties of plasma species are 
discussed in sectien 1.4. Inthelast part of this chapter, section 1.5, the current status 

of plasma catalysis is sketched. lt is shown that the yield of certain plasma processes 

can be increased by the introduetion of a catalyst in the discharge zone. 
The experimental set-up is described in chapter 2, including the details of the 

plasma-catalytic reactors which are used for our experiments. 
Experimental work on the synthesis of chemieals by plasma-induced catalytic re

actions is presented in chapter 3. Methane is used as test molecule for this part of the 

research. The direct conversion of methane to higher hydrocarbons is stuclied in the 
different plasma-catalytic reactors in presence of several supported metal catalysts. 
This part of the research is based on the catalytic reaction mechanism described by 
Koerts [17]. The oxidative conversion of methane in presence of oxygen is stuclied in 
presence of metal-oxide catalysts. The aim is to achieve a selective, low temperature 
reaction route for the production of methanol or formaldehyde. The temperature 
must be low to avoid the further oxidation of the partial oxidation products. 

A short summary of the experimental results on the direct NO synthesis from N2 

and 0 2 over molybdenum oxide based catalyst is given in the conclusions. 
The application of plasma-induced heterogeneaus reactions for environmental pol

Jution control is described in chapter 4. The conversion of NO is stuclied systematically 
as a function of the compositions of the gas mixture and the presence of a packed 
bed of solid materials in the discharge zone. The concentration of oxygen and water 

are the main parameters of the composition of tbe gas mixture. The efficiency of 
the plasma-induced conversion of NO in presence of silica, Î-alumina, and supported 
metal( -oxide) catalysts in the plasma zone is compared to the efficiency of the reaction 
in the homogeneaus plasma phase. 

In chapter 5, the reactivity of vibrationally excited molecules, produced in a self

sustained discharge, towards heterogeneaus catalytic reactions is analyzed by model
ing. Reactions with vibrationally excited molecules are a challenge because vibrations 
are the lowest non-equilibrium excited state of a molecule with enhanced reactivity 
( same order of energy as the activation harrier of chemica] reactions ). The efficiency 

of the plasma process is expressed in the ratio of vibrational energy which is trans
ferred to the heterogeneaus surface and to the homogeneaus gas phase. This ratio is 
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computed for a wide range of gas pressures and diameters of the voids in a packed 
bed of catalyst particles. 

In chapter 6, the computer program is explained which simulates an electron in 

the plasma. The simulated electron is accelerated in an electric field many times, 
and looses its energy by inelastic collisions with gas molecules which are excited this 
way. The interaction between the electron and gas molecules is performed in a Monte 

Carlo process. The model is relatively simple, does not contain assumptions on the 

electron dynamics, and is especially designed for mixtures of gases. Complicated sets 

of cross-sections, of e.g. nitrogen, oxygen, and methane, can be used without an·y 
difficulty. These features makes the code useful for our aim. The computer program 
of this model is used to calculate useful plasma quantities such as the electron energy 

distribution function and the branching of the discharge energy. These quantities are 
computed for different regions of the discharge. The results of the model calculations 

are used to explain the experimental results on the conversion of metharre and nitric 

oxide. 

The summary and conclusions following from this feasibility study on plasma
induced catalysis are presented in chapter 7. 

1.2 Introduetion to heterogeneaus catalysis 

A catalyst is a material that plays an active role in a chemica! reaction but is not 
consumed itself. The initia! state of the catalyst is regenerated after each reaction 
cycle. A good catalyst increases the reaction rate by several orders of magnitude, and 
improves the selectivity as wel!. In some cases, even the number of reaction steps can 
be decreased which saves equipment and thus investment costs. Therefore, catalysts 

are of great importance in our modern society. Nowadays, almost all bulk chemieals 
are produced by catalytic processes. 

A catalyst increases the reaction rate by offering an alternative reaction route with 
a lower overall activation energy. In the case of heterogeneaus catalysis, the gas phase 
reaction is replaced by a surface reaction. The heterogeneous reaction path consists 
of at least three steps: 

1. ( dissociative) adsorption of the reactants, 

2. reaction of adsorbed species on the surface, 

3. desorption of products. 

The reaction rate of catalytic reactions is higher because the activatien energy 

of each successive reaction step is smaller than in the gas phase. The selectivity of 
catalytic reactions can be higher as well by the selective activatien of a particular 
molecular bond of the adsorbed specie on the catalyst. lt must be noted that the 
thermadynamie equilibrium of reactants and products is not altered by the catalyst 
sirree the forward and backward reaction rates are accelerated in the same proportion. 
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Figure 1.1: The mechanism which is proposed to accelerate catalytic reactions by 
excited reactants. 'G' denotes the Gibbs free energy, 'R' the reactant, 'R*' the excited 
reactant, and 'P' the product molecules. 

Heterogeneaus catalytic reactions are surface reactions. The number of surface 

atoms of the catalytic material, and the total catalyst surface area in the reactor 
must be optimized for an efficient catalytic process. Therefore, the catalytic material 
is usually deposited as very small particles on the surface of a highly poreus, inert 
(pre-shaped) support material such as 1-a.lumina, silica, and titania. The surface 

area of the pores can he several 100 m 2/g support materiaL Methods for catalyst 

preparatien can be found in e.g. [5, 6]. 
An important class of catalysts stem from the group VIII transition metals. The 

catalytic activity of these metals is understood from the relation between the adsorp
tion properties of atoms/molecules and the accupation of the d-valence band. Moving 
from left to right in the periadie system, the bond strength of the adsorbate with the 
metal surface decreases due to the increasing occupation of the d-valence band. The 
bond strength of the adsorbates with the catalyst and the temperature determine 

the surface coverage, which has a large impact on the catalytic reaction rate. There 
is an abundant amount of literature on this subject. Two recent hooks of interest 
are [27,38]. 

Further, not only the band structure of the metal influences the surface reaction. 
The ensemble si ze and surface structure of catalyst particles are at least as important. 

The ensemble size can change the selectivity, and the surface structure determines 
the occupation of the out-of-plane d-orbitals of the surface atoms. These catalyst 

parameters are currently intensively stuclied by surface analysis techniques such as 
XPS, AES, LEED, EM, SIMS, SNMS, EXAFS, Raman, Mossbauer, etc. The amount 
of literature is abundant in this field of interest. 

The a.im of the research on plasma-induced catalytic reactions for the synthesis 

of chemieals is to increase the dissociative adsorption of stabie molecules such as N2 
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and CH4 . The rate of dissociative adsorption of these molecules is low because of 

their high a.ctivation energy. The activation energy can be decreased by exciting the 
reactants in a plasma by inelastic electron impact. The proposed catalytic reaction 
mechanism is sketched in figure 1.1. Only small molecules such as N2 and CH4 can 
be uscd for this reaction mechanism because the intra-molecular relaxation rate of 
excited honds in larger molecules is too high. In principle, new and selective reactions 

are possible in the plasma process. 

1.3 Introduetion to atmospheric plasma's 

A plasma is a gas with free charges, positive and negative, which dominate the prop

erties of the gas under certain conditions (in electric and magnetic fields ). The ap
pearance of a plasma can vary from homogeneaus and weakly luminous to filamentary 

with a bright emission of light . The gas temperature can be near ambient to > 10,000 

K. For the research of this thesis , only the low temperature plasma at a pressure of 
1 bar is used. Most of the research on plasma-catalysis from the literature is per
formed with plasma's at lower pressure. Some charaderistics of low and high pressure 
plasma's which can be used for plasma catalysis are given in table 1.1. The rest of this 
section will give a description of the generation of an atmospheric, low temperature 

plasma. 
An atmospheric pressure plasma is generated by a high electri c field in the gas 

volume of a plasma reactor. The few free electrons, which are always present in 
the gas because of the cosmie radiation or the radiation from radioactive decay of 
elements from earth, will develop to an avalanche of electrans if the electric field 

exceeds a critica! value. The high energetic electrans of the avalanche are responsible 

for ionization and excitation of the gas molecules. 
The first ionization wave, at a low current density, forms a weakly conductive 

path through the gas. The ionization degree in this channel is low, not higher than 

Table l.l: Some characteristics of non-equilibrium plasma at high and low pressure. 

pressure of plasma high (2: 1 bar) low (< 0.1 bar) 

Appearance: filamentary homogeneaus 
inhomogeneous 

De-excitation ra te in high low 

the gas phasc 

Types of plasma: DC corona glow 

streamer corona radio frequency (RF) 

dielectric harrier micro wave (MW) 
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10-3 . This phase of the electrical discharge through the gas is called a non-equilibrium 

plasma since the electrous have an average energy of 5 to 20 eV (i.e. ~ 10,000 K) and 

can induce ionization, whereas the temperature of the neutral gas molecules remains 

approximately constant. The hot electrous gain energy in the electric field which is 
transferred efficiently to excitation of gas molecules. 

The properties of the plasma changes completely when the weakly conducting 

path from the first ionization wave is allowed to develop to a therm al are ( or spark ), 

i.e. a highly conductive channel with a high current density. The ionization degree 

in an are channel can be above 10-1 . In fully developed thermal arcs, the electrons, 

ions, and neutral gas molecules are in thermal equilibrium, and the temperature rises 
to ~ 10,000 K to induce ionization which is necessary to sustain the conductivity of 

the are. At this point it is clear that such high temperatures cannot be applied in 

combination with catalysts and reactant molecules intheir molecular form. Both the 

reaetauts and catalyst wil! decompose at these temperatures. Therefore, are plasma's, 

which are used for the destructien of concentrated toxic materials, are not considered 

anymore in this thesis. The formation of a spark wil! be inhibited by the reactor 
design . 

An intermediate type of discharge is the 'gliding are', the first time applied to 

plasma cbemistry by Czernichowski [8, 9, 21]. The gliding are starts as an anomalous 

glow channel that is blown to the diverging part of the electrades by a high gas 

flow. The discharge channel becomes Jonger with time and ceases when the end of 
the diverging electrades is reached. The process can start agai n at the foot of the 

electrodes. This type of discharge is partially thermal and partially non-equilibrium. 
The plasma has interesting properties for gas phase plasma chemistry. However, the 

electro-static farces and the free charges in the discharge zone wil! induce sticking 

of the catalyst particles to the electrades and themselves like in an electre-static 

precipitator. Therefore, this type of discharge is less useful for plasma catalytic 
applications. 

The non-equilibrium plasma at p = 1 bar can appear in at least three types with 
different properties: 1. the DC corona, 2. the streamer corona, and 3. the silent or 

dielectric barrier discharge. The classification of the types of plasma's is based mainly 
on external features of the plasmaand the way it is generated. In the following we wil! 
discuss briefly how the different types of plasma's are generated and describe some 

properties in relation with the application to chemica! reactions. The electrical and 
physical details of these discharges are the subject of many authors. An introduetion 

in the generation and fundamentals of electrical discharges is written by e.g. Kuffel 

and Zaengl [18]. A very extensive review about the fundamentals and appl ications of 

pulsed streamer corona's is presented in the thesis of Creyghton [7] . The properties of 
a DC corona in combination with pulsed streamer corona is also thoroughly discussed 

in that work. The AC or dielectri c harrier discharge is stuclied by experimental work 
and rnadeling by e.g. Eliasson, Kogelschatz, Pietsch, and Braun [2, 3,11, 12]. 
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• DG corona: 

The DC corona is generated by a constant applied high voltage in the highly 
inhomogeneous electric field between electrades if they have greatly different radii. 
Commonly used electrode configurations are the point-to-plane, wire-to-plane, and 
wire-to-cylinder. The applied voltage on the point or wire electrode must be high 
enough to induce ionization near the high voltage electrode. The ionization region 
is usually a small region of the reactor volume to avoid the formation of a spark. 
The rest of the electrode gap is the drift zone for low energetic electroos and ions. 
A positive high voltage induces a glow discharge with a continuous but fluctuating 
current. A negative high voltage induces very regular current pulses (Trichel pulses) 
at a frequency of several kHz to >100kHz. 

This kind of plasma is successfully applied in electro-static dust precipitation. 
Dust particles are charged in the drift region and subsequently drift to the grounded 
electrode where they stick to. For plasma chemical reactions, however, the DC corona 
gives a very inhomogeneous treatment of the gas. The relatively small ionization 
region is the only place where highly excited molecules are produced, whereas the 
major part of the reactor volume is exposed to slow, drifting electroos and ions. 
Further, most of the electrical energy is lost to the drift of positive and negative i ons. 
Hence, the energy efficiency of chemica] reactions in DC corona plasma's is low. 

• Streamer corona: 

The streamer corona is generated in an inhomogeneous electric field, but at a 
field strength higher than for DC corona onset. The most commonly used electrode 
configurations are the point-to-piarre and wire-to-cylinder Jike for the DC corona. The 
formation of a spark is avoided by the use of a pulsed high voltage. The duration 
of the high voltage pulse must be shorter than the time of spark formation. The 
streamer corona consistsof filamentary discharge channels, called 'streamers', which 
can cross the whole electrode gap. A negative pulsed high voltage gives streamers 
with little branching, whereas the positive pulsed high voltage gives streamers which 
branch more easily. The ionization region is the head of the streamer, and the electron 
drift region is the weakly conducting channel bebind the head (the tail) . The positive 
streamer is generally more effective for the production of radicals and highly excited 
species. The electric field in the head of a positive streamer is probably higher than 
that of negative streamers. 

Although the streamer itself is a very inhomogeneous phenomenon, a rather uni
form treatment of the reactor volume can be achieved because the streamer can cross 
the entire discharge gap. The combination of a DC bias just below the corona incep
tion and a positive pulsed voltage has been shown to create the most effective and 
energy efficient type of plasma for flue gas cleaning [7, 15, 25, 41]. 
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• AC or dielectric barrier dis charge: 

The AC or dielectric harrier discharge is generated in the narrow gap between 
two parallel plate electrodes. The discharge gap is usually 1 to 5 mm wide. The 
formation of a spark is avoided by insulating at least one of the plate electredes with 
a dielectric harrier, usually quartz. The dielectric harrier limits the discharge current 

and decreases the electric field in the gap by the accumulation of space charge on the 
dielectricum. This type of discharge is also called a 'silent ' discharge since the noise 
of a spark breakdown is not heard in this configuration . A dielectric harrier electrode 
contiguration must be supplied with an alternating high voltage for a continuous 
plasma generation. 

The discharge itself consists of small discharge filaments, also called 'micro dis
charges', which cross the small gap. Typically, a few micro discharges per square 

centimeter are observed. The electrons in the head of the micro discharge are highly 
energetic, but also the electrens in the tail have a rather high energy because of the 

homogeneous, high electric field in the gap. A uniform plasma treatment of the gas 
is achieved when the supplied alternating high voltage has an appropriate high cycle 
frequency. This type of discharge is currently the most common way to produce ozone 
from oxygen gas or dry air. 

It can be concluded that the streamer corona and the dielectric harrier discharge 
are the most suitable types of atmospheric non-equilibrium plasma's for the appli
cation to plasma-induced catalysis or other heterogeneous reactions. The efficiency 

of the production of highly excited species is good and an uniform treatment of the 
reactor volume can be achieved. The combination of the plasma generation and a 
solid (catalytic) surface in the discharge volume is presented in chapter 2 where the 
design of plasma-catalytic reactors is discussed. 

1.4 Plasma species and their properties 

In this section the more fundamental aspects of plasma species are discussed: the 
energy costs of formation, the reactivity towards surfaces, and the quenching in the 
gas phase. These quantities are necessary to gain knowledge of the possible plasma
induced catalytic reaction mechanisms and the energy costs . The energy costs must 
compete with the costs of conventional chemica! processes. 

1.4.1 Formation energy 

The gas molecules in a non-equilibrium discharge are excited by impact of energetic 

electrons. The electrens gain energy in the applied electric field and loose energy by 
inelastic collisions with molecules. The energy gain and lossesof an electron balances. 
Thus, the energy of the electric field is transferred to the gas via the free electrons. 

Different excitation processes by electron impact are possible: ionization, dissocia-
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tion, eledronical, vibratio:-~al, and rotational/translational excitation. The rotational 

and translational P.nergy of the molecules define the temperature of the gas. The 

characteristic energies of excited levels from some molecules, which are used in the 
experimentsof this thesis, are tabulated in table 1.2. 

Table 1.2: The excitation modes and the corresponding minimal required excitation 
energiesof common molecules which are used in the experiments on plasma-induced 
catalysis. 

He Ar N2 Oz CH4 

energies in electron volts per molecule 

looization 24.6 15.8 15.6 12.1 12.6 

Dissociation 9.8 6-8.4 9 12 

Excitation 19.8 11.6 6.2-13 1.0 4.2 

Vibration 0.3-2.4 0.2 -0.8 0.2-0.4 

Rot & trans! >0 >0 >0 > 0 >0 

The excitation, dissociation and ionization of molecules are in general energy 

intensive processes compared to the activatien energy of chemica! reactions. Only 
vibrational energy is of the same order as the activatien energies. It is a challenge 
to utilize vibrationally excited molecules from a non-equilibrium plasma to accelerate 

chemica! reactions. 

1.4.2 Reactivity towards surfaces 

The molecules in a plasma are excited by electron impact. Charaderisti c species 

in a non-equilibrium plasma are: electrons, ions, molecular fragments, and all sorts 

of excited states such as electronic, vibrational, rotational/translational excitations. 
The reactivity of electroos and the highly excited species towards surfaces is reviewed 

by Winter [43]. The reactivity of highly excited species is so high that rather general 

conclusions can be made. On the contrary, the reactivity of vibrational and rota
tional/translational excited molecules on a surface depend on the type of molecule, 

its vibrational state, and the surface material to react with. This is demonstrated by 

e.g. molecular beam studies on the dissociative adsorption of CH4 on Pt(llO) [39, 22], 

Ni(111) [20], W(llO) [36,37], and the quanturn mechanica! calculations of Bansen [14] 
of the dissociative adsorption probability of N2 on Re. A brief overview of the con
clusions from the authors is given below. 

Electrons: An electron impact on a surface can induce at least three processes: 
1. emission of a secondary electron, 2. electron stimulated desorption (ESD), and 

3. the dissociation of sorbed molecules. The last two reactions are important for 
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the chemistry of plasma induced processes. The ESD process depends much on the 
sorbate and adsorbate. Desorption of adsorbates is the result of a direct excitation 
process. The cross-section of ESD for sorbed molecules are about 100 times smaller 
than for excitation in the gas phase. The dissociation of adsorbed molecules appears 
to be analogous to the dissociation in the gas phase (Franck-Condon transition) with 
comparable cross-sections. However , both processes are very inefficient due to efficient 
de-excitation on the surface. 

!ons: Positive ions are neutralized with >99% efficiency near a metal surface for 
impactenergiesof 0 to >1000 eV. Neutralization occurs by the transfer of an electron 
from the surface to the ion in a two electron Auger process or a resonance process 
whereby the electron is transferred from the metal surface to an equivalent level 
(meta-stable) in the ion. The decay of the meta-stabie state can result in a highly 
vibrationally excited molecule. The neutralization occurs in about 10-14 

- 10-16 

seconds. These processes arealso very likely to occur at semi-conductor and insuiator 
surfaces. Further , the impact of a molecula7' ion on asolid surface will usually lead to 
dissociation into its various constituent atoms when the translational impact energy 
exceeds the dissociation energy of the molecular ion. 

Radicals: Radicals frequently chemisorb on a surface which appears inert to the 
parent molecule. The sticking coefficient is reasonably large but not unity. It should 
be assumed that a radical will react with a surface unless there is evidence of the 
contrary. 

Elect7·onically excited species: Molecular excited states which can decay by.emis
sion of a photon are probably notimportant in this context sirreetheir relaxation times 
are of the order of 10-7 seconds in the homogeneaus gas phase. They probably do not 

reach the surface before relaxation. The meta-stabie molecules are de-excited very 
efficiently by the two electron Auger process on metallic or semi-conductor surfaces, 
with the same time constant of de-excitation as ions. The time that even a thermal 
molecule spends within a few Angstram from the surface ("' 10-12 s) is very short 
compared to the relaxation time for radiation ("' 10-8 s ). Therefore, the probability 
of de-excitation by emission of radiation is very smal!: 10-7

. 

Vibrationally excited species: Vibrational energy in the dissociation degree of 
freedom can lower the activatien harrier significantly for dissociative adsorption, es
pecially when the harrier is situated in the entrance channel of the reaction [31, 32]. 
A lower activatien harrier can increase the dissociative sticking probability several 
orders of magnitude as is shown by the quantum-mechanical calculation of the disso
ciative sticking probability of vibrationally excited N2 on Re. Molecular beam studies 
on dissociative adsorption of CH4 showed that the effectiveness of vibrational energy 
is equal to translational energy, at least for low vibrational energy. · However , the ef
fectiveness of vibrational energy depends strongly on the sorbate and adsorbate. The 
temper at ure of the (clean) adsorbate has minor influence. 
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Rotationally & translationally excited species: The sum of vibrational, rotational 
and vibrational energy decreases the activatien harrier for dissociative adsorption , 
thereby increasing the dissociative sticking probability. This probability can be higher 
than 0.1 for impact energies near the dissociation threshold of the incident molecule. 
The effectiveness of rotational and translational energy depends on the sorbate and 
adsorbate. The temperature of the (clean) adsorbate has minor influence. 

It can be concluded that only radicals, and vibrationally excited molecules need 
to be considered for surface reactions in atmospheric non-equilibrium plasma's. !ons 
and meta-stabie electronically excited molecules are already de-excited before they 
begin to interact strongly with the surface although they may be highly vibrationally 
excited as a result of the de-excitation. Rotational/ translational excitation can be 
neglected in non-equilibrium discharges. 

1.4.3 Relaxation times 

The relaxation of plasma species is often induced or accelerated by collisional impact 
of non-excited molecules. The pressure of the plasma is an important parameter for 
the relaxation time of plasma species in the homogeneaus gas phase. Low pressure, 
<100 mbar, facilitates the study and use of plasma species, but is not advanteous 
for the production of bulk chemicals. Therefore, we aim on a plasma process with 
a working pressure of 1 bar, taking the higher relaxation rates into account. The 
relaxation times and mechanism of the different plasma species in the homogeneaus 
gas phase at p = 1 bar will be discussed below. The knowledge of these properties is 
necessary to interpret the experimental results . 

!ons: The positive ions, left behind after an impact of an high energetic electron, 
recombine with slow free electrons. The recombination force is strong because of the 
long range Coulomb interaction between two charges. Typical recombination time in 
a streamer corona at p = 1 bar is: w-7 - w-B s. 

Radicals: The molecular fragments, often radicals, are quenched by recombi-
nation of the fragments or a chemica! reaction with other molecules . Also a solid 
surface of the reactor wal! or the catalyst can trap radicals . In an appropriate en
vironment, however, the effective life time of radicals can be of the order of seconds 
to minutes. The environment must be either inert to the radical, or a new reactive 
radical is formed after each reaction cycle. In the latter case, a radical chain reaction 
is involved. 

Excited molecules: Electronically excited molecules decay in the gas phase by 
emitting photons. There are two types of transitions for an excited electron: spin
allowed and spin-forbidden. The radiative life time of spin-allowed decay is short: 
only 10-6 - 10-9 s. The lowest excited states with a spin-forbidden transition to the 
ground state are called 'meta-stable'. The radiative life time can be se ver al seconds 
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or minutes. The decay of meta-stabie states is significantly accelerated by collisions 
with molecules. The collisional frequency of gas molecules at p = 1 bar and T = 298 

K is 9 · 108 s-1 . Consequently, the rate of decay of meta-stabie states is also of the 
order of 10-7 s. 

Vibrations: Vibrational excitations are quenched by transfer of vibrational energy 
to vibration, rotation and/or translation of impinging molecules. Large molecules 
also have the possibility of intra-molecular transfer of vibrational energy from one 
highly excited mode to severallow excitation modes in the same molecule. The intra
molecular relaxations are very fast and efficient . The inter-molecular vibration to 
vibration transfer (V-V) is also eflicient because the collisional frequencies are high at 
p = 1 bar and the energy mismatch of V V transfer is often smal!, i.e. almost resonant 
transitions. Typical values of V-V transfer times for e.g. CH4 are: 10-s - 10-7 s 

( [29,30]) . The energy transfer from vibrations to rotations and translation (V-RT) 
can be relative slow for certain molecules and gas mixtures. For N2 , relaxation times 
for V-RT transfer as long as 52 · 10-6 s are reported [1]. Unfortunately, vibrationally 
excited protonated molecules such as H20, NH3 , and CH4 are efliciently quenched by 
collisions, and arealso eflicient queuehers themselves [19, 10]. The relaxation time by 
V RT transfer is reduced to 10-6 - 10-7 s for protonated molecules. 

Rotation & translation: Rotational and translational energy is the final destina
tien of the discharge energy when it is not used for a chemicaJ reaction. The average 
energy in translabons and rotations of molecules is usually far below the dissociation 
energy of molecules, and therfore chemically not very reactive. 

lt can be concluded that radicals have the highest probability to induce a chemica! 
reaction in a non-equilibrium plasma. The relaxation time of radicals can be long 
compared to the time for chemica! reactions and the sticking probability on surfaces 
is generally high. Vibrationally excited molecules are the second and last possibility. 
The utilization of vibrational excited molecules to enhance reaction rates is attractive 
since the excitation energy is of the sameorder as the activatien energy. The energy 
costs for dissociation of molecules by electron impact are higher than the activatien 
energy. 

1.5 Literature on plasma-induced catalysis 

The research on plasma-induced catalytic reactions has been reviewed extensively by 
Venugopalan and Veprek [42]. This artiele contains more than two hundred references 
to articles on the subject of plasma-catalysis until 1982. Only a brief overview of 
the reviewed experimental results and the major conclusions are presented below as 
background information about the subject of this thesis. The literature on plasma
catalysis from 1983 til! now wil! be discussed afterwards. 
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The experiments reviewed by Venugopalan and Veprek indeed show that a cat

álytic material in the discharge zone can change the product yield and selectivity 

under plasma conditions. The main criterion of the activity of the catalyst under 
plasma conditions is the shift of the steady state product concentratien to a higher 
value than in the homogeneaus plasma reaction. The steady state concentratien un
der plasma conditions is defined as the highest concentration of the product which can 
be obtained after infinite residence time of the gas mixture in the plasma zone. There 

is no analogue for this in the field of thermal catalysis where the catalyst merely accel
erates the reaction, without affecting the thermodynarnic equilibrium concentration 
of the products and reactants. 

The major part of the reviewed research is dedicated to the synthesis of 0 3 , H20 2, 

NO, HCN, NH3 , and N2H4 . The synthesis of 03 and H20 2 is stuclied mostly in 
dielectric harrier plasma's at a pressure near or slightly above atmospheric. The 

synthesis of NO, HCN, NH3 , and N2H4 is mostly performed in glow or inductive 
coupled radio frequ<:ncy (rf) discharges at a pressure of 1 to 100 mbar. The types of 
catalysts in the plasma zone are coatings on electrodes, coatings on the reactor wall, 
or packing materials in the inter-electrode space. 

For the synthesis of 03 and H202, electrode materials other than quartz, glass 
or ceramics usually lead to decomposition of the product. However, a solid inert 
material in the inter-electrode space increases the 0 3 yield significantly. This effect 
is attributed to the efficient quenching properties of surfaces for excited product 
molecules (i.e. the wall-effect), and nota synthesis reaction on the surface. 

The selectivity of the reaction of N2 to NO, NH3 , or HCN can be increased several 
times when a metal catalyst is introduced in the low pressure discharge zone. For the 

glow discharge plasma, the activity of metal catalysts is found to be Pt, Pd > Fe, Ni, 
Cu > Ag. The high temperature resistant metals Mo, W, and Ta are the most active 
catalysts in the inductive coupled rf plasma's. 

The reaction mechanism of the conversion of N2 in a low pressure glow discharge 
is well understood. The efficiency of the reaction can be related directly to the work 
function <p of the applied metal catalysts. This indicates an ionic reaction mechanism 

of the first and rate limiting step of the reaction: the dissociative adsorption of Nt 
to the metal catalyst. 

me tal sur J ace 
---> 2 Nad (1.1) 

Thc direct proof of this reaction mechanism is given by the activity of the catalyst 
which is lower on the anode than on the cathode. 
The higher yields of NO and HCN in a rf plasma with Mo, W, and Ta (oxide) catalysts 

are explained by the dissociative adsorption of N2(A) and possibly N2(X,v > 0): 

(1.2) 

The proposed reactivity of these low excited states of N2 is deduced from the analy
sis of the boundary layer between the plasma and the catalyst. It was measured by 
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means of optica! spectroscopy that the vibrational temperature in the boundary layer 

is significantly higher than in the bulk of the plasma. The high vibrational tempera

ture is caused by the desorption of vibrationally excited products from the catalytic 

reaction. The mechanism of the enhanced dissociative adsorption of reactants is at
tributed to the the high vibration-vibration energy transfer between product and 
reactant molecules. 

Venugopalan and Veprek conclude that only the ionic dissociative adsorption 

mechanism is well understood. However, this mechanism is not useful in the con

text of this thesis since the formation of ions is much too energy intensive compared 

to the conventional ( catalytic) routes for the production of bulk chemica! such as 
NO, HCN, NH3 . 0 3 is one of the few bulk chemieals that is most efficiently pro

ducedinplasma's on industrial scale. The utilization of low excited statesof reactant 

molecules, such as vibrations, is necessary to decrease the energy costs of the plasma 

process. Ho wever, there is a major Jack of understanding of the surface processes in 

plasma catalysis. Correlations of the activity of t he metal catalysts with their work 
function and, in case of the transition metals, the d-band character is not sufficient. 

Conventional catalysis has proven that the partiele size and surface structure of the 

catalyst particles are at least as important as the properties of the bulk metallattice. 

These features have not been a subject of study in plasma catalytic reactions until 

then. 

Further, the performance of the plasma-induced catalytic reactions is good in rela
tion with the homogeneous plasma reaction, but still not good enough for application 

in practice. The highest reported concentratien of products at the end of a plasma 

process with a catalyst never exceeded 15%. Product concentrations between 1 and 

3% are reported most frequently. The catalyst merely effered an alternative reac

tion path with a higher selectivity of the desired product, but did not increase the 
conversion of the reactants. The selectivity of t he catalysts with molecular reactants 

other than the elements, seldom exceeded 20%. For example, the conversion of NH3 

to N2H4 leads mainly to dissociation of NH3 . Only a fraction of the converted NH3 

reacted to N2H4. The conversion of N2+CH4 to HCN suffers from the same problem. 

The main product is C2H2. 

From 1983 til! now, only a limited amount of workis publisbed on plasma-induced 
synthesis reactions. The research of the group of Amouroux (Paris) on the plasma
induced catalytic synthesis of NO and the decomposition of NH3 is reviewed by 

Gicquel [13]. The experimental results and the analysis of the reaction zone are 

mainly used to support the theory of enhanced reaction rates for vibrationally ex

cited molecules to heterogeneaus catalytic reactions. 
The energy costs of NO synthesis from N2 and 0 2 in a plasma is optimized by 

Mutel [26]. The highest energy efficiency of 28 MJ /kg NO and an outlet con centration 

of 6% is obtained in a low pressure discharge at p = 60 Torr, N2/02 =65/35, and a 
Mo03 or W03 coating on the reactor wall. This high energy efficiency is related 
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to a reaction mechanism involving vibrationally excited nitrogen molecules in the 

electronic groundstate as appeared from measurements of the state of the N 2 molecule 
in the plasma phase. 

The NH3 synthesis is studied. in a low pressure glow discharge by Touvelle [40] . 
The feed of the reactants is separated so that pure N 2 and H2 plasma's are generated 
which react in the reactor zone with a silver coating on the wal!. They concluded that 

NH3 is formed by nitriding of the silver, followed by hydrogenation. Miyahara [24] 
comes to other conclusions. The NH3 synthesis was stuclied by a low pressure glow 
discharge in a N2 /H2 mixture. A wide variety of catalysts are studied. Since the 
differences in NH3 yield are only small, they concluded that only t he wall-effect is 
important. In the same article, Miyahara discusses the mechanism of N2H4 formation 
in the plasma-catalytic reaction. 

The introduetion of asolid catalyst in the plasma zone has been proven to increase 
the energy efficiency and selectivity of plasma synthesis reactions. The main reason for 
the use of a catalyst is that the excitations and reactions in a plasma are oot selective. 
Therefore Venugopalan states in the conclusions that: "ft has been pointed out that 

catalytic processes are the only realistic way of increasing the reactor yield. " [42]. The 
dissociation of molecular ions on the catalyst is a well established reaction mechanism, 
however very energy intensive. The generation of an ion in a plasma usually costs 
~10 eV per molecule. The dissociative adsorption of vibrationally excited molecules 
in their electronic groundstate costs much less energy, a few eV per molecule. The 
latter mechanism is proposed as a result of the spectroscopie analysis of the plasma
catalyst boundary layer. The temperature of the gas in the boundary layer is never 
reported, however. The use of a water cooled quencher, and the metals Mo, W, and Ta 
as catalysts strongly suggest a high gas temperature in the low pressure, inductively 
coupled rf discharge reactors of Gicquel and Rapakoulias [13,33- 35]. 

The first aim of this thesis is to perform some of the low pressure plasma-catalytic 
reactions discussed above at a pressure of 1 bar. A reaction mechanism based on 

vibrationally excited molecules as proposed by Gicquel and Rapakoulias is achallenge 
from the point-of-view of energy efficiency. The working pressure of the plasma 
process is restricted to 1 bar in our experiment to study the feasibility of applications 
in the industry. However, considerable problems are expected for the mean time of life 
of plasma species. Therefore, the design of our plasma-catalyt ic reactors is focussed 
on the generation of a plasma near the catalyst as much as possible. 
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Chapter 2 

Experimental Set-up 

The experiments on plasma-induced catalytic reactions are performed in Iabaratory 
scale equipment. The plasma-catalytic reactor is supplied by two different circuits: 

the gas circuit for feedof gaseous reactants and detection of products, and the electri
cal circuit for plasma generation and measurement of the power input in the plasma. 
An schematic overview of the experimental setup is given in figure 2.1. 

Gas Mass-
circuit ~··············/ spectr. 

••• • •••• • 0 •••••• Reactor 

/ ............... : Ë HV 
circuit 

:EMC 
. 

: ................. : shielding 

Figure 2.1: A schematic overview of the experimental setup, which is used for 
the study of plasma-induced catalytic reactions. The plasma power supply and the 
reactor are placed in a cage of Faraday. 

The gas and electrical circuit for the supply of the reactor is described in section 
2.1. The design of the plasma catalytic reactors is described in section 2.2. In 

the plasma-catalytic reactors a large catalytic surface area and the generation of a 
plasma have to be combined. The high voltage power supplies which are used for the 
generation of a plasma are explained in section 2.3. 
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2.1 Gas and electrical circuit 

The electrical circuit consists of a high voltage (HV) power supply for plasma gener
ation. The most frequently used power supply is a 'sparkgap' switched high voltage 
circuit. The energy input in the plasma is typically between 5 and 20 mJ per discharge 
pulse. The generation of a plasma is accompanied by sharp voltage and current peaks 
which are a souree of electro-magnetical perturbation. Therefore, the reactor and the 
plasma power supply are placed in a cage of Faraday. The whole electrical circuit 
inside and outside the cage of Faraday is designed to minimize electro-magnetical 
compatibility (EMe) problems. The remaining electrical perturbation is removed by 
an inductance in the pulsed power supply, which suppresses the very high frequen
cies in the discharge current. The perturbation of the plasma generation on the gas 
analysis measurement equipment is reduced finally to below the noise level. 

The energy input into the pulsed discharge in the reactor is computed from current 
and voltage measurements on the electrades of the reactor. The pulse voltage is 
measured with a Tektronix P6015A probe and t he discharge current with a Pearson 
2877 current transformer. The voltage and current waveforms are measured by a 
digital Tektronix 4220 oscilloscoop at a bandwidth of 20 MHz. The digitalized voltage 
and current waveforms are transferred to a computer where the discharge energy per 
pulse is computed. eorrections are made for the time delay between the voltage 
and current measurements, and the capacitive current in the circuit . The capacitive 
current charges the reactor and the high voltage wires before the discharge occurs. 
Therefore, the energy computed is the discharge energy per pulse which is dissipated 
in the reactor. The electricallosses in the HV power supply are not considered. 

The reactor is fed with a gas mixture from a gas manifold wit h electronic mass 
flow controllers. The gases are used directly from botties without further purification. 

The quality of the gases are: He 4.5, N2 3.0, 02 3.0, H2 2.5, e H4 3.0, and a mixture 
of 5% NO in He 4.5. The gases are supplied by Hoekloos B.V. (The Netherlands). 
The gas flow through the reactor is typically between 100 and 200 Nml/min. 

The products from the reactor are analyzed by a Balzers QMG 420 mass-spectro
meter. The tubing outside the EMe box is made of stainless steel. lnside the EMe 
box teflon tubing is used to avoid discharges to the gas tubing. The stainless steel 
tubing from the reactor to the rnass-spectrometer is heated to 120 oe, and the teflon 
tubing to > 50 oe (by IR radiation) to avoid condensation of products. 

The discharge zone of the reactor can be heated to >500 oe in a hot air oven. 
The metal parts of the electrical heating equipment must be positioned far enough 
from the reactor to avoid undesired discharges. 
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2.2 Reactor design 

The reactors for plasma-induced heterogeneaus catalysis have to campromise between 

the conflicting demands of plasma's and catalysis. A plasma is generated in the ho
mogeneous gas phase and is quenched near surfaces, whereas heterogeneaus catalysis 

is a surface reaction which becomes more efficient at high surface area per unit reac
tor volume. Three reactors are developed for plasma induced heterogeneaus catalysis, 

and one plasma reactor without a catalyst for chewical synthesis. These four reactors 
are used for the experiments described in this thesis. The design and properties of 

these reactors are discussed below. The inner diameter of a tube is abbreviated by 
'i.d.'. 

2.2.1 Point-to-gauze reactor 

Figure 2.2: 
catalyst. 

HV 

• -
i.d. 25 mm 

The point-to-gauze reactor with the grounded metal gauze used as 

The corona plasma is generated between the point and the plane ( = catalyst ga u ze) 
electrode. The corona discharge can be generated by a DC or pulsed high voltage 
on the point electrode. The distance between the point and the gauze is typically 20 

mm for pulse voltages up to 30 kV. 
The advantage of this reactor is the relative easy design and scale-up possibilities. 

Further, the products are immediately out of the plasma zone. 
The disadvantages are numerous, however. The catalyst surface area is small 

per unit plasma volume: 0.4 cm- 1 . Bulk surfaces are usually only little reactive for 
catalysis. Catalyst gauzes are commercially available only fora few metals (alloys). 

The generation of plasma species occurs relatively far from the catalyst . The major 

part of the plasma species are quenched or react already in the homogeneaus gas 
phase before the catalyst is reached. And finally, the discharge properties depend 

strongly on the gas mixture, with the risk of spark formation. 
Th is reactor is used for initia! experiments only. The experiments with this reactor 

wen~ stopped because of the disadvantages discussed above. 
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2.2.2 Wall-coated ozomzer 
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I 
Gap: 2.5 mm 

Figure 2.3: The ozonizer reactor with a catalyst coating on the dielectric reactor 
waJJ. 

The name of this reactor originates from the type of plasma reactors which are used 

for the production of ozone. The plasma is generated in the smal! gap between two 
concentric quartz tubes. The electrodes are two metal foils. The grounded foil is 
around the outside of the outer tube, and the high voltage electrode inside the inner 
tube. Thus, each electrode has a dielectric harrier. The plasma can he generated by 
an AC or pulsed high voltage. In our case, a positive pulsed high voltage is used, 

generated by a sparkgap circuit. The gap between the quartz tubes is only 2.5 mm. 
Spark formation is not possible because of the dielectric barrier. The catalyst is a 
coating on the inside of the outer tube. 

The main advantages of the 'wall-coated ozonizer' are use of a supported catalyst, 
and an increased surface area to plasma volume ratio. Catalytic materials are usually 
more reactive when they are deposited as smal! particles on a support. The sand 
blasted quartz tube as wel! as a washcoat can he used for catalyst support. The surface 
area to plasma volume ratio is increased ten times to 4 cm- 1 as compared to the point
to-gauze reactor. The transportation time of plasma species to the catalyst is reduced 

also due to the small discharge gap length. Moreover, the discharge properties are 
only slightly dependent on the gas mixture. 

The disadvantages of this reactor are that the products are exposed to the plasma 
and that the dielectric harrier is eroded by the discharge. The erosion of quartz is 
minima!, however. 

2.2.3 Fixed bed reactor 

The plasma is generated between the high voltage wire electrode and the grounded 

metal foil around the quartz reactor tube. An AC or pulsed high voltage can be 
used to generate the plasma. In our case, a positive pulsed voltage from a sparkgap 
circuit is used. The discharge gap is filled with a packed bed of non-conducting 
catalyst particles. The discharge proceeds through the voids in the packed bed and 
not through the micro-pon~s of the catalyst particles. The mean free path for free 
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Figure 2.4: The fixed bed reactor. The catalyst is a packed bed of non-conducting 
particles in the electrode gap. 

electrans is too smal! in the micro-pores for the existence of a discharge. 
The advantage of the packed bed reactor is that it possesses the most optimized 

catalyst surface area to plasma volume ratio of :::t> 100 cm-1. The supported catalysts 
are prepared in a conventional way, using the standard support materials such as si! i ca, 
1-alumina, etc. Therefore, the properties of the catalysts are quite wel! known. The 
plasma is generated in the voids of the bed, very near to the catalyst surface. (In a first 
approximation, the dimension of the voids can be considered equal to the diameter of 
the support particles.) Further, the dielectric reactor wal! makes the plasma current 
almost independent of the gas mixture, and spark formation is inhibited. 

The disadvantages of this reactor are the following. The products are exposed to 
the plasma and consequently can suffer from further reactions. The discharge itself 
cannot penetrate into the micro-pores of the catalyst partiele which represent the 
major part of the catalytic surface area. The plasma species must diffuse from the 
voids in the bed to the catalytic sites. Further, when using supported metal catalysts, 
the metalloading ca.nnot exceed ~10 wt% because the conductivity of the cata.lyst 
must be very low. At higher metalloadings, the discharge current is conducted by 
the catalyst instead of generating a plasma in the voids of the bed. Supported meta.l 
catalysts usually have a surface coverage «10 wt% to avoid sintering of the disperse 
phase. Hence, an important fraction of plasma species can be quenched by a non
useful interaction with the bare support surface. 

Th is 'fixed bed' reactor is most intensively used for the ex perimental work of this 
thesis since the chance of finding a plasma-induced heterogeneaus catalytic reaction is 
expected to be the highest of the three plasma catalytic reactors. The main advantage 
of the 'fixed bed' reactor is the most optimized combination of the confiicting demands 
of plasma and catalysis. 

2.2.4 Capillary reactor 

One other plasma reactor is developed, primarily for use without a catalyst. The 
plasma is generated in the gap between two wire electrades in the narrow capillary. 
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1 
i.d. 0.8 mm 

Figure 2.5: The capillary reactor. This reactor consists of a very narrow capillary 
and does not have a catalyst in the discharge zone. 

The discharge is induced by a voltage higher than the inception voltage. The max

imum discharge current must be limited by a series resistor and induction to avoid 

the formation of a thermal are channel. A transient, pulsed discharge occurs when a 
gas velocity of > 1 m/s is used in the narrow capillary. The conducting path from 
the first ionization wave is blown away before the channel transfarms to an are. The 

discharge repetition frequency can be as high as 5 to 25 kHz. 
The advantage of the 'capillary' reactor is the very intense plasma treatment of 

the gas, which can lead to high conversion of the reactants. The residence time of 

the gas mixture in the plasma zone is only a few milli-seconds, which avoids a long 
exposure of the products to the plasma. The DC power supply is cheap, reliable, and 
energy efficient. Further, the ratio of surface area / plasma volume equals 40 for a 

capillary of 0.8 inner diameter. Fast queuehing of reactions on the capillary surface 
will occur. 

The disadvantage of this reactor is the partially thermal nature of the discharge. 
A part of the discharge energy is directly converted to heat insteadof non-equilibrium 
excitations of reactants. This condusion is drawn from the appearance of the dis

charge and the products which are measured in experiments. Theerosion of the wire 
electrode can be high for certain gas mixtures. 

2.3 High voltage power supplies 

The most frequently used power supply for plasma generation in the experiments is 
a so called 'sparkgap' circuit, sketched in tigure 2.6. The sparkgap is high voltage 
switch in the pulse circuit. The circuit generates high voltage pulses with a maximum 
peak voltage of +30 kV and a rise time of 50 ns . The pulse forming capacitance 'C' is 

charged by a negative DC high voltage via resistors 'Rl ' and 'R2' . Subsequently, the 
capacitance 'C' is discharged through the reactor 'r' by activation of the sparkgap 'S'. 

The inductance 'L' limits the pulse voltage rise time to reduce the electro-magnetical 
perturbation of the electronic control and measurement equipment. This sparkgap 

circuit has a repetition frequency of 0 to 200 Hz. The electrical properties are de-
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scribed by e.f!,. Creyghton 1 . The voltage 'V' and current 'A' measurements are 
performed on the electredes of the reactor. 

max. 
-30 kV 

Figure 2.6: The sparkgap circuit. The value of the passive components in this 
circuit are: Rl = 5 MD, R2 = 2 MD, C = 166 pF. The sparkgap 'S' is activated by 
the trigger souree 'T'. The voltage rise time on the electrode of reactor 'r' is Jimited 
by inductance 'L'. Voltage 'V' and current 'A' measurements are performed on the 
electrades of the reactor. 

This type of sparkgap circuit is well suited for Iabaratory use because discharges 
can be generated in various types of reactors without adjustments to the circuit. The 
disadvantage of sparkgap circuits for large scale applications is the sparkgap itself. 
High currents through the sparkgap causes serious erosion of the electrodes. The 
discharge currents in our smalllaboratory setup are only smal!. 

The sparkgap circuit cao be replaced by solid state switched power supplies. The 
solid state switches can operate to voltages of only a few kV. The relative low voltage 
pulses must be transformed up to the desired high voltage by a pulse transformer. 
An example of such a circuit is sketched in figure 2.7. The solid state switches 'sl' 
and 's2' are opened in an alternating mode to charge and discharge capacitance 'Cp' 

through the primary side of the pulse transformer. The extra inductance 'Lp' can be 
used to adjust the pulse shape and current. 

The transient discharge in the 'capillary' reactor can be generated by a simple 
DC power supply. The DC power supply exists of a DC high voltage souree with 
a resistance 'R' and inductance 'L' in series with the reactor 'r'. The resistance 
limits the spark cun·ent, and the inductance facilitates the repetitive behaviour of 
the discharge in the reactor. A large inductance can replace a part of the resistor, 

1Creyghton Y.L.M.; Pulsed Positive Corona Discharges. Fundamental Study and Application 

to Flue Gas Treatment ., PhD thesis, Dept. Elect. Eng., Eindhoven University of Technology, 
September 1994, The Netherlands. 
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Figure 2.7: The solid state switched pulse circuit. The solid state switches are 'sl' 
and 's2'. A pulse transfarmer is used to increase the pulse voltage to the desired value. 
The combination of the pulse forming capacitance Cp and inductance Lp determines 
the waveform of the primary voltage. 

max. 
+30 kV 

R L 

Figure 2.8: The DG power supply. The current tbrough tbe reactor 'r ' is limited 
by the resistance 'R ' and inductance 'L'. The transient behaviour of the discharge is 
enhanced by the inductance. 
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thereby reducing the electrical losses by ohmic dissipation. 

2.4 Measurement and calculation of discharge en

ergy 

Many conclusions in this thesis are based on the energy costs of the plasma-induced 

process. In this section, the measurement and calculation of the energy input in the 
plasma is explained. 

The voltage and current measurements are performed at respectively the high 
voltage and grounded electrode of the plasma reactor. The voltage and current probes 
are positioned at a distance of approximately 10 cm from the plasma zone. The 
voltage and current measurements are sampled and stored by a digital oscilloscoop 
at 20 MHz bandwidth filtering. The digitized voltage and current wavefarms are 
transmitted to a personal computer where the energy input in a single discharge 
pulseis computed. The power input in the plasma of the reactor is the product of the 
pulse frequency and the mean energy input per discharge pulse. The mean energy 
input in a discharge pulse is computed from 30 to 50 samples. 

The calculation of the energy input is performed as fellows. Firstly, the time delay 
between the voltage and current measurement is corrected. Secondly, the energy input 
of a single discharge pulse is computed in the following way. The total energy input 
'Etot' in the reactor is defined by: 

Etot = j V(t).I(t) dt (2.1) 

in which 'V(t)' and 'l(t)' are respectively the measured voltage and total current 
through the reactor. 

However, the energy input in the plasma differs from the total energy input in the 
reactor since the measured total current is tbe sum of the discharge and capacitive 
current. The capacitive current originates from the geometrical capacity of the plasma 
reactor and the high voltage power supply. The computation of the corona discharge 
current 'Icor' from the measured tot al current is performed by: 

fcor(t) = J(t)- fco.p(i) 

dV(t) 
fcap(t) = Cgeo·~ 

(2.2) 

(2.3) 

In these expressions is 'Icor' the corona discharge current, 'Ico.p' the capacitive current, 
and 'C9• 0 ' the geometrical capacity of the reactor and the high voltage power supply. 
Once the corona discharge current is known, the energy input in the corona plasma 

'Ecor' is computed by: 

Ecor = j V(t).Icor(t) dt (2.4) 
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Figure 2.9: Typical examples of voltage and current wavefarms which are measured 
on the 'fixed bed' reactor in presence and absence of a catalyst bed, and at high and 
low discharge frequency. Dry air is used as test gas. The total and corona energy is 
calculated to be (in mJjpulse) a: 7.8 and 7.3, b : 6.4 and 5.9, c: 6.6 and 6.1, d: 5.4 
and 4.9. 
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The geometrical capacity can be determined at low pulse voltage such that the 
corona discharge does not occur. The measured current through the reactor is purely 

capacitive in this case. The geometrical capacity is computed from the accuroulating 
charge 'Qcap' in the reactor by the following equations: 

Qcap(i) = j fcap(i)dt with fcap(i) = J(t) (2.5) 

C _ Qcap(t) 
geo - V(t) (2.6) 

Typical measurements of pulsed voltages and discharge currents are shown in 
figure 2.9. The 'fixed bed' reactor is used in these experiments in presence and 

absence of a catalyst bed in the discharge zone. The dimensions of the 'fixed bed' 
reactor are: a quartz tube of 9 mm inner diameter, 1 mm quartz wal!, a stainless 
steel wire electrode of 1 mm diameter, and an aluminium foil of 10 mm width around 
the quartz tube as ground electrode. -y-Aiumina of sieve fraction 250-425 f.J-ffi is used 
as bed materiaL Dry air at a flow of 100 Nml/min is used as test gas. The samples 
of voltage and current measurements are obtained at a discharge frequency of 1 and 
100 Hz. The corresponding calculated total and discharge energies are given in the 

caption of figure 2.9. 
The voltage rises typically with a rate of 0.4 kV / ns. The corona current has a 

duration of less than 100 ns. The shape and energy of the corona current does not 
differ much as a function of the discharge frequency and the presence or absence of 
a catalyst bed. However, the corona current in presence of a catalyst bed shows a 
lower inception voltage than in the empty tube reactor. 
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Chapter 3 

Methane conversion 

Abstract 

The direct conversion of CH4 to its oxygenates or hydrocarbons is stuclied in a 
plasma reactor in the presence of catalytic materials. The activation of the reactant 
in the plasma induce the possibility to uncouple the temperature of the catalyst from 

the activation of a noble molecule such as CH4• In principle, low temper at ure reaction 
routes are possible which might be selective to partial oxidation products. 

The direct conversion of CH4 to hydrocarbons in the plasma-catalytic reactor is 
an energy intensive process. The presence of metal catalysts favors the product yield 
of hydrocarbons, but cannot decrease the energy casts below 75 eV per converted 
CH4 molecule. From the high energy casts, it is concluded that low excited statesof 
CH4 (vibrations) are nat used efficiently for the catalytic reaction. The product yield 
can be explained by plasma-induced radical chemistry only. 

The plasma-induced oxidation of CH4 with 0 2 leads to synthesis gas formation 
instead of the desired formaldehyde or methanol. The reaction is explained by a free 
radical oxidation reaction of CH4 , which is initiated by the radicals produced in the 
plasma. The oxidation of CH4 to synthesis gas can become autothermal at relative 
high [02] in presence of a particulate material in the discharge zone. The plasma is 
then reduced to a tooi to ignite the reaction, and can be switched off subsequently. 
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3.1 Introduetion 

The direct conversion of CH4 to its oxygenates or higher hydrocarbons is an enormous 
challenge. CH4 is the major compound of natura! gas which is available in an abun
dant amount on earth. Unfortunately, the transportation of CH4 toareasof industrial 
activity is expensive and difficult because of its low condensation temperature of 112 
K at p = 1 bar. Therefore, CH4 as by-product of e.g. oil exploitation or refining 
is aften burned without any use at the location. Direct and selective conversion of 
CH4 to more valuable and transportable products such as methanol , formaldehyde or 
hydrocarbons, wiJl increase the beneficia! use. 

The plasma-induced conversion of CH4 is stuclied at a pressure of 1 bar in sev
eral plasma-catalytic reactors. Our aim is to enhance the catalytic reaction rate by 
activatien of CH4 in a non-equilibrium plasma. The dissociative adsorption rate of 
'noble' molecules such as CH4 and N2 is aften the rate limiting step in their catalytic 
reactions because of the high activatien energy. The reaction rate can be increased 

by excitation of the reactant which decreases the activatien harrier. The use of the 
plasma for excitation of molecules uncouples the temperature of the catalyst from the 
activatien of the reactant. 

The combination of a plasma and a catalyst is investigated in this work with the 
aim to induce direct and selective conversion routes for CH4. The reaction rates of 
excited plasma species such as ions, radicals, electronically and vibrationally excited 
molecules are usually high. However, the excitation in a plasma is not selective. 
Therefore, a catalyst is introduced in the plasma zone to increase the selectivity of 
the reaction and to utilize the lower excited species. Vibrationally excited CH4 is 
an attractive reactant since vibrations are the lowest non-equilibrium excited state 
that can enhance reaction rates, see the theories of Polanyi [25] and Wolken [26], 
and the quantum-mechanical calculations of Hansen [1 2] . The experimentalproof of 
these theories is supplied by supersonic molecular beams experiments on the activated 
dissociative adsorption of methane on single crystal model catalysts. The dissociative 
sticking probability of methane, Sa, is determined as a function of the translational 
and vibrational energy of the impinging methane molecules on single crystal surfaces 
of Pt(llO) [20,29], Ni(111 ) [18], and W(llO) [27, 28]. The initia! Sa of 10-6 at room 
temperature increases to 10-1 at a kinetic impact energy of 1 eV (the C- H bond 
strength is 1.21 eV) . The dissociative adsorption is explained by tunneling of a proton. 
Vibrational energy is at least as effective as translational energy for Sa in the range 
of 10-6 - 10-3 . Unfortunately, vibrational excitation energies higher than 0.25 eV 
cannot be realized with the heated nozzle method. Thus, no data are yet available in 
the chemically interesting region of Sa of 0.1 - 1. 

CH4 is a difficult reactant to convert. The thermo-dynamica! equilibrium of the 
direct synthesis of higher hydrocarbons from methane is strongly in favor of methane. 
Either a pressure swing of reaetauts or a temperature swing is necessary to obtain 

a high yield of higher hydrocarbons. Koerts [16] stuclied a two step process with 
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a temperature swing to overcome the gap in the Gibbs free energy. Firstly, CH4 

is dissociatively adsorbed at a temperature of 300-600 oe. Secondly, the adsorbed 
carbonaccous species are desorbed by hydragenation at a temperature of 100 oe. The 
maximum selectivity to higher hydrocarbons, further denoted by C:j, in the products 
is 13%. The major part of the carbonaceous species is hydrogenated back to CH4 • 

Our aim is to perform this reaction at a constant, low catalyst temperature and 
without pressure swing of reactants. The non-equilibrium plasma is used to induce the 
dissociative adsorption of excited CH4 onto the catalyst surface. The temperature of 
the catalyst should be such low that C:j is produced by hydragenation of the adsorbed 
carbonaceous species. The proposed mechanism is: 

l 
(3.1) 

i i 
plasma catalyst 

These experiments are the subject of section 3.3. 
The direct conversion of CH4 in plasma's is also a topic of research. The production 

of acetylene in a thermal plasma torch is applied on industrial scale at MWatt plasma 
power. Fast quenching of the hot product stream is essential to obtain the desired 
products. The CH4 dimerization is stuclied by Huang and Suib in the gas phase of 
a microwave plasma at p = 10-100 Torr, and in presence of a metal catalyst in the 
plasma afterglow [14,31]. These plasma processes have an energy efficiency of only 

<3.3%, and suffer from coking at high CH4 conversions. The low working pressure is 
also a disadvantage for industrial application. 

The catalytic oxidative conversion of CH4 is attractive since the reaction equilib
rium shifts strongly to the side with the stabie oxidation products. Usually, these 
processes are performed at high temperatures of 600- 1200 oe because of the high 
activation energy of CH4 • The amount of literature on the oxidative conversion of 
CH4 is abundant. Examples of catalytic processes are the oxidative coupling of CH4 

to ethane (see e.g. [24, 33]) and the partial oxidation of CH4 to its oxygenates (see 
e.g. [3,5, 8- 10,22,24]). Unfortunately, the selectivity tomethanol and formaldehyde is 
usually low because the reaction products are oxidized easily further to CO and C02 . 

Recently, the oxidation of CH4 with 0 2 to synthesis gas is observed over a supported 
rhodium catalyst at a contact time of only several milli-seconds [4, 13]. This process 
might replace the current industrial process of the endothermal steam reforming of 
CH4 to synthesis gas. Synthesis gas can be produced also at a low temperature of 
425 oe over a Fe2(Mo04h catalyst [23,24]. However, this reaction produces synthesis 
gas only with a high CO/H2 ratio. 

Our aim is to investigate the possibilities of an oxidative catalytic conversion 
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of CH4 at a low temperature to avoid the oxidation of partial oxidation products. 
The reaction of excited CH4 species with an oxide catalyst might produce metharre 
oxygenates in a direct way according to the following scheme: 

plasma • 
..._... CH;, C H3 

(3.2) 

----+ MOx 

This work is the subject of section 3.4. 
The production of partial oxygenates of CH4 is also a topic in plasma research. 

The plasma induced oxidation of CH4 with 0 2 in a thermal plasma torch leads to 
synthesis gas . The ratio COIH2 can be adjusted by the [02] in the feed [19]. In 
the same article, the comparison is made between the plasma torch and the 'gliding 
arc'(an intermediate between a thermal and a non-equilibrium plasma) . The 'gliding 
are' gives an energy efficiency of 40% for the production of synthesis gas from the en

dothermal reaction of CH4 with C02 . The partial oxidation of CH4 in a low pressure, 
non-equilibrium microwave plasma produces also mainly carbon oxides because the 
intermediates leading to the partial oxidation products are easily oxidized further to 
COx in the radical rich plasma phase [15] . The same holds for the plasma reaction 
in a dielectric harrier discharge at p = 1 bar, which also gives low selectivities to 
methanol [21]. 

The possible success of the plasma-induced reaction for large scale industrial ap
plication depends strongly on the energy costs of the reactions in the plasma. The 
plasma process has to compete with the existing ( catalytic) processes. Hence, many 
results in this chapter are presented as the energy costs per converted CH4 • The 
energy costs per converted CH4 molecule are computed from the energy input in the 
plasma divided by the number of converted CH4 molecules. The unit of energy costs 
per converted CH4 molecule is electron volts: further denoted by 'eV ICH4' in the 
rest of this chapter. The conversion of this unit to some other commonly used units 
is descri bed in the table 3.1. 

Table 3.1: The conversion of the unit 'e V /CH4 ' which is used in this report, toother 
commonly used units. The unit 'G(-CH4 )' is often used in e-beam experiments. 

I eY ICH4 ~ 96.4 kJ I mole converted CH4 

597.5 g converted CH4 I kWh 

1 converted CH4 molecule per 100 eV energy input 
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3.2 Experimental 

Three types of plasma-catalytic reactors are used for the experiments on CH4 con
version: the 'wall-coated ozonizer', the 'fixed bed', and the 'capillary' reactor. The 
(dis- )advantages of these reactors for the study of plasma catalysis are discussed in 
chapter 2 of this thesis . The experimental details of the reactors are presented below. 

The 'wall-coated ozonizer' reactor consists of two concentric quartz tubes wîth 
a discharge gap of 2.5 mm and an outer quartz tube of 3.7 cm i.d. The metal foil 
electrodes are 4 cm wide. The plasma volume is equal to 5.6 cm3 and the surface 
area of the reactor wal! in the plasma zone is 46 cm2 . The catalyst coating is a metal 
deposit on the inside of the outer quartz tube, which is roughened by sandblasting. 
The metal catalyst coating is prepared by evaporation of an aqueous solution of the 
metal salt, foliowed by reduction at 400 oe. The following metal catalyst are made 
with a loading of0.058 g/cm2 : Pt, Ru, Ni, Fe, Cu, Ag, and Au. The 'ozonizer' reactor 
is usually operated at a total flow of 200 Nml/min. 

The 'fixed bed' reactor consists of a quartz tube, i.d. 9 mm, with a stainless steel 
wire electrode of 1 mm diameter through the center, and a grounded metal foil of 1 cm 
wide on the outside of the quartz tube at the position of the catalyst bed. The length 
of the catalyst bed is taken equal to 2 cm to ensure that the discharge is generated 
in the bed. The volume of the plasma zone is """0.64 cm3 with a catalyst surface area 
of ~1 m2 (including the catalytic material in the micro pores of the support). The 
catalyst bed is kept in position by two plugsof quartz wool. Supported metal( -oxide) 
catalysts, used in this reactor, are prepared by incipient wetness impregnation of an 

aqueous solution of the metal salt. The catalyst is subsequently dried for one night at 
90-110 oe, and calcinated Of reduced at 400 °C. The 'fixed bed' reactor is operated 
at a total flow of 100 Nml/min. 

Tbe 'capillary' reactor consists of a quartz capillary with i.d. 0.8 mm. The two 
wire electrodes are made of Kantal heating wire of 0.6 mm diameter, which is resistant 
against oxidizing gases at high temperatures. The discharge gap is varied between 
0.5 and 1.5 cm. The discharge volume is respectively 3.2 and 9.6 · 10-3 cm3 , and the 
surface area of the capillary 0.126-0.377 cm2. The 'capillary' reactor realizes a very 
intense plasma treatment of the gas without the use of a catalyst. The reactor is 
operated at a total flow of 100 Nml/min which makes the residence time of the gas 
in the plasma zone only a few milli-seconds. 

The plasma in the 'ozonizer' and the 'fixed bed' reactor is generated by a pulsed 
high voltage of maximum +30 kV with a rise time of 50 ns. The energy input in the 
plasma of the 'ozonizer ' reactor is typically 10-20 mJ/pulse, and of the 'fixed bed ' 
reactor 5-10 mJfpulse. 

The plasma in the 'capillary' reactor is generated by a positive DC high voltage of 
5 to 20 kV, dependent on the electrode gap and the gas flow. A transient discharge 
with a frequency of 5-25 kHz is obtained when a resistance of 2.5 MO and an induc-
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Figure 3.1: The plasma-induced production of hydrocarbons from a mixture of 
10% CH4 in helium as a function of the temperature. The results are expressed as 
the relative product y ield of the 'ozonizer' reactor with a catalyst coating and the 
all-quartz reactor. 
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tance of 1 mH is used in series with the reactor. The mean current is 1-3 mA for 

the transient discharge. The discharge transfarms to a stabie are channel at higher 

discharge currents. 

The activity of the catalysts under plasma conditions must be determined in con
tinuous flow experiments. An active catalyst wil! increase the eH4 conversion, thereby 
reducing the energy costs per converted molecule. The selectivity to the desired prod
ucts should increase also. A stepwise reaction with separated plasma-induced adsorp

tion of reactants and desorption of products is not appropriate to define the activity 

of the catalyst since it is not possible to distinguish between the adsorption of excited 

reactants and products from the homogeneaus plasma reaction. 

3.3 Hydracarbon formation from CH4 

The plasma-induced conversion of eH4 to higher hydrocarbons is stuclied in the 
'ozonizer' and 'fixed bed' reactor in presence of different metal catalysts. The 'capil
lary' reactor could not be used because of severe coke formation in the discharge zone. 
A dilute mixture of 10% eH4 in He is used in this series of experiments because the 

observed conversion of eH4 is generally smal! . Dilution of eH4 in helium increases 

the relative conversion . The products are measured by mass-spectrometry. 

• 'Wall-coated ozonizer' reactor: 

The experimentsin the 'wall-coated ozonizer' reactor are performed with Pt , Ru, 

and Ni catalyst deposits on the reactor wall as catalysts. The temperature of the 
reactor is varied from room temperature to 300 oe. The discharge is generated at a 

discharge frequency of 10, 50, and 200 Hz. The results for Ru , Pt, and Ni coatings 
are presented in figure 3.1. The conversion of eH4 is low in these experiments, 
approximately 1%. Therefore, the product yield is smal!. The activity of t he catalysts 

is determined relatively to the product yield in the all-quartz reactor, i.e. the reaction 
in the 'homogeneous' plasma phase and on the silica wal!. 

The activity of the Ru coating is low. There is not much difference with the 
gas phase plasma reaction . The surface of the Ru catalyst is probably deactivated 
by carbonaceous adsorbates. In an additional experiment, the activity of the Ru 
catalyst was tested in a two-step adsorption- desorption reaction, in comparison with 

the experimentsof Koerts [16]. In our experiment, a plasma was used to adsorb eH4 

dissociatively from a mixture of 10% eH4 in helium. Subsequently, the carbonaceous 

adsorbates are desorbed by hydrogenation. The two reaction steps are performed at a 

constant temperature of 100 oe. e H4 was detected as main desorption product. This 
is not unexpected since the selectivity of C:}: did not exceed 13% of the product yield 
in the processof Koerts. However, the adsorption and desorption of hydrocarbons on 
the Ru coating is demonstrated. 

The activity of Pt and Ni under plasma conditions is clearly demonstrated. The 
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Figure 3.2: The plasma-induced formation of hydrocarbons from a mixture of 10% 
CH4 + 10% H2 in helium as a function of the temperature. The experiments are 
performed in the 'fixed bed' reactor with different supported catalysts. 



3.3 Hydracarbon formation from CH4 41 

selectivity to larger hydrocarbons is increased, especially at low temperatures of 100-
200 oe. However, the total product yield is not much increased by the metal catalysts 

since the product distribution in the all-quartz reactor is approximately ethane : 
propane : butane : propene = 1 : 0.44 : 0.17 : 0.9. The increase in ethane yield is 
only smal!. 

The energy costs are very high with 100-200 eV jeH4 compared to these of the 

dissociation of eH4 : 4.56 eV. The eH4 conversion in the 'wall-coated ozonizer' reactor 
is probably an inefficient radical reaction which is too energy intensive for further 
study to possible applications. 

• 'Fixed bed' reactor: 

Improved energy efficiencies are expected for the plasma-induced conversion of 
eH4 in the 'fixed bed' reactor since the catalyst surface area / plasma volume ratio 
is strongly increased compared to the previous experiments. The experimental con
ditions of the 'ozonizer ' reactor are applied with some changes. The total gas flow is 
reduced to 100 Nml/min, and 10% H2 is added to the 10% eH4 in helium mixture 
to enhance the hydragenation of adsorbates on the catalysts (i .e. avoid coking of 
Ru). The experiments in the 'fixed bed' reactor are performed with the following 
supported metal catalysts of sieve fraction 125-250 J.Lm: 2.8 wt% Pt and 3.2 wt% Ru 
on Grace 332 silica, and 10 wt% Ni on AKZO ')'-alumina. The results are presented 
in figure 3.2, including the reactions observed over the pure support materials Grace 
332 silica and AKZO ')'-alumina. 

Ethane and ethylene are the main reaction products. The addition of H2 probably 
enhanced the hydragenation rate, thereby preventing chain growth. The product yield 
of pure silica and ')'-alumina is about the same. The temperature dependenee is very 

sim i lar. 
The activity of the metals Ni and Ru is most pronounced at low temperatures of 

50- 100 oe. The product yield is increased and the selectivity depends on the type of 
metal and the temperature. The presence of the supported Ni and Ru catalyst de
creased the energy costs from 300 eV jeH4 for silica and ')'-alumina to 75-90 eV jeH4 

in presence of the catalysts at T = 50-100 oe. At temperatures of 200 oe and higher, 
the methane conversion ceases probably by a high rate of methanisation of adsorbed 
carbonaceous species. The low temperature reaction over Ni and Ru is better under
stood by an extra experiment. In a two step reaction, the catalyst is fi rstly covered by 

adsorbates from a 10% eH4 in helium plasma. Secondly the adsorbates are desorbed 
by hydrogenation. These experiments are performed at different temperatures of 50, 
100, 200 and 300 oe. Hydrocarbons are detected as product at the lower temperatures, 
whereas eH4 is the only product at the higher temperature. lndeed, methanisation 
of (plasma) products over Ni and Ru can explain the low methane conversion at T = 

300 oe. 

The only activity of Pt is the hydragenation reaction of ethylene, which is produced 
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in the plasma, to ethane. Pt does not change the total product yield as compared to 
silica or 1-alumina. The increase in the product yield at T = 300 oe is caused by a 
higher energy input in the plasma. 

• Summary of results: 

The direct, non-oxidative conversion of CH4 in the 'wall-coated ozonizer' and 'fixed 

bed ' reactors at p = 1 bar is energy intensive as compared to the activatien of CH4 . 

The high energy casts of the plasma process indicate that vibrationally excited CH4 

is probably not reactive. The observed reactions are likely to be induced by radicals 
only which are produced in the plasma. The energy costs of> 75 eV /molecule are very 
common for radical reactions in plasma's. The preserree of a catalyst in the plasma 
enhances the product yield and affects the selectivity in some cases. However, the 
energy costs of CH4 conversion remain two orders of magnitude too high compared 
to the thermo-dynamica! energy casts for the formation of ethane from CH4 • 

3.4 Oxidative conversion of CH4 

The partial oxidation of CH4 with 0 2 to its oxygenates is stuclied in the 'ozonizer' 
and 'fixed bed' reactor in preserree of different metal(-oxide) catalysts at relative 
low temperatures of 90-400 oe. These experiments are the subject of section 3.4.1. 
The plasma-induced oxidation of CH4 to synthesis gas is stuclied in the 'capillary' 
reactor. High CH4 conversions can be obtained in this reactor. The results of these 

experiments are presented in section 3.4.2. 

3.4.1 Partial oxidation 

• 'Wall-coated ozonizer' reactor: 

A dilute mixture of 10% CH4 + 5% 0 2 in helium is used at a total flow of 200 
Nml/min. Air-like mixtures are not used since the detection of CO in the rnass
spectrometer is inhibited by the preserree of N2 . The activity of the metal coatings 
Pt, Ru, and Ni in the plasma zone are stuclied at temperatures of 50, 100, 200, 
and 300 °C. Metal-oxide catalysts such as Mo03 and W03 are not applied since these 
oxides need a streng interaction with the support to maintain a high dispersion and to 
avoid evaporation. The sandblasted quartz tube is not considered as a good support 
because of the relative small surface area. The 'fixed bed' reactor is better suited for 
the use of supported metal-oxide catalysts. 

The results, presented in tigure 3.3, are obtained at a discharge frequency of 200 
Hz. The oxidizing fundion of the metal catalyst Pt and Ru are to streng and lead 
to complete oxidation of metharre and its plasma products. Only the Ni coating 
produces slightly more CO than the all-quartz reactor. Methanol is detected as a 

small fraction of the products only. The energy costs of CH4 conversion are again 
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Figure 3.3: The plasma-induced oxidation of CH4 in the 'ozonizer' reactor with 
different coatings. The experiments are performed with a mixture of 10% CH4 + 5% 
02 in helium. 

high at 85-300 eV /CH4 . We must conclude that the 'wall-coated ozonizer' reactor 
is not energy efficient and not selective for plasma-induced catalytic reactions with 

CH4. 

• 'Fixed bed' reactor: 

The experiments on the oxidative methane conversion were continued with the 
'fixed bed' reactor in which supported metal-oxide catalysts can be used. Supported 
catalysts are usually more active because of the high dispersion of the catalytic ma
terial. A wide variety of supported transition metal oxides on AKZO Î-alumina 
(250-425 J.Lm) has been studied. A mixture of 10% CH4 + 4% 0 2 in helium has been 
used at a total flow of 100 Nml/min. The experiments are performed by the following 
procedure. Firstly, the ignition temperature, Tact, for the normal catalytic reaction 
has been determined . Secondly, the plasma-induced reaction has been stuclied at T 
= 50, 100, 200 •c ... to Tact· The results are presented in table 3.2. 

Most metal-oxide, Ag-Mo-ox, Cr203, Co203, Ni-ox, Cu-ox, and Ag-ox, can be 
activated between 300 and 450 •c for the total oxidation of CH4 to H2 0 and C02 . 

The use of these catalysts also leadstototal oxidation of CH4 under plasma conditions, 
which is not the aim of our research. 

Fe2(Mo0 4 )3 becomes catalytically active at 425 •c and produces mainly CO and 
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Table 3.2: The results of the plasma-induced oxidation of CH4 in the 'fixed bed' 
reactor with different supported catalysts. The gas mixture was 10% CH4 + 4% 0 2 
in helium. The activation temperature of the catalytic processis denoted by 'Tact'. 

Catalysts Loading Tact Main Products 

[metal wt%] [OC] Catalytic (T> Tact) With plasma (T<Tact) 

Grace Si02 - --- -- CO+ H2 + H20 

1-alumina - - - CO+ H2 + H20 

Mo03 10 1 20 1 30 >450 - CO+ H2 + H20 

Bi-Mo-oxide 13.8 >450 - CO+ H2 + H20 

Ag-Mo-oxide 12 450 co2 + H2o co2 + H20 

Fe2(Mo04h 12.5 425 CO+ H20 -

Cr203 10 300 co2 + H2o co2 + H2o 

Co203 10 300 co2 + H2o co2 + H20 

Ni-ox 10 300 co2 + H20 co2 + H2o 

Cu-ox 9 300 co2 + H20 co2 + H20 

Ag-ox 10 1 20 350 co2 + H20 co2 + H20 

H20 as is reported also in the literature [23]. The Fe2(Mo04)3 catalyst is notstuclied 
further under plasma conditions since the activation temperature of 425 oe for the 
production of CO is mild for conventional chemistry. 

The catalysts AKZO 1-alumina, Grace Si02, Mo03, and Bi-Mo-oxide could not be 
activated fora normal catalytic reaction at temperatures below 450 oe. The difference 
in product yields and energy costs between these materials are not much. Silica 
and the supported metal-oxide catalysts Mo03, and Bi-Mo-oxide show the highest 
COIC02 ratio at a temperature of 300 oe. 

The influence of the silica bed in the discharge zone is further investigated in a 
series of experiments at 300 °C. The energy costs of CH4 conversion and the product 
selectivities are determined as a function of the 0 2 concentration and the partiele size 
of the silica. The results are shown in figure 3.4. 

The cnergy costs of the plasma process decrease by the presence of a high silica 
surface in the plasma zone. The addition of 0 2 decreases the energy costs further. 
The lowest energy costs obtained are 25 eV ICH 4 at [02] = 7% for silica particles of 
size 30-100 pm. The role of 0 2 can be understood from the observation that 0 2 is the 
energy sinkof the plasma. This leads to an efficient production of 0' radicals by the 
electron impact induced dissociation of 0 2 (see section 6.5 of the chapter 'Monte Carlo 
Electron Dynamics' for the computational results on these gas mixtures). Hence, the 
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Figure 3.4: The energy casts and product selectivities of the plasma-induced oxi
dation of CH4 in the 'fixed bed' reactor as a function of the silica partiele size. The 
experiments are performed with a dilute mixture of 10% CH4 + % 0 2 in helium at 
T = 300 oe. 
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excitation of CH4 is replaced by the excitation of 0 2 when oxygen is added to the gas 
mixture. The 0' radicals react efficiently with CH4 • 

The selectivity to the different products is also changed by the preserree of silica. 
The homogeneous free radical reaction with CH20 and CH30H as typical products, 
is depressed in the preserree of a silica surface. The selectivity to H2 , H20 , CO, and 
co2 is affected by the si lica surface, but the [02] has a far morestrong effect. 

The relat ive high energy costs of > 30 eV /CH4 , compared to the dissociation energy 
of 4.56 eV for CH4 , denote that excited CH4 molecules are not utilized efficiently for 
( catalytic) reactions. Most products are probably produced by free radical reactions 
in the homogeneous plasma phase. The preserree of a silica surface inftuences the 
free radical reaction as follows from the change in product selectivities. However, 
the nature of the plasma-induced reactions on silica is not well understood. In our 
opinion , the explanation should be found in free radical chemistry on surfaces, and 
not in dramatic changes of discharge properties in the preserree of a silica bed. 

3.4.2 Synthesis gas production 

The 'capi lla ry' reactor is used for a series of experiments to study the possibilities of 
plasma's for chemica! synthesis reactions with CH4 • Catalyst cannot be used in the 
capillary reactor. However, it is realized that the wal! of the narrow capillary will 
have large influence on the homogeneous plasma reaction. The surface area J plasma 
volume is 40 cm- 1 . The 'capillary' reactor is efficient for plasma chemistry because 
the plasma and the gas mixture have to pass simultaneously through the capillary of 
i.d. 0.8 mm (the diameter of a discharge channel in air-like mixtures is ~0.2 mm). 
The experiments with the capillary reactor are described in two parts . The first 
part concerns the experiments in the normal capillary reactor. The experiments in 
the second part are performed with a modified capillary reactor. The part of the 
capillary directly after the plasma zone is replaced by a packed bed of particles. This 
reactor contiguration is suitable for the study of chemica! reactions in the plasma 
af ter-glow. 

• 'Capillary' reactor: 

The experiments are performed with a mixture of > 15% 0 2 in CH4 at a tot al flow 
of 200 Nml/min. At lower [0 2] , severe coking of the plasma zone is observed which 
at last inhibits the generation of the plasma. The plasma is generated by a DC high 
voltage power supply. The mean current of the transient discharge is kept constant 
at 3 mA by adjusting the high voltage for the different gas mixtures. The conversion 
of CH4 and 0 2 , and the selectivities to the main products are plotted in tigure 3.5. 

The main productsof the plasma reaction are CO, H2 , and H2 0. The energy costs 
per converted CH4 molecule decrease initially linear with the [02 ]. This indicates that 
the plasma-induced reaction is first order in the [02]. At [02 ] = 50%, the energy costs 
are as low as 0.8 eV /CH 4 . These very low plasma energy costs indicate that radical 



3.4 Oxidative conversion of CH4 

(eV/CH4) or (J/s) 

14 

12 

10 

8 

6 

4 

2 

~-' 
\ 

\ 
\ 

o~--,..__--~ __ _._ __ ~ __ __J 

0 10 20 30 40 50 

47 

Conversion (Nml/min) 

100 

90 l 80 

:~ ! 
50 /: 

4o / +,P 
30 CH4 ..-+-+ Ó 

+-+ ," .. 
20 , 

Total flow: 200 Nml/min 

.o- .o' 
10 Oz 0 ' .0 ' 
0 ~--~~~--~--~--~ 

0 10 20 30 40 50 

Figure 3.5: The energy casts and product selectivities of the plasma-induced oxida
tion of CH4 in the 'capillary' reactor as a function of the [02}. The experiments are 
performed with CH4/02 mixtures. 

chain reactions must be important. The dissociation of CH4 and 0 2 by electron 
impact costs respectively 9-12 and 6-8.4 eV per molecule. The radicals produced in 

the plasma must be used at least for 10 reaction cycles to explain these low energy 

costs. As a consequence, the rate of CH4 conversion at [02 ] 2:: 40% is determined by 

normal chemica! kinetics, and not by the production of plasma species. T he plasma 
is reduced to a tooi to generate the initia! radicals for the chemica! reaction (like the 

ignition of a burner by an electrical spark). The high surface area and the residence 

time in the capillary determine the final result of the free radical reaction. 

• 'Capillary injection in a packed bed ': 

The role of the relative high surface area in t he capillary is stuclied in a modified 

capillary reactor . The capillary is used to inject the gas mixture in a packed bed 

of catalyst particles. The plasma is generated in the last part of the capillary, just 

before the inlet in the bed. The plasma after-glow conditions can be varied by the 

size and type of particulate materiaL A sketch of the reactor is given in figure 3.6. 
The reactor is fed with a CH4/02 mixture at a total flow of 100 Nml/min. The 

high gas velocity in the capillary avoids the upstream propagation of flames. The 

presence of particulate material in t he reaction zone stahilizes the highly exothermal 

reaction of CH4 with 0 2 (see also Brophy [1]). F lames and explosions are observed 
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Figure 3.6: The modified 'capillary' reactor for the study of the effect of the plasma 
after-glow conditions. Tbe capillary ends immediately after the plasma zone in a 
packed bed of particles ( dasbed area). 

in wider capillaries and in absence of the particulate materiaL Preferent ially Grace 
332 silica of sieve fraction 0.5-1.0 mm is used as bed materiaL The reaction becomes 
less stabie for smaller particles. 

When the [02] is increased to >48 %in the feed, the bed of silica particles begins 
to glow 'yellow hot' in a region of approximately 1 cm length behind the capillary. 
The discharge can be switched off without stopping the reaction. The autothermal 
reaction of CH4 with 0 2 takes place in the bed of particles and not in the capillary. 
The gas velocity in the capillary is higher than the flame velocity. T he conversions 
of CH4 and 0 2 are both 100% at these conditions. The major products are H2 , CO, 
H20, and some percent C02 . A typical composition of the product stream from the 

autothermal reaction of a mixture of CH4 /02 = 1:1 is: 

co = 25% 

co2 = 8% 

H2 = 42% 

H20 = 25% 

This product distribution equals the equilibrium composition of the mixture at 
T = 1750 K, which is computed by the NASA program for complex equilibrium 
compositions [11] . 

The high activatien temperature of the oxidation of CH4 over silica can be lowered 
by the application of catalysts as is shown by Schmidt [13]. The CH4/ 0 2 ratio can 
be increased to 2:1 in presence of a supported Pd catalyst. The adiabatic reaction 
temperature of this mixture reduces to 1100 oe. The products obtained are CO and 
H2 at total conversion of the reactants. 

In this reactor configuration, the plasma is not important anymore for the chemica] 

reaction. The plasma is only used to ignite the reaction, and is switch off when the 
reaction becomes autothermaL The last experiment confirms the explanation of the 

results of the 'capillary' reactor. lndeed, it is the chemica! kinetics which determine 
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the reaction and not the production of radicals or other species in the plasma. At 
this point, the research on the plasma-induced oxidative conversion of CH4 is stopped. 
The plasma process cannot compete with the catalytic oxidation process which does 
not consume electrical power. 

3.5 Conclusions 

The conversion of CH4 in a plasma catalytic reactor has been investigated with the 
aim to find low temperature reaction routes. The excitation of CH4 is performed by 
electron impact in a non-equilibrium plasma instead of by the temperature of the 
reactor ( catalyst). 

The direct conversion of CH4 to higher hydrocarbons is observed in the plasma 
process, however at high energy costs of 100-300 eV /CH4 . The thermo-dynamica] 
energy costs of the direct conversion of CH4 to ethane are only 0.34 eV /CH4 . The 
presence of the metal catalysts Ni and Pt enhances the selectivity to higher hydrocar
bons at a low temperature of 50-100 oe. The conversion of CH4 is not much increased 
by the catalysts, which results in energy costs of still 70- 90 eV /CH4 . It is also con
cluded from the high energy costs that the radicals produced in the plasma induce 
the chemica! reaction. Efficient chemica! reactions with vibrationally excited CH4 

molecules would have resulted in much lower energy costs. 
The addition of 0 2 to the CH4 mixture reduces the plasma energy costs of the 

plasma process significantly. The products are mainly CO, H2 , and H2 0, with only 
a few percent selectivity to methanol and formaldehyde at maximum. The reduced 
plasma energy costs can be explained by the free radical oxidation reaction of CH4 • 

The chain length of the free radical reaction increases at higher concentratien 0 2 

as is clearly demonstrated by the experiments in the capillary reactor. This results 
in net low energy costs per converted CH4 . When the CH4 mixture is injected in 
a bed of particles via a narrow capillary, the oxidation reaction even can become 
autothermal at [02 ] ~ 48% in presence of a bed of silica particles. The discharge is 
reduced to a tooi to ignite the reaction between CH4 and 0 2 , which can he switched 
off subsequently. The particulate material in the reaction zone is necessary to avoid 
flames and explosions [1] . The CH4 /02 ratio can be increased to 2:1 when active 
catalysts are used in the reaction zone [13]. U nder these reaction con di tions, the 
adiabatic reaction decreases temperature to 1100 oe and the risk of explosions is 
reduced. 

The use of electrical energy for the conversion of CH4 is not usefull when exother
mal catalytic reaction routes are available. The selective production of methanol and 
formaldehyde is still a problem for catalysis but also for the plasma process. Synthesis 
gas is themainproduct detected in the experiments on the plasma catalytic oxidative 
conversion of CH4 • 
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Chapter 4 

Removal of Nitric Oxide 

Abstract 

The conversion of NO in a non-equilibrium plasma is stuclied systematically as 
a fundion of the composition of the gas mixture in presence and absence of solid 
( catalytic) materials in the discharge gap. The performance of the plasma-catalytic 

processis compared to t he reaction in the homogeneous plasma phase. It is shown that 

plasma-induced heterogeneous reactions can increase the energy efficiency. Diluted 

NO in pure N2 or He is converted to N2 and 0 2 at two times higher energy efficiency 
in presence of a packed bed of silica particles in the discharge zone than without. 
The most pronounced plasma-induced surface reactions are observed for dry mixtures 
which contain 0 2 . The homogeneaus plasma reaction is depressed dramatically by 

addition of 0 2 to the dry bulk gas. At these gas conditions, the efficiency of the 

plasma process is increased in presence of silica or 1 -alumina based catalysts in the 
plasma zone. Silica enhances the oxidation of NO by a factor of three or more. ~

Alumina shows a plasma-induced chemisorption of NO under the formation of nitrite 
or nitrate species on the surface. The fixatien reaction of NO on MgO/r-alumina 
showed the lewest energy costs at high conversions: initially 13 eV per removed NOx 
at 40% NO conversion and 19 eV at 80%. When 0 2 and H20 are present in the gas 
mixture, the homogeneous oxidation reaction of NO becomes usually dominant. 
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4.1 Introduetion 

NOx is one of the pollutants in flue gas of power stations, industrial furnaces, ex

haust gases of automotives, and effluent gases of certain industrial processes. NOx 
contributes to photochemical smog in areas of high human activities and acid rain 
many hundreds of kilometers from the point of emission. Advances in purification 
of fuels and cambustion processes already led to an important reduction of the NOx 
emission. The remairring fraction of NOx in waste gases can be further reduced by 

post-process treatment of waste gases. 
A good example of emission control by post-process treatment is the 3-way catalyst 

for purification of the exhaust of automotives. The catalyst works successfully when 
the engine is operated at a stoichiometrie air-fuel ratio. The unburned fuel and CO 
in tbe exhaust are used to reduce the NO and the remairring 0 2 over the Pt/Rh 

catalyst. U nfortunately, this catalytic process does not work for flue gases and other 
effluent gases which contain an excess of 0 2 . The reducing agents in the gas wil! 
react primarily with 0 2 instead of with NO. However, also for flue gas a successful 
catalytic process has been developed: the selective catalytic reduction process (SCR). 

NH3 must be added to make the reduction of NO x possible over a V-Ti oxide catalyst . 

This catalyst is resistant to poisoning by sulphur at temperatures > 350 oe. 
Plasma-induced reduction of NO can be performed by N" radicals produced in a 

plasma jet which is fed with N2 . Behbahani [1 , 2] reported on experiments with a 
plasma jet and its economical feasibility. This process is energy intensive since the 

dissociation of N2 costs 10 eV per molecule. The energy casts cannot be decreased 
by radical chain reactions since they are not initiated in the reduction reaction of NO 
by N". 

An alternative way to remave NOx is its oxidation to HN03 which can react 
with lime-stone or NH3 to solid nitrate salts. The solid particles can be removed 
by conventional techniques such as electrostatic precipitation, bag filtration, or wet 
scrubbing. The first step in the process is the exothermic oxidation of NO to N02 

in the homogeneaus reaction with 0 2 . This reaction is second order in the NO 
concentration, and therefore becomes very slow at low NO concentration. 

A fast oxidation of NO can be performed by a first order reaction of NO with 
oxidizing radicals such as o•, 0 3 , OH", and HO;. These radicals can be produced at 
ambient gas temperature in the flue gas by a non-equilibrium plasma. Since 20 years, 
several research groups have performed work on the simultaneous conversion of NOx 
and SOx to their acids in a one-step plasma process. Tokunaga et.al. publisbed an 
extensive series of articles on the influence of the different compounds in flue gas for 

the deNOxfdeSOx by an e-beam process [15-24]. We wiJl refer often to this series of 
articles in the presentation of our resul ts. 

Since the e-beam devices are capita! intensive, other groups stuclied the treatment 
of flue gas by a corona discharge [4, 6, 17, 12- 14, 18, 36]. Unfortunately, the corona 

studies are less structured than the workof Tokunaga with the e-beam. Currently, the 
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best energy efficiency of the plasma-induced deNOx/deSOx of ftue gas is obtained by 
the e-beam and the pulsed streamer corona. The energy efficiency of the DC-corona is 
much lower because of its small ionization region (i .e. the treatment volume) and the 

relatively large amount of energy which is consumed by ion migration. Mizuno [15] 
compares these three types of plasma's in one series of experiments on the removal 
of SOx. He concluded that the pulsed streamer corona is more efficient than the 

e-beam, although the results of the e-beam are still better for combined NOx/SOx 
removal. For maximum power efficiency a DC-bias voltage should be used to remove 

the remaining ions between the pulses. 

Our aim is to study the possibility to combine the selectivity and reactivity of 
a catalytic process and the advantage of low temperature excitation of molecules in 
non-equilibrium corona plasma's. 

In 1976 Henis [7] already stuclied such a processin an AC discharge with a packed 
bed of catalyst particles in the discharge gap. He showed that the type of catalyst 

material inftuences the energy efficiency of the plasma induced conversion of NO . 
However, the results are rather poor with energy costs of 200 to 2000 eV /NO at 
intermediate NO conversion levels. The chemistry of the surface reaction in the 
plasma was not well understood at that time. 

Suhr [23] performed similar experiments in a DC point-to-plane discharge with 

a catalyst coating on the plane electrode. Different types of coatings showed to 
inftuence the energy efficiency of the plasma-induced removal of NO. However, the 
performance of the DC discharge is poor with 280 eV per removed NO molecule. An 
overall efficiency of 20 eV /NO is required for the plasma-induced removal of NO to 
satisfy the demand of maximal 2% electrical power consumption of the power station. 

We performed a parametrie study on the plasma-induced NO conversion in a 
combined plasma-catalytic process. The energy consumption is the most important 
parameter in this work. The plasma process can be competitive only when the integral 
costs are comparable to a purely chemica! treatment of the ftue gas. Many results 
of this chapter are presented as the energy costs per removed NO molecule versus 
the NO conversion, exclusive the power losses in the plasma generator. The energy 

costs per removed NO molecule are computed from the energy input in the plasma 
divided by the corresponding number of converted NO molecules. The unit of energy 
costs per removed NO molecule is electron volts: further denoted by 'eV /NO' in this 

chapter. The conversion of this unit to some other commonly used units is given in 
table 4.1. 

The reactor which is used in our experiments, is a packed bed reactor with a 

dielectric barriered wire-cylinder electrode combination to generate a pulsed corona 

plasma in the voids of the catalyst bed. More details of this plasma-catalytic reactor 
can be found in the following section. 

Our experiments concern the following subjects. Firstly, the contribution of the 
plasma-induced homogeneaus reaction in the plasma is stuclied in the empty reactor, 
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Table 4.1: The conversion of the unit 'e V /NO' which is used in this report, to other 
commonly used units. The unit 'G(-NO)' is often used in e-beam experiments. 

1 eV /NO 

1 G(-NO) 

96.4 kJ/ mole removed NO 

1120.3 g removed NO/ kWh 

1.195 Wh/ Nm3 per 1000 ppm NO removed 

1 converted NO molecule per 100 eV energy input 

section 4.3. The main parameters which are stuclied for the homogeneaus reaction 

are the concentration 0 2 and H20, and the effect of the preserree of the reactor 

wal!. In section 4.5, experiments are described in which a bed of catalyst particles is 

introduced in the reactor. Different catalyst support materials, partiele sizes, and gas 

mixtures are studied. Also supported transition-metal oxides are used as catalyst in 

combination with the reducing agents H2, CH4 , hexane, and iso-octane. The findings 
of Henis are better understood by the results of this series of experiments. This 

chapter ends with a discussion, in which the comparison with the energy efficiencies 

as quoted in the literature and obtained in our experiments will be made. Finally the 

conclusions will be given. 

4.2 Experimental 

The 'fixed bed' reactor is a tubular flow reactor, i.d. 9 mm, with a wire-cylinder 

electrode configuration. A sketch of this reactor is depicted in figure 2.4. The reactor 

wall is made of quartz and has the function of the dielectric harrier between the 

electrodes. The dielectric harrier avoids breakdown, even when high over voltages 

are applied. The high voltage electrode is the stainless steel wire electrode of 1 mm 

diameter. The wire electrode is covered by glass tubes outside the discharge zone 
to avoid unwanted discharges. The grounded electrode is a metal foil of 1 cm wide 

around the quartz tube. The discharge space can be filled with a packed bed of non

conducting catalyst particles. The length of the bed is taken equal to 2 cm to ensure 
that the discharge proceeds through tbe bed. The pulse voltage is taken 25 kV for 

He and 28 kV for N2 as bulk gas to obtain about equal energy input in the plasma 

per discharge pulse. The repetition frequency can be varied between 1 and 240 Hz. 

A typ i cal value of the discharge energy is 7 ± 1 mJ / pulse. 

The reactor is operated at a temperature of 90 or 100 oe, which is in the range 

of temperatures of flue gases. A standard flow of 100 normal ml/min (Nml/min) N2 

or He is used as bulk gas for 1000 to 1200 ppm NO. Helium is used as bulk gas to 

facilate the detection of reaction products by mass-spectrometry. Nitrogen as bulk 
gas corresponds more to the actual practice. 0 2 and H20 are added to the NO 

containing gas stream before the reactor. Therefore, the mass flow of NO remains 
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equal in all experiments. 0 2 is added to the stream via a mass flow controller and 
H20 is added by saturation. Typically four different H20 concentrations are used in 

the experimentsof 0, 0.6, 3, and 8% H2 0 ( corresponding to no water, and saturation 

temperatures of 0 '20, and 40 oe respectively) . 
The space velocity in the empty tube reactor is 4700 h-1 at the standard condi

tions. When the excluded volume of the catalyst bed is estimated to be 60%, the 

space velocity becomes 11800 h -J. The Reynolds number is 2.56 for the empty tube, 
and evenlessin the voids of the bed. Therefore, the flow is always laminar, and the 
transport of excited plasma species must occur via diffusion. 

The reaction products are analyzed with a Balzers QMG 420 quadrupale mass
spectrometer. The data from the rnass-spectrometer are corrected for fragmentation 

patterns of the products by the ion source. The tubing from the reactor to the rnass

spectrometer is heated to avoid condensation of water and products. The plasma 
energy input in the reactor is computed from voltage and current measurements on 
the electrades of the reactor. 

4.3 Empty Tube Reactor 

The contribution of the homogeneaus reaction of NO in the plasma is measured in 

the empty tube reactor. These results are necessary to interpret the plasma-catalytic 
reactions of NO which are described in later sections. The NO conversion is stuclied 
in three empty wire- cylinder reactors with i.d. 9 - 25 - 35 mm respectively. The 

reactors of 9 and 25 mm i.d. are dielectric harrier reactors as described in the section 

4.2. The tubing of the 35 mm i.d. reactor is made of aJuminurn without a dielectric 
harrier. The length of the discharge zone is enlarged to 4 cm. 

The contribution of the surface reaction is smaller for larger reactor diameter. 
Unfortunately, the possibilities to vary the flow conditions were limited. Therefore 
the flow is kept constant for the three different reactors. As a consequence, the 

residence time in the plasma zone is Jonger for the larger reactors. Residence times 
of more than several secoudscan increase the NO oxidation efficiency significantly as 
is shown by [34,36]. 

Two types of experiments are performed: 

1. The discharge energy input is kept constant, and the 0 2 concent ration is varied 
from 0-1- 3- 5- 9 %. 

2. The 0 2 concentration is kept constant at 5% or 10%, and the discharge energy 

input is varied by increasing the discharge frequency in the order of 5-10-20-
40- 80- 160- 240 Hz. The conesponding energy input is in between 0.05 and 
approximately 1.5 W. 

The results of the experiments are discussed below. The mechanism of the homo
geneaus NO conversion in the plasma is discussed in section 4.4. 
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4.3.1 Reactor diameter: 9 mm 

Firstly, the energy costs and the corresponding NO conversions are measured as a 

function of the [02] at the four different [H20] and approximately constant energy 
input in the plasma. The results are shown in figures 4.1 and 4.3 for He and N2 

respectively as bulk gas. 

Addition of 0 2 in absence of water, increases the energy costs per removed NO 

molecule dramatically from 200 eV /NO at 0% 0 2 to more than 1000 eV /NO at 9% 
0 2 . The opposite trend is observed in presence of water: higher concentratien 0 2 

and H2 0 leads to lower energy costs. However, the reaction mechanism is changed 

completely. In absence of 0 2 and H2 0, the NO is dissociatively converted to N2 and 
0 2 . Addition of 0 2 and H20 makes the oxidative conversion of NO dominant. 

The role of the [H20] in combination with a relative high [02 ] of 5 and 10% is 
pronounced by the second type of experiment. The composition of the gas mixture is 
kept constant and the plasma energy input is varied over a wide range. These results 

are presented in figures 4.2 and 4.4 for He and N2 as bulk gas respectively. 
The energy efficiency for the conversion of NO increases strongly at [H20] » 0.7%. 

The difference between the results of NO conversion in He or N2 mixtures are smal! 
for this small reactor. 

4.3.2 Reactor diameter: 25 mm 

The series of experiments from the smallest reactor are repeated with the 25 mm i.d. 

reactor. The results for helium as bulk gas are shown in figures 4.5 and 4.6, and for 
nitrogen in figures 4. 7 and 4.8. 

With helium as bulk gas, the NO conversion becomes more energy efficient in the 

25 mm i.d. reactor compared to the 9 mm i.d . reactor. High NO conversionsof more 
than 95% can be obtained al ready at moderate concentrations of [02 ] ~ 1% and [H2 0] 

'::;:>: 3.3%. The experiments with a constant gas mixture but variabie discharge power 
shows significant lower energy costs compared to the 9 mm i.d. reactor. Almost 
complete conversion of NO is obtained for ~ 65 eV /NO at 5-10% 0 2 and ~ 8.2% 

H20. 50% NO conversion is obtained for ~ 24 eV /NO at 10% 0 2 and 9.1% H20. 
This result compares well with the energy costs reported in the literature on NO 
conversion by pulsed corona [4, 18, 36]. 

When nitrogen is used as bulk gas, the trends from above are reproduced. How
ever, the energy per discharge pul se varies strongly as a function of the discharge 
frequency and the concentration H20. This phenomenon interferes with the correla

tion between the NO conversion and the composition of the gas mixture. However, 

addition of 0 2 still results in an impravement of the efficiency of the NO remaval when 
enough H20 is present in the gas mixture. Further, the experiment with increasing 
discharge frequency at constant gas mixture is severely disturbed by the strongly 
decreasing energy input per pulse at higher discharge frequencies. The slope of the 
curves for high [H20] can be even negative at high conversions. The NO conversions 
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did not exceed 80% because of the low total energy input in the plasma. 
The reason for the strongly decreasing energy input per pulse might be the build 

up of space charge on the dielectric harrier. Therefore, the 35 mm i.d. reactor with 
an aJuminurn tube has been used to perfarm some experiments. 

4.3.3 Reactor diameter: 35 mm 

The phenomenon of the strongly decreasing energy input per pulse at high discharge 
frequencies and high [H20 ] becomes even stronger for the largest reactor, despite the 

lack of a dielectric harrier. Hence, the decrease of the energy input in the plasma 
per discharge pulse at constant pulse voltage is not caused by the formation of space 
charge on the dielectric harrier. Unfortunately, the voltage of the power supply could 

not be adjusted enough to achief a constant energy input per discharge pulse. There

fore, no results obtained with the 35 mm reactor are presented here. 

The phenomenon of decreasing energy input perpulseis well known in 0 2 and H20 
rich gas mixtures (4]. The relatively slow electrans in the tail of the discharge channel 
attach to electro-negative species such as 0 2, H2 0, OH', and others. The resistance 

of the discharge channel increases at lower density of electrons, thereby increasing 

relatively the dissipation in this part of the discharge channel. Unfortunately, the 

electric field in the tail of the discharge is too low to dissociate molecules efficiently 
into radicals, and thus leads to losses. Therefore, the overall radical production by 

the discharge decreases at high attachment rates. 
The energy input in the pulsed streamer corona can be increased when a DC 

bias voltage is applied to the wire electrode. The conversion of NO increases by the 

larger energy input in the plasma. The bias voltage is most effective when a DC 

corona is produced. However, the dielectric harrier cannot be used anymore in this 
situation. The discharge properties of wire-cylinder reactors with a bias voltage are 
stuclied tboroughly by Creyghton, van Veldhuizen, Keping, and Mizuno (4, 8, 15, 36]. 

Our research is stopped at this point. 

4.3.4 Initial NO concentration: 

The experiments of the previous three subsections showed that the plasma-induced 
NO conversion in the homogeneaus plasma phase is most efficient at high (02] and 

[H20]. In this subsection, the influence of the initia! NO concentration on the plasma 

processis stuclied in the i.d. 9 mm reactor at [02] == 10% and [H20 ] == 8-11%. Helium 

or nitrogen is used as bulk gas. The residence time of the gas in the plasma zone is 
approximately 1 second at a total gas flow of 100 Nml/min. The results for (N0]0 

between 300 and 2000 ppm in helium and nitrogen bulk gas are plotted respectively 
in figures 4.9 and 4.10. The variation of (N0]0 gives information about the chemica! 
kinetics of the plasma-induced homogeneaus reaction with NO. 
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Helium, reactor diameter 9 mm: 

Ecoata (eV/NO) 
1000 .----~--~---::::::.-, 

+~ 
100 r-----0~----=-::l".'-'.,_._....._._...~ 

+/ 
~6----6---------t}/,' 

i~\7 .. 
o ....... --:::.:.:8·· ..... . 

---ê'-'-'~----~, 

800 

600 

400 

200 

0 
0 3 6 9 

% 02 

[H20]: -+- 0.0 -A- 0.7 

80 

/, . .\J· ... 
/ 

/ v· 
0/ .. ·· 

:: K~/ 
~\~6----6- -------· 

+--+----+ 20 

0 
0 3 6 9 

% 02 

-0- 2.6 -V- 8.2 % 

Figure 4.1: The energy costs and the corresponding conversion of NO molecules as a 
function of the 0 2 con centration in the gas mixture for different H2 0 concentrations. 
Helium is used as carrier gas with 1200 ppm NO initially. The discharge frequency is 
100Hz. 
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Figure 4.2: The conversion of NO versus the energy costs per removed N O molecule 
at two 0 2 concentrations and different amounts of H2 0 . Helium is used as carrier 
gas with 1200 ppm NO initially. The discharge frequency is increased in the order 
5-10- 20-40-80-160- 240 Hz. 
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Nitrogen, reactor diameter 9 mm: 
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Figure 4.3: The energy costs and the conesponding conversion of NO molecules as a 
fundion of the 0 2 con centration in the gas mixture for different H2 0 concentrations. 
Nitrogen is used as carrier gas with 1200 ppm NO initially. The frequency is 100Hz. 
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Figure 4.4: The con version of NO versus the energy costs per removed NO molecule 
at two 0 2 concentrations and different amounts of H2 0. Nitrogen is used as carrier 
gas with 1200 ppm NO initially. The discharge frequency is increased in the order 
5-10- 20- 40- 80- 160- 240 Hz. 
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Helium, reactor diameter 25 mm: 
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Figure 4.5: The energy casts and the conesponding conversion of NO molecules as a 
function of the 0 2 con centration in the gas mixture for different H2 0 concentrations. 
Helium is used as carrier gas with 1200 ppm NO initially. The discharge frequency is 
100Hz. 
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Figure 4.6: The conversion of NO versus the energy casts per removed NO molecule 
at two 0 2 cancentrations and different amounts of H2 0 . Helium is used as carrier 
gas with 1200 ppm NO initially. The discharge frequency is increased in the order 
s .. J0-20- 40-80-160-240 Hz. 
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Nitrogen, reactor diameter 25 mm: 
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Figure 4.7: The energy costs and the corresponding conversion of NO molecules as a 
function of the 0 2 con centration in the gas mixture for different H2 0 concentrations. 
Nitrogen is used as carrier gas with 1200 ppm NO initially. The discharge frequ ency 
is 100Hz. 
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Figure 4.8: The conversion of NO versus the energy costs per removed N O molecule 
at different concentrations of H2 0 . Nitrogen is used as carrier gas with 1200 ppm NO 
initially. The discharge frequency is increased in the order 5- 10- 20--40- 80- 160- 240 
Hz. 
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Figure 4.9: Left: the decreasein {NO} versus the square root of the energy input in 
the plasma. The lines are computed by the rate expression 4.1. Right: the conver· 
sion of NO versus the energy casts per removed NO molecule. The experiments are 
performed with different [N0}0 in helium + 10% 0 2 + 8- 9% H2 0 . 
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Figure 4.10: Left: the decrease in {NO} versus the square root of the energy input 
in the plasma. The lines are computed by the rate expression 4.1. Right: the conver
sion of NO versus the energy casts per removed NO molecule. The experiments are 
performed with different {N0}0 in nitrogen + 10% 0 2 + 9-11% H2 0. 



4.4 Homogeneaus reaction mechanisms 63 

At a very low a discharge frequency of< 5-10 Hz, the conversion of NO is linear 
proportional with the power input in the plasma. The chemica! reactions resulting 

from a discharge pulse are finished before a new discharge pulse is generated. At 

discharge frequencies of ~ 10 Hz, the chemica! reactions induced by the discharge 
pulses begin to overlap. As a consequence, the conversion of NO becomes proportional 
to the square root of the plasma power at [NO] = 1000-1500 ppm. At [NO] < 1000 

ppm, the NO conversion deviates from the square root and tends to an exponential 
decay. The linear and exponential rate NO conversion are well known fundions 

for respectively the first and last removed NO molecules. However, the square root 

dependenee of the NO conversion on the plasma power has not been found in the 
literature on flue gas cleaning. 

The data points of the NO conversion versus the power input in the plasma for 

[NO]> 1000-1500 ppm and higher power input in the plasma, 'P;n', can be fitted by: 

[NO]= [NO]o- 1300./P:. ( 4.1 ) 

for both helium and nitrogen as bulk gas. In this expression, '[NO]' is expressed in 
ppm, and 'P;n' in Jfs. The [NO]o is chosen slightly higher than the actual initia! NO 
concentration to compensate for the deviation at low energy input in the plasma. 

4.4 Homogeneaus reaction mechanisms 

The reaction mechanism for the conversion of NO depends on the composition of 

the gas mixture. Therefore, the reaction mechanisms in different gas mixtures are 

separated by italic headings. The rate constants of the reactions listed below are 
taken from the chemica! kinetics data base of the NIST [16]. There is a considerable 

scatter in the values from different authors. The rate constants are expressed in 

[cm3/molecules.s] for 2-body reactions and [cm6/ molecules2.s] for 3-body reactions at 
T=298 K. 

• He/N2 +NO: 

In absence of oxidants such as 0 2 and H20 , NO is dissociatively converted to N2 

and 02 in the plasma. The dissociation of NO occurs nol by direct electron impact as 
is proven by the simulation of electron dynamics in the non-equilibrium plasma (see 
section 6.5 of the chapter about Monte Carlo Electron Dynamics) . The probability of 
direct electron impact is very small for NO at a concentration of 1000 ppm. Therefore, 

NO is dissociated by electronically excited or ionized bulk gas molecules/ atoms [27]. 

Reduction of NO is also possible via the fast reaction of NO with N• [1,2,27]: 

NO+ M+,M• ---> N• + o• 
NO+N• ---> N2+0• k = 2- 4 . 10- 11 

The remaining o· and N• recombine preferentially to 0 2 and N2 . 

(4.2) 
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The addition of 0 2 to the bulk gas depresses the dissociative conversion of NO 
[27, 24]. 0 2 is the energy sink in the plasma since its electronica! excitation and 

dissociation are lower in energy than these of He and N2 . As a consequence, highly 
excited molecules of the bulk gas are efficiently de-excited by the excitation and 

dissociation of 0 2 • Oxidation of NO by 0' becomes the principal mechanism in 
preserree of 0 2. However, the produced N02 is reduced to NO by 0' : 

NO+ 0' ---+ N02 

N02 + 0' ---+ NO+ 02 

k = 1 - 3. 10-11 

k = 5- 20. w-12 
(4.3) 

The formation of 0 3 competes with the oxidation of NO by 0'. 0 2 is usually present 

in a much higher concent ration than NO . Ozoneis a relative stabie molecule which ox

idizes NO slowly. Further, the preserree of 0 3 also consumes 0' by the recombination 

reaction to 0 2 : 

o· + Oz ---+ 03 

o· + o3 ---+ 2 o2 
NO+ 0 3 ---+ N02 + 02 

k = 2.s . w-12 

k = 1.6- 2.5. 10-14 

k = 2. 10-14 

(4.4) 

Hence, the NO conversion is limited by the reduction of N02 by 0'. The ratio 

of reaction rates for NO oxidation and N02 reduction by 0' can be expressed by an 

empirica! relation of Tokunaga [27] : (NO)/(N02)2 = 0.027 ppm-1 at high power input 

in the plasma. Using this relation for our experiment with 1000 ppm NO initially, 
only 17.5% of the NO is converted to N02. This value corresponds very well with the 
measured conversion of NO in dry gas mixtures, see figures 4.1, 4.3, 4.5, and 4.7. 

The addition of only H20 to the bulk gas generates OH' and H' radicals since 

H20 is the energy sink in the plasma. The reaction rates found in the NIST data 
base show that OH' oxidizes NO efficiently, whereas H' does not react with NO or 
HN02: 

NO+OH' __, HN02 

H N02 +OH' ---+ N02 + HzO 

k = 10-11 - 10-12 

k = 2.5- 6.3 . w-12 
(4.5) 

However, our experiments show that the conversion of NO decreases strongly when 

H20 is added to the bulk He/N2 + NO mixture (see figures 4.1, 4.3, 4.5, and 4.7). 
Our result suggests a lower reactivity of the OH' than is given in the data base. The 

same condusion is made by Tokunaga [24] who used a selective OH' radical scavenger 
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to demonstrate that OH' oxidizes NO less efficient than e.g. HO;. He explaines the 

low NO conversion further by the following recombination reaction: 

( 4.6) 

which forms NO back . The reaction rate is not given in this article. 

• He/N2 + 02 + H20 +NO: 

The presence of both 0 2 and H2 0 in the gas mixture gives the possibility to form 
a more extensive and reactive set of radicals for the oxidation of NO [4, 29, 37]. The 
primairy radicals 0', H' , and OH' produced in the plasma wiJl react firstly with the 
bulk gas molecules when the reaction rates are cernparabie to the reaction with NO. 
The main reactions accuring immediately after the discharge phase are: 

H' + Oz -t HO; 

0' + Oz -t 03 

k = 8. w-n 
k = 2.8 . 10-12 

( 4.7) 

Other reactions of the primairy radicals with bulk gas molecules are too slow to be 
considered further. Hence, the OH', HO;, and 0 3 are the main oxidizing species for 
the reaction with NO. The set of reactions initiated by these species is extensive. A 
reduced but still rather extensive set of reactions is presented in table 4.2. The main 
oxidation route of NO to HN03 is believed to be (Tokunaga [24]): 

1 : NO+ Ho; -t N02 +OH' k = w-11 - w-12 

N0+03 -t NOz + Oz k = 2. 10-14 

2: NOz+OH' -t HN03 k = 2 - 9 . 10-11 
(4.8) 

N02 + 0' -t N03 k = 2 . 10- 11 

-t NO+Oz k = 5- 20. 10-12 

NOz + N03 ~ NzOs H..:..f 2 H N03 

A high concentratien of OH' and H20 is necessary to avoid the reduction of N02 

by 0'. This mechanism is in agreement with our experiments on the influence of 0 2 

and H2 0 in the corona plasma-induced homogeneous removal of NO. However, the 
role of OH' in the oxidation of NO is not clear. The reaction rates of the literature 
contradiet with our experimental results. 

The validity of this main oxidation route of NO to HN03 is checked by a chemica! 
kinetics calculation with the rather extensive set of reactions from table 4.2. The 
calculations are performed for 1000 ppm NO in N2 + 10% 0 2 + 10% H20 at p = 

1 bar and T = 298 K. The simuiatien is started with an initia] fraction of 10-4 for 
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Table 4.2: A reduced reaction set of the reactions induced by the radicals from a 
plasma in 0 2 and H2 0 containing gas mixture with NO and its oxides. The reaction 
and mean rate constants are taken from the NIST data base {16}. 

1 h + 1 o2 --+ 1 ho2 k = 8.0e-ll 
1 h + 1 o2 + 1 n2 --+ 1 ho2 + 1 n2 k = 3.2e-32 
1 o + 1 o2 --+ 1 o3 k = 2.8e-12 
1 o + 1 o2 + 1 n2 --+ 1 o3 + 1 n2 k = 4.8e-34 

2 ho2 --+ 1 h2o2 + 1 o2 k = 2.5e-12 
1 ho2 + 1 o3 --+ 1 oh+ 2 o2 k = 3.0e-15 
1 ho2 + 1 oh --+ 1 h2o + 1 o2 k = 5.0e-ll 
1 o3 + 1 oh 1 ho2 + 1 o2 k = 8.0e-14 
2 oh --+ 1 h2o + 1 o k = 2.0e-12 
2 oh --+ 1 h2o2 k = 1.5e-ll 

1 no + 1 o3 --+ 1 no2 + 1 o2 k = 1.6e-14 
1 no + 1 oh --+ 1 hno2 k = l.Oe-11 
1 na+ 1 ho2 -+ 1 oh+ 1 no2 k = 5.0e-12 
1 na + 1 ho2 --+ 1 o2 + 1 hno k = 2.0e-14 
1 na+ 1 ho2 1 hno3 k = 1.3e-13 

1 o + 1 o3 2 o2 k = 3.0e-14 
1 o + 1 oh -+ 1 o2 + 1 h k = 2.5e-11 
1 o + 1 ho2 ..... 1 o2 + 1 oh k = 5.0e-ll 
1 h + 1 o3 --+ 1 o2 + 1 oh k = 3.0e-ll 
1 h + 1 oh -+ 1 h2o k = 2.5e-12 
1 h + 1 ho2 -+ 1 h2o + 1 o k = 2.5e-12 
1 h + 1 ho2 -+ 1 h2 + 1 o2 k = 7.0e-12 
1 h + 1 ho2 -+ 2 oh k = 6.3e-ll 
1 oh+ 1 o3 --+ 1 ho2 + 1 o2 k = 6.3e-14 

1 no2 + 1 h 1 no + 1 oh k = l.Oe-10 
1 no2 + 1 o -+ 1 no + 1 o2 k = 8.9e-12 
1 no2 + 1 o -+ 1 no3 k = 2.5e-ll 
1 no2 + 1 oh -+ 1 hno3 k = l.Oe-11 
1 no2 + 1 o3 --+ 1 no3 + 1 o2 k = 1.8e-17 
1 no2 + 1 ho2 1 hno2 + 1 o2 k = 1.3e-13 
1 no2 + 1 no2 1 n2o4 k = 7.9e-13 

1 hno2 + 1 oh --+ 1 no2 + 1 h2o k = 3.5e-12 

1 hno+ 1 h -+ 1 no + 1 h2 k = 1.3e-10 
1 hno+ 1 o -+ 1 na+ 1 oh k = 1.8e-ll 
1 hno+ 1 oh --+ 1 na + 1 h2o k = 5.0e-12 
1 hno+ 1 o2 -+ 1 na+ 1 ho2 k = l.Oe-14 
2 hno -+ 1 n2o + 1 h2o k = 3.1e-15 

1 no3 + 1 h --+ 1 no2 + 1 oh k = 1.1e-10 
1 no3 + 1 o --+ 1 no2 + 1 o2 k = 1.3e-ll 
1 no3 + 1 oh -+ 1 no2 + 1 ho2 k = 2.5e-ll 
1 no3 + 1 o3 1 no + 2 o2 k = l.Oe-17 
1 no3 + 1 ho2 -+ 1 hno3 + 1 o2 k = 8.9e-13 
1 no3 + 1 na -+ 2 no2 k = 2.5e-ll 
1 no3 + 1 no2 --+ 1 n2o5 k = 1.6e-12 

1 h2o2 + 1 no3 1 ho2 + 1 hno3 k = 2.0e-15 



4.4 Homogeneaus reaction mechanisms 67 

the primairy ndicals 0', H', and OH'. These radicals are assumed to be produced 

instantaneously by the discharge pulse. 

The result of the chemica! kineti cs calculations, figure 4.11, show~ that the pri
mairy radic:als 0' and H' react rapidly with 0 2 to respectively 0 3 and HO;. In the 

next reaction phase, NO is oxidized efficiently by OH' and HO;. After 10-4 s, 0 3 is 
the only remairring oxizing species for NO. 

An experimental example of the mechanism of the plasma-induced oxidation of 

NO in moist gas mixtures is shown in figure 4.12. The oxidation of NO occurs in two 

steps. Firstly, NO is converted to N02 at low energy input in the plasma. The [NOx] 

remains constant initially. There are not enough radicals produced in the plasma to 

oxidize the formed N02 further to the acid. Secondly, at higher energy input in the 

plasma, the N02 is also converted to probably HN03 . The (H)N03 or other nitrogen 

oxides were not detected in our setup. Reduction of NO does not occur either since 

N2 is not detected . The HN03 probably reacts with the tubing on its way to the 

mass-spectrometer. This is currently an unsolved problem. 

Finally, the chemica] kinetics of the homogeneous plasma-induced conversion of 

NO in preserree of 02 and H20 is partially elucidated by variatien of the initia! 

concentratien NO. 

The conversion of NO is linear proportional with the energy input in the plasma 

at a low discharge frequency of < 5- 10 Hz. At higher discharge frequencies and the 
[NO] > 1000 ppm, the conversion of NO becomes proportional with the square root 

of the energy input in the plasma. Finally, at low [NO] and high conversions at high 

energy input in the plasma, an exponential behavier is observed. The three functional 

characteristics of the NO conversion versus the energy input in the plasma can be 

deduced from a simple kinetic model. 

Primairy radicals are produced at a rate proportional to the energy input in the 
plasma. These primairy radicals and rapidly formed secondary radicals oxidize NO 

in a first order reaction. Reactive radicals are lost by recombination. This compact 

reaction model is represented by the following symbolic reactions: 

M k~n 2R' 

NO+R' k2 
~ (H)NOx ( 4.9) 

2R' k3 
M ~ 

in which 'M' denotes a bulk gas molecule, and 'R'' a radical which oxidizes NO. The 

rate of NO oxidation is given by: 

(4.10) 

A solution of this differential equation can be obtained when steady state condi-
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Figure 4.11: The time evaJution of the concentrations of reactive radicals and NO as 
computed witb tbe set of reactions and rate constants from table 4.2. Tbe calculation 
bas been performed with a gas mixture of 1000 ppm NO in N2 + 10% 0 2 + 10% 
H20. 
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witb the empty reactor, i.d . . 25 mm, helium as bulk gas, 5% 0 2 , and 8% H2 0. These 
curves have tbe shape of the measurements of Weiss {37}. 
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tions are assumed for the radical c'oncentration at fixed power input in the plasma: 

( 4.11) 

Hence, the steady state radical concentration equals to: 

(4.12) 

The different functional behavior of the [N0]1 as observed in our experimentscan 
be deduced from equations 4.10, 4.11, and 4.12 under the following constrains: 

1. Low P;n: At low power input in the plasma, the radical concentration will be 

low. When k3 [R'] 2 ~ k2 [NO]t[R'], the rate of NO conversion becomes linear 
proportional to the power input in the plasma: 

d[NO]t _ k P, 
dt - 1 m (4.13) 

2. Higher P;n and high [NO}: At high initia! [NO], the relative conversion of NO 
is low over a wide range of Pin· Hence, equation 4.10 can be written as a quasi 
first order reaction: 

d[NO]t -- k' [R'] . h k' k [NO] dt 2 , Wit 2 = 2 t (4.14) 

When the rate of NO oxidation is low compared to the rate of radical production 

and recombination , i.e. (k2 [N0])2 ~ 4k3 k1P;n, the NO conversion becomes 
proportional to the square root of the power input in the plasma: 

( 4.15) 

3. Higher P;n and low [NO}: At low [NO], the rate of NO conversion becomes 

low. When k2[N0]1[R'] ~ k3 [R] 2 , the steady state radical concentration follows 
directly from equation 4.11 : 

(4.16) 

This result can be substituted in the rate equation of NO conversion, formula 

( 4.10), and subsequently integrated in time. The results is the exponetial be
havior of the NO conversion as a fundion of the power input in the plasma: 

l J k1Pin [NO t = [NO]o exp( -k2 ----,;;- · t) ( 4.17) 
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The experimentally observed relation between the NO conversion and the square root 
of the power input in the plasma at [NO] > 1000 ppm requires a relative low reaction 

rate of the oxidizing radicals with NO and a life time of radicals in the order of 0.1 
second (the square root dependenee is already observed at discharge frequencies of;::: 
10 Hz). These conclusions conflict with the chemica! kinetics calculations with the 
reactions and rate constants from the NIST data base. These calculations predict a 

very short life time of the reactive radicals of < 10-4 s. lt can be concluded that 

simple radical reactions are not sufficient to describe the chemica! kinetics of the NO 
oxidation in a plasma. Probably, the formation of molecular clusters and aerosols 
around radicals and ions inftuence the reaction rates strongly. 

On the base of the current measurements and reaction mechanism we conclude 
that the most effi.cient NO conversion is obtained at a low energy density in the 

plasma, and high oxygen and water content in the gas mixture. As a coosequence of 

the low energy density in the plasma, the residence time in the plasma zone must be 

long to obtain a high NO conversion. 

4.5 Silica catalysts 

In this section, silica ( Grace 332, 300 m 2 / g and V P = 1.65 ml/ g) is stuclied as possible 
support material for catalyst deposits. The 'fixed bed' reactor of 9 mm diameter is 
used for this work. The plasma-induced reaction of NO with the silica support is 
determined as a function of the partiele size of the silica and the gas mixture. NO 
does not chemisorb on silica, and breaks through the bed of silica quickly. Thermal 

desorption spectroscopy of used silica doesnotshow desorption. Therefore, the initia! 
surface coverage of NO in silica can be considered low for the experiments described 

below. A summary of the observed heterogeneaus reactions will be given in the section 
'Heterogeneaus reaction mechanisms' 4.8. 

4.5.1 Support partiele size 

The surface reactions with plasma species are expected to be partiele size dependent 
since the life time of most plasma species is only :::; 10-s s at p = 1 bar ( see chapter 

1) . The plasma must be generated as near as possible to the catalyst to induce a 
surface reaction with plasma species. The ratio of catalyst surface area and plasma 
volume can be varied by using different partiele sizes for the packed bed . lt should be 
realized that the plasma only proceeds through the voids in the bed. Micro pores are 

too small for the discharge of exist (see chapter 5). The experiments are performed 
with the empty tube reactor, and a packed bed of sieve fractions 0.5- 1.0 mm, 250-425 

J.Lm, 125- 250 J.Lm, and 30- 90 pm. 
The resulting NO conversion versus the energy costs per removed NO molecule 

is presented in figure 4.13 for the different reactor fillings. The presence of the silica 
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Figure 4.13: The conversion of 1000 ppm NO in helium (left graph) or nitrogen 
(right graph) versus the energy costs per removed NO molecule as a function of the 
Grace 332 support partiele si ze. The temper at ure is 90 ° C. 

bed decreases the energy costs compared to the empty tube reactor. The differences 
between the different sieve fractions are smaJI for helium as bulk gas, whereas a sieve 

fraction of 125 to 425 pm is optima! for nitrogen. The 30-90 pm silica bed with N2 

as bulk gas deviates strongly probably because the diameter of the voids in the bed 
become smal! for the discharge. The energy input per discharge pulse decreased from 

usually 7 ± 1 to 4.7 ± 0.3 mJfpulse for the smallest particles of 30-90 pm . 

The products are primarily N2 and 0 2 . Traces of N20 are detected as a function 
of the power input in the plasma, even in the case of He as bulk gas . lt seems 
possible that N20 is formed directly from NO. (The reaction mechanism should be 

elucidated with labeled NO.) Oxidation of NO is not observed since oxidants are 
absent in the gas mixture. The dissociation reaction pathway must be very similar 

to the homogeneous reaction as is proposed in section 4.3. However, the role of the 
si lica is not wel! understood. The experiments with helium do not suggest changes 
in the discharge parameters as a function of the void diameter in the bed, whereas 

the experiments with nitrogen do. Further, a local increase in the concentratien of 
NO by physisorption seems to be ruled out by temperature programmed experiments 
with reaction temperatures of 30 to 150 oe. The negative order in the temperature, 

which is charaderistic for physisorption enhanced reactions [22], is not observed. 
We come to a hypothetical explanation that radical sites are responsible for the 

more efficient dissociation of NO by the discharge. These radical sitescan be created 
by the quenching of ions, meta-stabie electronic excited molecules, and stabilization 

of N' on the surface. Also UV-photons from the decay of electronically excited states 



72 

Eooo!JI (eV/NO) 
500 .------....-----~---. 

Helium 

400 / +- + 
+ A----6---

,::."'ti':";-,-.._ ----- .. 
\J· ·'-"' ·· ... o_ 
0#1"' 'V .. --

/. ~0-o~ 
300 

200 

100 

0 ~----~----~----~ 
0 3 6 

400 

300 

200 

100 

Removal of Nitric Oxide 

Nitrogen 

---

o--- o------. ,'.a __ _ 
....-=~~~'ïl········· ·· ······· 0--

0 ~----~----~----~ 
0 3 6 

Si02: -+-none -!::..- 500-1000 -0- 250-425 -V- 125-250 -o- 30-90 J.liD 

Figure 4.14: The energy casts per removed NO molecule versus the [02] at approxi
mately constant energy input of"' 0. 7 W. The experiments have been performed with 
an empty 'fixed bed' reactor and with a packed bed of Grace 332 silica of different 
sieve fractions. The left graph is tbe result for He and the right grapb for N2 as bulk 
gas with 1000 ppm NO. 

can play a role in the formation of radical sites. Electron Spin Resonance might. be 
used to detect the formation of radical sites on the silica support. 

4.5.2 Addition of 02 

Oxygen is an important compound of most waste gases. The role of 0 2 on the 
NO removal is stuclied as a function of the bed partiele size. The energy input in 

the plasma is kept constant within 10% for each experiment with a eertaio type of 
catalyst bed. The results of the experiment are shown in figure 4.14. 

The energy costs per removed NO molecule increase initially strong by t he addition 
of 02 as is reported for the homogeneaus reaction (section 4.3). 0 2 is the energy sink 
of the plasma, which leads to dissociation of 02 --) 2 o·. 

In these series of experiments however, there is an obvious activity of the silica 
surface to the oxidation of NO. The smaller the sieve fraction of the silica particles, the 

lower the energy costs per converted NO molecule. The mechanism of the oxidation 
of NO on the silica surface is believed to proceed as fellows: 0' radicals stick to the 
silica surface, and create thereby a heterogeneaus oxidation site for NO. Exothermic 
reactions are eflicient on surfaces because the reaction energy is transferred efliciently 
to the surface. The formed N02 is not stabie on silica and desorbs. 
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Figure 4.15: The conversion of NO versus the energy casts per converted NO molecule 
in presence of Grace 332 silica (125-250 tJ-m). The left graph is for helium as bulk gas 
and the right for nitrogen. The measurements are performed at foûr different water 
concentrations as denoted in the legend. 

4.5.3 Addition of H 20 

Exhaust gases from cernbustion processes contain significant amounts of water. The 
[H20] can be as high as 20% for cernbustion of CH4 , and as low as 2.5% for coal fired 
processes. The influence of the concentratien H20 in absence of 02 is measured for 
the plasma induced conversion of NO. In a N2 or He plasma, H20 is the energy sink. 
The OH• and H• radicals are the main dissociation products of water in a corona 

discharge. 
The experiments are performed with a bed of Grace 332 silica particles of sieve 

fraction 125-250 !J-ffi . The conversion of NO is measured as a function of the plasma 

energy input by increasing the discharge frequency from 0 to 200 Hz. The results are 
plotted in tigure 4.15. 

The addition of H20, even in a small amount of 0.6%, makes the conversion of 
NO several times more energy intensive as compared to the reaction in dry He or N2. 

Some N02 is measured as reaction product but at high energy costs. The dissociation 
of H20 was clearly evidenced by the formation 02 as a function of the energy input 
(the detection of H2 was not included in the measurements). These measurements 
show that the radicals H• and OH• are not reactive to NO. 
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Figure 4.16: The conversion of NO in presence of a packed bed of Grace 332 silica 
particles (sieve fraction 125-250 J.Lm) as a function of the {02} at four different {H2 0}
Helium is used as bulk gas with 1000 ppm NO. The energy input in the plasma is 
approximately equal for all data points. The thin dotted lines are the corresponding 
results in the empty tube reactor. 
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Figure 4.17: The conversion of NO in presence of a packed bed of Grace 332 silica 
particles (sieve fraction 125-250 J.Lm) as a function of the [02} at four different [H2 0}
Nitrogen is used as bulk gas with 1000 ppm NO. The discharge energy per pulse 
decreases by a factor two at high {02} and [H2 0}. 
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4.5.4 Addition of both 0 2 and H20 

H20 and 0 2 a.re often simultaneous present in flue gas and other exhausts. The 
combination of 0 2 and H20 has been shown to oxidize NO efficiently to HN03 in the 
homogeneaus plasma-induced reaction (see section 4.3). Here, the influence of silica 
in the plasma zone on the conversion of NO is stuclied in preserree of H20 and 0 2 in 

the gas mixture. The preserree of a high silica surface area is expected to suppress 
the homogeneaus gas phase reaction because free radicals can recombinate efficiently 
on surfaces. However, the homogeneons reaction might very wel! be replaced by a 
surface reaction. The results of the experiments are presented in figures 4.16, and 
4.17. The experiments are performed at a discharge frequency of 100 Hz. For helium 
as bulk gas, the corresponding results obtained in the empty tube reactor (from figure 
4.1) arealso plotted in the graph. 

Results for helium as bulk gas: The products of the conversion of NO are usually 
N02 and HN03 . Only in absence of 0 2 and H20, NO is dissociatively converted to 

N2 and 02 . 
The largest difference between the preserree and absence of silica is observed at low 

[H20] s; 0.6%. In preserree of silica the conversion of NO is significantly higher and 
the energy costs lower. The reaction mechanism is analogue to the plasma-induced 
heterogeneous oxidation of NO over silica for dry gas mixtures as is observed in the 
experiments described in section 4.5.2). 

The homogeneaus reaction at 2.4% H20 is more efficient in the empty tube reactor. 
The energy costs are comparable in presence and absence of silica, but the conversion 
of NO is much higher in the empty tube reactor. The heterogeneons reaction over 
silica at 8% H20 is less efficient in preserree of silica. The conversion of NO is not 
much different with and without silica, but the energy costs are considerably higher 
in the empty tube reactor. 

Results for nitrogen as bulk gas: The reaction of NO in N2 is less clear than for 
He as bulk gas. When H20 and 0 2 are added to the gas mixture, the energy input 
in a discharge pulse decreases by a factor two . This decrease in discharge energy 
per pulse has probably the same origin as in the pure gas phase reactor (see section 
4.3). The energy costs in preserree of H20 are always higher than of the dry mixture 
in preserree of silica. This observation contradiets with the results for helium as bulk 
gas. There is currently no explanation for this phenomenon. 

The role of silica is demonstrated in this series of experiments. The preserree of a 
high silica surface area can increase the energy efficiency of the plasma process at low 
[H20] . However, the most efficient NO oxidation occurs in the empty tube reactor at 
high [02] and [H20] and a long residence time in the plasma zone. 
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Figure 4.18: Left: the NO concentration during the chemisorption of 1000 ppm NO 
in presence of 5% 0 2 in dry helium. The "(-alumina is cleaned by thermal desorption 
at 500 ° C before this experiment. Right: the TPD rnass-spectrum of the saturated 
"(-alumina immediately after the reaction. 
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Figure 4.19: Left: the NO concentration during the plasma treatment over"(-alumina 
which is presaturated wit.h NO. 1000 ppm NO in dry He + 5% 0 2 is used as test 
gii!>. Right: the TPD rnass-spectrum of the used "(-alumina after the reaction. 
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4.6 1-Alumina catalysts 

In this section, )'-alumina ( AKZO eK-300, 100-200 m2 / g, V P = 0.6 ml/ g) is stuclied 
as possible support material for catalysts in the plasma-catalytic reactor . However, 
the experiments on the plasma-induced conversion of NO over bare )'-alumina showed 
a high activity for the oxidative chemisorption of NO. The mechanism which leads to 
the formation of NOx-groups on the surface of )'-alumina is elucidated by the results 
of the series of experiments described below. The experiments are peformed with 
1000 ppm NO in helium at T = 30 or 90 oe, unless denoted otherwise. The total 
gas flow is kept constant at 100 Nml/min. The amount of )'-alumina in the reactor 
is approximately 700 mg. The process of oxidative chemisorption wil! often be called 
'NO fixation'. The used )'-alumina can be regenerated by thermal desorption at T = 
450-550 oe. 

The formation of nitrite or nitrate groups on the surface the catalysts for selective 
catalytic reduction (SeR) processes is a well established phenomenon [9-11, 20,21, 26, 
39] . The selective reduction of NO in presence of oxygen over Cu/ZSM-5, alumina, 
alkali loaded catalysts and MnOxh-alumina catalysts is proceeded by the heteroge
neaus oxidation of NO to N02 . When hydrocarbons (R) are used as reductant, the 

N02 reacts rapidly to R-N02 which is subsequently oxidized to N2 and carbon oxides. 
Water is often a poisson for the catalytic reaction due to the competative adsorption 
of NO and H20 . 

In the study of Ueda [35], the formation of NOx-groups on a Pt/BaOh-alumina 
catalyst is deliberately used to reduce the NO emission in the exhaust of a diesel 
engine. The catalyst is loaded with NOx-groups in oxidizing gas conditions, and 
regenerated in reducing conditions under formation of N2 • The presence of any SOx 
in the exhaust leads to irreversible sulphate formation which deteriorates the activity 
of the catalyst for the NO-fixation. The catalytic SCR processes are performed usually 
at a temperature higher than 300 °C. 

The plasma-induced NO fixation reaction over 1-alumina can be performed at 
temperatures below 100 °C. The plasma-induced adsorption of NO is observed earlier 
by Henis [7] in 1976, but at higher energy costs and lower conversion of NO as 
compared to our experiments. 

4.6.1 Addition of 02 

The experiments with pure 1-alumina for the plasma-induced conversion of NO were 
started with 1000 ppm NO in pure helium . NO does not show significant adsorption. 
The plasma treatment leads to dissociative conversion of NO to N2 and 0 2 as is 
observed also for silica (see previous section 4.5). 

The addition of 0 2 induces dramatic changes for the reaction of NO with )'
alumina with and without plasma treatment. When NO and 0 2 are fiown simul
taneously over dry, regenerated 1-alumina without plasma, a strong chemisorption 
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Figure 4.20: The initial energy casts of NO fixation versus the NO conversion at 
different temperatures. A mixture of 1000 ppm NO in dry He + 5% 0 2 is used. The 
7-alumina is saturated with NO in the presence of 0 2 befare the plasma treatment. 
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reaction of NO occurs under formation of only a small amount of N20 (50 ppm) . An 
example of the chemisorption of NO on Î-alumina is shown in figure 4.18, including 

the regeneration of the used Î-alumina by thermal desorption . After ten minutesof 
total adsorption, NO partially breaks through. Three hours later, the Î-alumina is 
saturated. The surface coverage of NOx·groups is high, in between 30 and 50%. The 
color of Î-alumina is changed from initially white to soft yellow when saturated with 

chemisorbed NOx. The color change denotes N02, N204, or N203 adsorbates on the 
surface. 

The analysis of the species on the saturated Î-alumina by temperature pro
grammed desorption (TPD) spectroscopy of the saturated Î-alumina shows a large 
desorption peak of NO between 70 and 210 oe. This is probably a weakly chemisorbed 
NO species. The second desorption peak is observed between 350 and 500 oe. The 

simultaneous desorption of NO, N02, and 0 2 originate probably from the decompo

sition of nitrite or nitrate complexes. The amount of chemisorbed NO and desorbed 

NO and N02 balances within the accuracy of the measurement. As a consequence of 
the necessity of 0 2 and the results of the TPD of saturated Î -alumina, we conclude 
that the chemisorption of NO is initiated by the oxidation of NO to NOx adsorbates 
(Fe impurities?). The formed NOx-adsorbates must initiate the weak chemisorption 
of NO to explain the high surface coverage at the end. 

When the plasma is switched on after the Î-alumina is saturated with NOx·Species, 

a new NO chemisorption cycle is initiated in the preserree of 0 2. An example of the 
plasma-induced fixation of NO after saturation of the Î -alumina is shown in figure 
4.19 including the TPD spectra of the used catalyst. The energy input in the plasma 

is 7.6 ± 0.3 mJ per discharge pulse. The initia! energy costs of the plasma process 

can be as low as 16 and 32 eV /NO at respectively 65% and 95% NO fixation. After 
the period of almost tota] NOx removal by the plasma-induced fixation reaction, N02 
is formed and the conversion of NO decreases. 

The TPD spectra of the Î-alumina used in the plasma experiment show much 

similarities with the TPD of the saturated Î-alumina which is not exposed to the 
plasma. Only the N02 desorption peak between 350 and 500 oe is higher for the Î

alumina used in the plasma process. We conclude from these results that the plasma 

oxidizes the weakly chemisorbed NO species to more tightly bound NOx·species and 
probably new sites on Î-alumina for NO oxidation. Most probably, the reaction is 
caused by o• radicals which are produced in the plasma. The results of the quenching 

model, chapter 5, indicate that o· radicals diluted in helium have a large probability 
to interact with the catalyst surface. The newly formed NOx·species must be the 

sites for renewed NO chemisorption to explain the second cycle of NO fixation during 
the plasma process. 

The initially high energy efficiency of the plasma-induced NO fixation has two 

main causes: firstly the probability of a usefull reaction for plasma species is high 
since the surface coverage of NOx adsorbates is high, and secondly the formed prod-
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Figure 4.22: The initia! energy costs of NO fixation versus the NO conversion at 
different [02} in a mixture of 1000 ppm NO in moist He. Wet 1-alumina does not 
chemisorb NO without a plasma. T = 90 oe. 

ucts remain adsorbed on the surface which avoids back reactions in the homogeneous 
plasma phase. These conclusions are supported by the results of the experiments 
performed at temperatures between 30 and 400 oe, shown in figure 4.20. At temper

atures of 300 and 400 oe, the formed NOx-species are not stabie on 1-alumina and 
desorb as N02 during the plasma process. The conversion and energy efficiency of 
the plasma-induced NO removal decreases since N02 is efficiently reduced to NO by 
o· radicals. 

4.6.2 Addition of 0 2 and H 20 

The condusion from the previous part that the high surface coverage of NOx-species 
is necessary for low energy costs of the plasma process is confirmed by the experiments 
where water vapour is added to the gas mixture (2-3% H2 0). Wet 1 -alumina show 
strongly diminished chemisorption of NO in presence of 0 2 , and water can push out 
the NO from saturated, dry 1 -alumina. The NO desorption peak between 70- 200 oe 
becomes much smaller when water vapour is present in the gas mixture. Hence, NO 
and H20 are competitive adsorbed on 1-alumina. 

The consequence of the competitive adsorption of NO and H2 0 is that at constant 

partial pressure of water, its surface converage decreases at increasing temperature. 
Hence, the plasma-induced NO fixation should be performed at a temperature of 
approximately 100 oe in case there is water vapour present in the gas mixture, see 
figure 4.21. The rule of thumb is that the surface coverage of solicis by water is a 

single monolayer at PH2o/p0 = 0.1 and becomes higher at larger water pressure ratio. 
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Figure 4.23: The initia] energy casts of NO fixation for different alkali loaded Î 
alumina. A mixture of 1000 ppm NO in He + 3% 0 2 is used. The moist mixtures 
contain 2-3 % H2 0 . The catalysts are saturated with NO and H2 0 in the presence 
of 0 2 before the plasma treatment. T = 90 ° C. 

The 'pH2o' is the partial pressure of the water vapour in the gas mixture, and 'p0 ' is 
the saturation pressure of water vapour. 

The infiuence of the 0 2 concentration is determined in a series of experiments 
with moist gas mixtures (0.6% H20) at T = 30 °C. The result depicted in figure 4.22 
shows that the plasma-induced NO fixation reaction does not depend much on the 

[02]· 

4.6.3 KOH and MgO supported on 1-alumina 

Some experiments have been performed with MgO (10 wt% Mg) and KOH (1 wt% 
KOH) loaded Î-alumina catalysts. Dry and moist mixtures of 1000 ppm NO in He 

+ 3% 0 2 are used as test gas. The moist gas mixture contains 2.5-3% water. The 
experiments with moist gas mixtures are repeated with N2 as bulk gas. 

The alkali loaded Î-alumina does not show much NO chemisorption before the 
plasma treatment, neither for dry nor moist gas mixtures . Hence, the initia! NOr 
coverage is low for the plasma process. The initia! energy costs of the plasma-induced 
NO fixation are shown in figure 4.23. The most striking result of the alkali loaded 
catalysts is the insensitivity for water. The results for dry and moist gas mixtures 
are almost identical for the KOH and MgO catalysts. This is in contrast with bare 
Î -alumina. Further, the lowest initia! energy costs for plasma-induced NO fixation 
are obtained for the MgOh-alumina, 12- 13 and 17-18 eV fNOx at rewspectively 40% 
and 80% NO conversion for both dry and moist gas mixtures. 
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Figure 4.24: The IR absorption spectra of aged 1 -alumina after the plasma-induced 
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The full scope of MgO and other alkali catalysts supported on silica or 1-alumina 

for the p!?,sma-induced NO fixation could not be determined yet. 

4.6.4 IR analysis of used 1-alumina 

A sample of an used 1-alumina cataly~t is analyzed by IR-transmission spectroscopy. 

The 1-alumina is first saturated with NO without a plasma in a dry gas mixture of 

He+ 5% 0 2 + 1000 ppm NO. Subsequently, the plasma-induced NO fixatien reaction 

is performed for a period of one hour. The 1 -alumina was transported through air 

to the IR a.pparatus. The IR absorption spectra of the used catalyst are shown in 

figure 4.24. The IR spectra is measured after four heat treatments of the catalyst: 

80 oe to remove most of the water, 250 oe to desorb the molecular adsorbed NO, 

450 oe to dissociate NOx-groups, and 550 oe for almost complete regeneratien of the 

1-alumina. 

The IR absorption after the first heat treatment of 80 oe was relative strong. 

This indicates a high surface coverage of NOx-groups on the outside of the 1 -alumina 
particles. The difference betweentheIR spectra of 80 and 250 oe heat treatment is not 

large. The presence of adsorbed NO is not measured. This is not unexpected since the 

1 -alumina was exposed to moist airforsome days before analysis. The adsorption of 

water from the air probably pushed out the adsorbed NO. This confirming the strongly 

decreased adsorption of NO proper when a moist gas mixture was used. When the 
sample is heated for one hour at 450 oe, an important part of the NOx-groups is 

dissociated and desorbed . A heat treatment to 550 oe was needed to regenerate the 

1 -alumina almost completely. 

Three IR absorption peaks can be identified with IR data from the literature, see 

figure 4.25. These peaks belong to N03-groups on the surface. This is in agreement 

with the TPD which clearly indicates t he presence of N03-groups. Peaks of N02-

groups are not found in our spectra. However, a number of peaks in the spectra do 

not correspond to IR absorption bands of known structures of adsorbed NOx-groups 

on metal oxides. Hence, it is difficult to fully identify their origin. 

4. 7 Supported metal-oxide catalysts 

In this part of the research, transition metal oxides supported on silica are investigated 

for the application to NO reduction at low gas temperatures under oxidizing, moist 

gas conditions. The results of the experiments described in the previous sections 4.5 

and 4.6 indicate that silica is the most inert support material for plasma-induced 

reactions with NO. 
The catalytic reduction of NO is a wel! known process. The 3-way catalyst for 

the exhaust of automotives reduces NO with CO and unburned hydrocarbons over a 

Pt/Rh cat alyst at T >300 oe. This metal catalyst does not reduce NO anymore under 

oxidizing gas conditions. The selective catalytic reduction process (SCR) has been 

• 
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(eV/NO) CNo (%) 

500 50 

Fe20 3 
Fe20 3 

400 40 

300 ~~~ 30 ~~~;;;;; 
200 ~~ 20 

100 10 

0 0 
0 2 3 4 5 0 1 2 3 4 5 

% 02 % 02 

-+- H2 -!J. - CH4 -0- n-C6 -V- iso-C8 -o- no reductant 

Figure 4.27: The energy costs and conversion of NO as a function of the percentage 
0 2 for different reductants. Fe2 0 3 is used as catalyst with 1000 ppm NO in N2 • 



4.7 Supported metal-oxide catalysts 85 

developed for this purpose. NH3 is used to create oxygen vacancies at the surface of 
the V-Ti-oxide catalyst. The oxygen vacancies are filled by dissociative adsorption 

of NO. Such a reduction-oxidation mechanism is known as a 'Mars van Krevelen ' 
mechanism . The SCR process works at T >300 oe. For transition metal-oxide cat
alysts, e.g . Co2 0 3, holds the same reaction mechanism, in some cases at slightly 
lower temperatures. Unfortunately, these metal-oxides are sensitive to poisoning by 

sulphur. 

We aim on a plasma-induced Mars van Krevelen mechanism at lower gas tem
peratures . Radicals, which are produced in the plasma, should create the sites for 

dissociative adsorption of NO . 
The following metal oxide catalysts are prepared by incipient wetness impregna

tien of Grace 332 silica of sieve fraction 125-250 pm: 10 metal wt% of Cr20 3, Fe2 0 3, 
Co20 3 , and CuO. An aqueous solution of the metal nitrate saltsis used for impregna
tion . After impregnation, the catalyst is dried at 110 oe and subsequently calcinated 

at 450 °C. 

The temperature dependenee of the plasma reaction with the different metal oxide 

catalysts is measured by increasing the reaction temperature from 50 to 400 oe at 
a rate of 7 °C/min. A mixture of 1000 ppm NO in N2 with 1% 0 2 , 1% H2 or CH4 , 

and 1000 ppm NO is used as test gas. The plasma-induced reaction did not show 
dependenee on the temperature. Further, we did notcbserve much difference between 
the plasma-induced reaction over the supported catalysts and pure silica. We must 

conclude that a catalytic reaction under these conditions did not occur. Si nee we aim 
on a low temperature reaction, the temperature is kept constant at 100 oe in the 
next series of experiments. 

The influence of the [02 ] is stuclied with the different catalysts in a dry gas mixture 
of N2 containing 1000 ppm NO and 1% H2 . The results of these experiments are 

shown in figure 4.26. The metal oxide catalysts show better results than pure silica 
in presence of 0 2 • However, when the result of pure silica is compared to figure 4.17 
(the samekind of experiment, but without H2 in the gas mixture), we come to the 
condusion that poor performance in the current experiment is caused by H20 which 
is produced by the reaction of H2 with 0 2 in the plasma. At higher [0 2] the activity 

of catalysts are in the order Fe-ox > Cr-ox, Co-ox > Cu-ox. 
In an attempt to improve the performance of the Fe20 3 catalyst, we stuclied the 

influence of several reductors: H2 , CH4 , n-C6 , and iso-C8 . The results of series of 
experimentsis shown in figure 4.27. The addition of the reductors does not improve 
the reaction of NO. The energy costs remain high compared to the plasma-induced 
reaction in the homogeneaus gas phase and the NO fixatien on 1-alumina. 
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4.8 Heterogeneaus reaction mechanisms 

Several plasma-induced heterogeneaus reactions have been observed in the experi
ments described in this section . In a number of cases, the energy efficiency of the 
plasma-induced NO conversion could be increased in presence of silica, ')'-alumina, 
and supported metal catalysts. The results of the experiments from sections 4.5 and 
4.6 are briefiy discussed . The reaction mechanism is proposed against the background 
of the interaction of NO with the different catalysts. 

• Silica: 

NO does not chemisorb on silica in preserree or in absence of water, oxygen and 
the plasma. NO breaks through the bed of silica quickly, and the thermal desorption 
spectra does not show chemisorbed NOr-species . Consequently, the surface coverage 
of chemisorbed NO is low on silica. Physisorption of NO on silica is a well known 
phenomenon, which induces alocal increase of the NO concentration [22]. However, 
the plasma-induced reaction did not depend on the temperature between 30 and 150 
oe. 

In preserree of silica, the energy efficiency of the plasma-induced conversion of NO 
increases by a factor 2 fora simple gas mixture of 1000 ppm NO in dry He or N2 . The 
energy costs of,...., 250 eV /NO in the empty tube reactor decreased to ,...., 125 eV /NO 
at 80% NO conversion in preserree of a packed bed of silica in the plasma zone. The 
role of the silica surface is not well understood for this gas mixture. We propose the 
mechanism that NO is dissociated on radical sites on the silica surface. These surface 
radical sites are created by highly excited plasma species which quench to the surface. 
Also the UV-photons from the decay of excited species in the gas phase might create 
surface sites. Further, radical sites also can be created by stabilization of radicals 
which induces a local higher concentration of radicals. 

M "'-+ M+, M", M•, "!uv 

M+ M*, M•, "!uv -+ M+ o· 
' ( 4.18) 

-+ M:ds 

NO+ o• -+ Oads + Nads 

m which o• denotes a radical site on the silica surface. The N• and o• finally 
recombine to N2 and 02 . These molecules are detected by mass-spectrometry. 

When 0 2 is added to the dry gas mixture, the homogeneous dissociative conversion 
is depressed in favor of the oxidation of NO. The 0 2 is the energy sinkin the plasma, 
which leads to dissociation of 0 2 -+ 2 o• . The adsorption of o• radicals is most 
likely the primary step of the heterogeneaus oxidation of NO. Exothermic reactions 
are more efficient on surfaces, which results in a higher rate of NO oxidation by o•. 
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We propose the following mechanism for the oxidation of NO over silica in a plasma: 

'"'-+ 2 o· 
(4.19) 

in which D denotes a surface site. The energy casts of the plasma-induced NO oxi

dation decreased from >400 eV JNO in the empty tube to 90 eV JNO in presence of 
silica particles of 30-90 1-Lm and [02] = 9%. 

In presence of both H20 and 0 2 in the gas mixture, the homogeneaus oxidation 
of NO is more efficient than in case of the preserree of a large silica surface on which 
free radicals terminate. Silica does not offer an alternative reaction route as for the 

dry mixtures. 

• Metal-oxides supported on silica: 

Silica is used as support material for various transition metal-oxides since it shows 
less plasma-induced reactions than ')'-alumina (see next item). The use of supported 

transition metal-oxides on silica can increase the energy efficiency of NO conversion 
compared to pure silica. Fe20 3 gives the best result for dry gas mixtures, however 

still energy intensive with ?200 eV /NO at only 30% conversion of NO. The use of 
reductors H2 , eH4 , n-e6, and iso-es do not influence the reaction of NO with the 
Fe203 catalyst . 

• 1-Alumina: 

NO does not chemisorb on clean and dry ')'-alumina in absence of oxygen, neJ
ther withor without a plasma. However, astrong NO chemisorption is observed in 
presence of oxygen. After saturation of dry ')'-alumina with NO and oxygen, the sur
face coverage of N-oxide species is 30-50%. Thermal desorption spectroscopy (TPD) 
shows a peak of NO desorption from 50 to 200 oe, and a peak of simultaneous NO, 
N02, and 0 2 desorption at T = 350 to 500 oe. The necessity of 0 2 indicates that the 

chemisorption of NO is preceeded by oxidation of NO on the surface (Fe-impurities?). 

The dissociation of the formed nitrite or nitrate adsorbates causes the desorption peak 
between 350 and 500 oe in the TPD of saturated ')'-alumina. The formed NOx~r 
species must be the sites for weakly adsorbed NO, which desorbs between 50 and 
200 oe. Hence, the saturation of dry and clean 1 -alumina with NO in preserree of 0 2 

proceeds as fellows: 

NO + 02 ---+ NOx,ads x ? 2 

NO + NOx,ads ---+ ONNOx,ads 
( 4.20) 

The 'NOx,ads' species are more strongly adsorbed than the NO in the 'ONNOx,ad.'
complex. 
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The use of the plasma induces a second chemisorption cycle of NO to the saturated 
1 -alumina in preserree of 0 2 . The initia! energy casts of this plasma process can be as 
low as: 16 eV jNOx at 65% NOx conversion, and 32 eV jNOx at 95% NO conversion. 
In analogy with the experiments over silica, the 0' radicals cause the reaction on 
the 1-alumina surface. The probability of useful interaction is high since the surface 
coverage of NOx-species is high. We think that the 0' radicals oxidize the weakly 

chemisorbed NO to the more stabie NOx-species. This condusion is drawn from the 
TPD spectra of plasma treated 1-alumina which shows a larger N02 desorption peak. 
The plasma-induced second cycle of NO adsorption is likely to occur on the newly 
formed NOr-species. We propose that the plasma-induced NO chemisorpt ion on dry 
and saturated 1-alumina occurs as fellows: 

20' 

0' + ON NOx,ads -... 2 NOr,ads ( 4.21 ) 

NO + NOx,ads -... ON NOx,ads 

The energy efficiency and conversion of the plasma-induced NO fixation reaction 
decreases in time. After a period of total NO fixation, the NO conversion decreases 
and N02 is formed . The surface of 1-alumina must be covered with nearly a monolayer 
of NOr-species. The weakly chemisorbed NO is oxidized but desorbs as N02 . 

The u se of moist gas mixtures inhibits the ( oxidative) NO chemisorption before the 

plasma treatment. H2 0 adsorbs strongly on 1-alumina and can push out chemisorbed 
NO. The TPD peak of NO between 50 and 200 oe is much smaller for wet than for 
dry saturated 1-alumina. Further, the energy efficiency and conversion of the plasma

induced NO fixation reaction are worse for moist than for dry gas mixtures. 

• MgO, KOH supported on 1 -Alumina: 

The preserree of KORor MgO on ~t -alumina inhibits the (oxidative) chemisorption 

of NO before the plasma treatment , ei ther for dry of moist gas mixtures . Hence, 
the surface coverage of N-oxides on these catalysts is low. Therefore, the reaction 
mechanism of the plasma process must be similar to that of silica. However, the 

oxidized NO remains adsorbed as NOr : 

'"'"" 2 o· 
( 4.22) 

+02 NO + o:ds -... NOx x;::: 2 

m which D denotes a surface site. The initia! energy costs of this plasma process 
with MgO/r-alumina are the lowest observed in this work: 13 eV jNOx at 40% NOr 
conversion, and 19 eV j NOx at 80% NO conversion. The most striking property of 
these catalysts is that the plasma-induced NO fixation is nat influenced anymore by 
the preserree of water (at least for ~ 3%) in the gas mixture. The role of the alkali 
metal on 1-alumina should be elucidated by surface spectroscopie techniques. 
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4.9 Conclusions 

The plasma-induced conversion of NO is stuclied as a function of several parameters: 
the composition of the gas mixture, the presence of catalyst particles, and the type of 
catalyst materiaL The experiments are performed in a dielectric harrier wire-cylinder 
corona reactor at a gas pressure of 1 bar. The discharge volume can be filled with a 
packed bed of catalyst particles. 

The plasma-induced reactions of NO are mainly initiated by the radicals produced 
in the plasma. Only in the case of pure He and N2 as bulk gas, also other highly 
excited species may interact with NO. The energy efficiency of the conversion of NO 
can be increased by a catalyst in the discharge zone. Silica increases the energy 
efficiency by a factor 2 for the pure bulk gas, helium or nitrogen, with 1000 ppm 
NO. In the case of a dry gas mixture with oxygen, the oxidation of NO can be 
enhanced by several catalytic materials. Silica enhances the rate of the oxidation of 
NO to N02• 1-Alumina and alkali loaded 1-alumina form nitrate on their surface 
by oxidative adsorption of NO. T he energy efficiency of the last process can be as 
low as 13 eV jNOx at CNo = 40%. The plasma-induced NO adsorption works for 
a limited period of time only. The plasma-induced adsorption reaction of NO stops 
when the surface is saturated. The catalysts can be regenerated by therm al desorption 
at T=450-550 oe. 

The presence of a high surface area in the discharge zone also can quench the 
homogeneaus free radical reactions in moist mixtures which contain oxygen. For 
instance, the oxidation of NO to HN03 becomes more energy intensive in presence 
of a silica bed. The reactive radicals 0', OH', and Ho; are trapped and terminated 
by the silica. The experiments with transition metal oxide catalysts and addition of 
reductors showed that the homogeneaus reactions are dominant in moist mixtures 
with oxygen. 

Finally, the results of this chapter are compared with data from the li ter at ure. The 
lowest energy efficiencies obtained for different kind of plasma induced NO remaval 
reaction are tabulated in table 4.3. The reported low energy costs are usually obtained 
only at less than 50% NO conversions and at a lower initia! NO concentration of about 
300 ppm. Our results on NO conversion campare well with the lowest energy casts 
reported in the literature. The use of helium as bulk gas insteadof N2 leads to slightly 
better energy costs, but is not of practical interest. 
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Table 4.3: The lowest energy costs of NO conversion obtained for different kind of 
plasma processes. The values are selected from the list of reierences of this chapter. 

our results: 

ethers: 

dielectric barrier: 

Herris [7] 

pulsed corona: 

Veldhuizen [36] 

Penetrante [18] 

DG-corona: 

Suhr [23] 

Weiss [37] 

e-beam: 

Tok u naga [29, 24] 

1 eV jNOx 

homogeneaus heterogeneaus gas mixture 

(eV /NO) (eV /NO) (and catalyst) 

18 

45 

20 

10 

25 

13 

150 

78 

He/02/H20 

N2/02/H20 

He/02(/H20) (Mg0/t-Al20 3 ) 

N2 (Zr-silicate) 

fluegas 

N2/02/H20/n-Cs 

N2/C02 (a-Al203/Cr203) 

N2/02/H20 
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Chapter 5 

Queuehing Model 

Abstract 

A model is developed which describes the de-excitation of vibrationally excited gas 
molecules by a heterogeneaus surface and in the homogeneaus gas phase in a point in 
the reactor. Ditfusion of excited molecules is included in the model because gradients 
are expected near the surface. The model is related to a plasma-induced catalytic 
reaction in a self-sustained non-equilibrium discharge in the voids of a packed bed of 
catalyst particles. The energy efficiency of the plasma-induced reaction is determined 
by the ratio of vibrational energy transfer to the catalyst and to heating of the gas. 
The theory behind the model uses gaskinetics theory to compute properties of the 
gases. The results are obtained by a numerical code on a computer. The results 
are compared with experimental data on quenching rates of vibrationally excited 
molecules and some plasma parameters of the catalyst bed. It is concluded that the 
mechanism of plasma-induced catalysis with vibrationally excited molecules is highly 
unlikely. 

Additionally, this model has been used to calculate the quenching of radicals. The 
results show that the radicals produced in the plasma have a large probability to reach 
the catalyst surface. 
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5.1 Introduetion 

The maximum energy efficiency of a plasma-induced heterogeneaus catalytic reaction 

is computed for a self-sustained non-equilibrium discharge in a single void of a packed 

bed of catalyst particles. Such an integration of the catalyst and plasma is considered 

as the most optimized reactor configuration for plasma-induced catalytic reactions. 

In this work we will focus on the efficiency of the vibrationally excited molecules, 
produced in the plasma, for the enhancement of catalytic chemica! synthesis reactions 

with 'noble' reaetauts such as CH4 and N2 . At the end, the comparison is made with 

the queuehing of radicals produced in the plasma. The calculations are performed in 

a point of the reactor since the time of the plasma excitation of molecules (10- 7 s) 
and the subsequent de-excitation of excited molecules ( < 10-3 s) are much smaller 

than the repetition time of the pulsed corona discharge (1 o-2 s) and the residence 

time of the gas in the reactor ( ~ 0.5 s ). 
Vibrations are the lowest non-equilibrium excited state of a molecule that can 

enhance the dissociative adsorption rate on surfaces. The general mechanism of 

reactions with vibrationally excited molecules is formulated by Polanyi [11]. This 

theory has been applied to heterogeneaus catalytic reactions by Purvis et al. [16]. 

The quantum-mechanical calculation of the dissociative adsorption of N2 on Re, by 
Bansen [3], predicta dissociative adsorption probability for N2(v = 10) that is 10.000 

times higher than of the ground state of N2 . Recently, these theories could be proven 

by molecular beam experiments on catalytic surfaces: vibrationally and translation

ally excited CH4 on Pt(llO) [7, 14], Ni(111) [6], and W(llO) [12, 13]. 
The enhanced dissociation rate of vibrationally excited molecules originates from 

the lower activation harrier, Ea, because of the vibrational energy in the dissociation 
degree of freedom. The reaction rates of vibrationally excited molecules increase 

rapidly for excitation to the highest vibrationallevels near the dissociation threshold 

sirree the reaction rateis proportional to the activation energy exp( -Ea)· Vibrational 

excitation of the reaetauts for a catalytic reaction looks a promising route to make 

'noble' molecules like CH4 and N2 react under milder conditions than conventionally. 

Larger reactant molecules such as C2H6 , etc., are not considered for this reaction 

mechanism because the vibrational energy of a specific bond is de-excited efficiently 

by intra-molecular relaxation. 

However, the experiments of this thesis, chapters 3 and 4, do not support the 

hypothesis of induced or enhanced catalytic reaction rates with vibrationally excited 

molecules. Therefore, this chapter has the aim to answer the question whether it is 

in principle possible to use vibrationally excited molecules of a self-sustained elec

trical discharge to drive an heterogeneaus catalytic reaction. The main issue is the 

determination of desired and undesired transfer of vibrational energy. The transfer 

of vibrational energy to translational and rotational excitations of gas molecules (V

RT) leads to gas heating which is undesired, whereas the collision of a vibrationally 

excited molecule with the heterogeneaus catalyst (V-Cat) might give the desired re-
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action. The ratio of energy transfers (V-Cat)/(V-RT) determines the efficiency of the 

plasma-induced catalytic process with vibrationally excited molecules. 

The model is applied to the most appropriate reactor for plasma-induced catalysis: 

the 'fixed bed' reactor. The excited molecules are produced in a self sustained, non

equilibrium plasma which proceeds through the voids of a packed bed of catalyst 

particles. Examples of self susta.ined, non-equilibrium discharges are the (streamer) 
corona at pressures near and above atmospheric, and the glow discharge at lower 

pressure. The catalyst bed usually consists of porous support particles, e.g. silica 

or alumina, which are loaded with active catalytic metals or metal-oxides. The 

charaderistic size of the voids in the packed bed is 0.6 times the diameter of the 

support partiele diameter. Catalyst preparation methods have the aim to disperse 

the catalytically active material as small particles over the surface area of the micro

pores to optimize the number of surface atoms of the catalytic materiaL 
It are just these micro-pores with typical diameter< 10-7 m, where the discharge 

cannot exist. An electron of the discharge needs at least one mean free path, .\;, in 

the gas phase to gain sufficient energy to ionize another molecule. A self sustairred 

discharge needs charge multiplication to proceed and to exist. The value of .\; can 

be related to the minimum gap spacing, dmin, which is required for a self-sustained 

discharge. The value of the minimum gap spacing, dmin, scales with the pressure p 

according to the following relation for a neon gas mixture [15]: 

p.dmin ::::::: 2 [m.Pa] (5.1) 

The value of constant product p.dmin depends on the gas mixture, and wi\1 be larger for 

air. The minimum size of the gap is about 20 · 10-6 m for a self-sustained discharge 

in neon at a pressure of 1 bar. Hence, the porosity of the catalyst support is not 
directly useful for the plasma-induced reaction mechanism. As a consequence, the 

discharge only proceeds through the voids, the channels in the bed, and only the 
catalyst particles at the outside of the catalyst support are directly accessible for 

plasma species. 

In this chapter, the model of vibrational energy transfer is described in detail in 
section 5.2 together with the assumptions which make the model better solvable. In 

section 5.3 the theory is presented that is used to make the numerical code, which 

is described in section 5.5. The computer program has been used to compute the 

(V-Cat)/(V-RT) ratio as a function of the channel radius and the relaxation time of 

vibrationally excited molecules. The numerical results obtained from the model are 

discussed in section 5.6 against the background of experimental data on vibrational 

quenching rates ( see Appendix A) and the minimum gap spacing dm in discussed above. 
In an additional research, a slightly modified version of this model is used to calen

late the efficiency of the radicals produced in the plasma for heterogeneaus catalytic 

reactions. Radicals can stick to the catalyst surface or recombine in the gas phase. 

For these model calculations, the kinetic expression for the quenching of vibrational\y 
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excited molecules in the gas phase is adjusted to the recombination of radicals. The 
rest of the model remains identical. The symbols which denote vibrationally excited 
molecules must be read as radicals in this case. 

5.2 Modeling 

The physical situation in the 'fixed bed' reactor is a pulsed corona discharge generated 
in the voids of a packed bed of supported catalyst particles. The discRa,rge has to 
proceed through complex shaped channels in the bed, and the excited plasma species 
have to collide with one of the randomly distributed catalyst particles on the outside 
of the support particles. There is the need to simplify this situation to be able to 
perform calculations. The following simplifications and assumption are made in the 
model: 

• The channel in the catalyst bed is cylindrically shaped. 

• The surface of the channel wal! is fully covered with active catalytic materiaL 

• Vibrationally excited molecules are produced instantaneously and homogeneously 
in the channel by the discharge. 

• A collision of a vibrationally excited molecule to the chaanel wall is assumed to 
be 100% effective for the catalytic reaction. 

• The ideal gas approximation is used for the reactant gases. 

It is realized that none of these assumptions are rigorously valid in reality. The surface 
area of a cylindrical channel is smaller than of the complex shaped real channel in the 
bed. But, on the other hand, a monolayer of active catalyst material seldom can be 
made, e.g. highly disperse noble metal catalyst only can be made at metalloadings 
<10 wt%. At higher metal loadings sintering of catalytic material occurs and the 
conductivity of the catalyst bed wiJl become too high for plasma generation in the 
voids. As a result, a large fraction of excited molecules wil! collide to the bare support 
material without inducing a reaction. In conclusion, these assumptions wil! give an 
upper limit for plasma-induced catalytic reactions on a heterogeneaus catalyst. 

5.3 Theory 

Three processes of vibrational energy transfer are considered in the model: 1. homo

geneaus quenching in the gas phase, 2. heterogeneaus quenching on a surface, and 3. 
dijfusion of excited molecules. Conveetien does not play a role in the current context 
since the Reynolds numbers are smal! in the voids of packed beds. The approach is 
to express these three processes as much as possible in equations from the elementary 
gas kinetics theory [4]. Vibrationally excited molecules are abbreviated by 'M(v)' in 
the rest of this section. 
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1.) Homogeneaus quenching: 

Homogeneous quenching is energy transfer from the highly vibrational excited 
states to the low, non-reactive vi brations, translations and rotations, i.e. heating 
of the neatral gas. This quenching occurs by molecule-molecule collisions in the gas 
phase. In principle, the quenching rate constant can be computed from the collisional 
frequency and the probability of quenching. Usually, the homogeneaus quenching can 
be expressed by an exponential decay with a relaxation time, Tq: 

d [M(v)]t I = _..!_ _ [M(v)]t 
dt homo Tq 

(5.2) 

The relaxation time of quenching, Tq, can be related to the quenching constant kq 

and the pressure p by: 

(5.3) 

2.) Heterogeneaus quenching: 

The heterogeneaus quenching is vibrational energy transfer to the wal!. This 
energy transfer is related to the chemica! reaction of vibrationally excited molecules 
on the catalyst. The rate of heterogeneaus quenching is a function of the collisional 
frequency to the wal!, f/·, and the concentration of M(v): 

d [M(v)]1 I = _ rl. _i [M(v)lt 
dt J e. V" [MJ 

hetero 

(5.4) 

where A is the surface area of the channel and V is the volume fraction in which 

the heterogeneaus quenching is important. The ratio [M(v)] t/[M] is the fraction of 
vibrationally excited molecules. The f / follows from the pressure equation, which 
describes the momenturn transfer from the gas molecules to the wal!: 

(5.5) 

with m is the mass of the molecule, and Üz t he mean speed perpendicular to the wal!. 
The momenturn transfer of a single molecule to the wal! equals 2müz. The mean 
speed ilz of gas molecules equals to: 

Uz = ~ (8kT) 1/2 

4 7rffi 

in which k is the Boltzmann constant, and T the temperature of the gas. 

(5.6) 
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3.) Diffusion: 

Near the surface of the channel, an extra contribution to the queuehing of the 
M(v) exists. Transport of M(v) is possible by means of diffusion. Convection can 
be neglected since the flow is laminar in small channels. The flux of M(v) in the 
channel, JM(v), is defined by the law of Fick: 

J I - -D a [M(v)lr 
M(v) diff- . Or (5.7) 

where ris the radius coordinate of the channel in the catalyst bed. The transformation 

of carthesian to cylinder coordinates does not alter equation 5. 7 since the flux in our 
problem remains defined in units of surface area. (If the law of Fick is used in e.g. a 
conservat ion law, a factor 21rr would have appeared in the right hand si de of equation 
5.7.) The diffusion coeffi.cient Dof an ideal gas is defined in the gas kinetics theory 

as [4]: 

1 -D - - v>. - 3 . (5.8) 

where v is the mean speed of the molecules, and 5. the mean free path between 
collisions. The mean speed v is given by: 

(5.9) 

and the mean free path, .\,is a fundion of the collisional diameter of the gas molecules 
d, and the density of gas molecules n: 

- 1 
>. =

n1rd2 

The density n is expressed in the number of molecules per unit volume. 

(5.10) 

Thesetof equations for queuehing and transport of vibrationally excited molecules 

can be used without further transformation when the parameters are expressed in SI
units, the density and concentration in [m- 3], and the collisional frequency f el. in 

[ -2 - IJ m .s . 

5.4 Partiele Balance 

The set of equations for homogeneous, heterogeneous queuehing and diffusion are 
applied to the decay of vibrationally excited molecules which are produced by a corona 
discharge in a cylindically shaped channel in a catalyst bed. A thin, cylindrically 
shaped volume element in the channel is used to deduce the equation ·for the partiele 
balance in the channel as a function of the radius rand timet (see figure 5.1). 
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Figure 5.1: A sketch of the elementary volume for which the partiele balance is 
deduced. The radius and thickness of the cylindrically volume is respectively r and 
dr. The direction of ditfusion flux es J are denoted by the arrows. 

The concentratien of vibrationally excited molecules C(r, t) in the volume element 

with volume V(r) = 21rrl.dr and length l changes by homogeneaus quenching and 

diffusion: 

aC(r, t) 1 
at = Tv+ V(r) {J(r, t).A(r)- J(r + dr, t).A(r + dr)} ( 5.11) 

in which rv is the rate of homogeneous quenching, J the flux of excited molecules due 

to diffusion, and A= 21rr.l the surface area of volume element V(r). For dr! 0 this 

equation transfarms to: 

aC(r, t) = rv + _ 1 _ _ .!!_ (J.A) 
at 27rrl ar r 

(5.12) 

T he general equation for the partiele balance is obtained when the equations for 

homogeneaus quenching and diffusion, as defined in formulas (5.2) and (5.7), are 

substituted in equation (5.12): 

aC(r, t) 
at 

_ _.!_C(r, t) + !!__.!!_ (r aC(r, t)) 
Tq T ar ar 
1 ~ -

- -C(r, t) +V \7.\l C(r, t) 
Tq 

The following boundary conditions for the partiele balance are assumed: 

(5.13a) 

(5.13b) 

1. The vibrationally excited molecules are produced instantaneously and homoge

neous in the channel at t = 0: 

C(r, t)it=O = Co ( 5.14) 
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2. The gradient in the concentration is zero in the center of the channel because 
of cylindrical symmetry : 

aC(r, t)l = 0 
ar r=O 

(5 .15) 

3. At the wall of the channel, r = R, heterogeneous quenching takes place. The 

number of excited molecules which is quenched to the wall must be equal to the 
flux of excited molecules to the wall by diffusion : 

A(R).J(R) 

v .aC(r,t)l 
ar r=R 

(5 .16a) 

(5.16b) 

in which the density n must have the same unit as the concentration of vibra

tionally excited molecules. 

The equation with boundary conditions for the partiele balance cannot be solved 

analytically. Therefore, a numerical computer program is used to solve the partiele 
balance as a function of place and time. The algorithm of this numerical program is 
explained in the next paragraph . 

5.5 Numerical Solution 

The channel in the catalyst bed is modeled as a cylinder with length I and radius R. 
The channel is divided into N concentric shells because of cylindrical symmetry (see 
figure 5.2) . The thickness of a shell, 6-r, is the radius divided by the number of shells 
N : 

R 
6-r =-

N 
(5 .17) 

The quenching of the vibrationally excited molecules in the channel is computed 

as a function of the time, t, by integration of the differential equations of the previous 
section over small time increments 6-t . The number of shells runs from 0 to N-1. The 
computational sequence of the program is as follows: 

1. The rate of homogeneous quenching is computed for all shells k by: 

d [M(v)Jk,t I = -~ [M(v)] 
dt T k,t 

homo q 

(5.18) 

2. Forthelast shell N-1, there is an extra contribution to the queuehing rate by 
heterogeneous quenching: 

d [M(v)]N-J,t I 
dt hetero 

= _ f.J.. A [M(v)JN-i,t 
c V(N- 1) n 

(5 .19) 
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Figure 5.2: The computational model of the quenching of vibrationally excited 
molecules in the channel of a catalyst bed. The channel is assumed to be cylindrical, 
and can be divided into concentric shells because of symmetry. The micro pores in 
the catalyst support material do not play a role in this model. 

where n is the density, A the wall surface area of the channel, and V(N- 1) 
the volume of shell N-1. Tbe equations for A and V(n) are: 

V(n) , for k = 0 

The length of the channell disappears in tbe formula of heterogeneous quench
ing. 

3. Then , the contribution of dijJusion to the change in concentration of M(v) 

is computed from the difference in ftuxes of M(v) between neighboring shells. 
Firstly, the ftuxes Jk ,t are computed at the boundary of two neighboring shells: 

(5.20) 

Then, the rate of change in concentration of M(v) by diffusion in a shell can be 
computed for all shells k: 

d[M(v)Jo,tl 
dt diff 

(5 .2la) 
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d [M(v)Jk,t I = 
dt diff 

27r b.rl 
- V(k) {k.Jk,t- (k -l).Jk-I,t} (5 .21b) 

d [M(v)]N-t,t I 
dt diff 

27r b.rl 
+ V(N _ 1) {(N- 2) .JN-z,t} (5 .21c) 

4. Finally, the rates of homogeneous, heterogeneous quenching and ditfusion are 
added, and change in concentration of M(v) at the next time iocrement t + b.t 
is performed for all shells k: 

d [M(v)]k tI 
[M(v)]k,t+.:lt = [M(v)h,t + d ' .b.t 

t total 

(5.22) 

The value of the time-inerement is an essential parameter in tbe program. Too 
large time-increments lead to numerical instability in the program and unphysical 
behaviour. The algorithm is in some ways self correcting for large time-increments. 
The concentration can become negative in the last shell by the high heterogeneous 

quenching rate. But, the ditfusion can compensate this effect . The program remains 
numerical stabie but the results have no physical meaning anymore. Therefore, the 
time-inerement is computed by the program itself. The following three criteria are 
used: 

1. The homogeneaus quenching must be < 0.1% per time-increment. 

(5.23) 

2. The heterogeneaus quenching in the last shell must be < 10% at the first time
increment. 

b.t < 0.1 * { M(v)N-I,t=O } 
b.M(v)N-l,t=O 

b.M(v)N-l,t=O is computed with equation 5.19. 

(5.24) 

3. The maximum dijjusion gradient only may lead to a concentration change of < 
10%. The smallest shell, the center of the channel, with the maximum coneen
teation gradient to the neighbor shell is taken as criterion: 

b.t < O.h {2.i0)} (5.25) 

The minimum value of these three criteria is assigned to the time-increment. This 
algorithm is very successful. The program remains stabie with the currently used 
channel radii and queuehing constants who are varied by four orders of magnitude. 
The results reproduce within 1% when more than 100 shells are used. 
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5.6 Results and discussion 

The ratio of energy transfer from the vibrationally excited molecules to the channel 
wall, E_wall, and the gas phase, E_gas, is computed for different quenching rates and 

channel radii . The computations are performed for 1% vibrationally excited molecules 
in helium at p == 1 bar and T == 500 K. The excited molecules have the gas kinetic 
properties of helium, but with vibrational relaxation times which can be adjusted to 

e.g. methane. The vibrational relaxation time r 9 is varied between 10-4 and 10-7 s. 

These queuehing rates cover the experimentally found values, see [1, 2, 5, 9, 10]. The 
channel radius was varied between 1 and 1000 · 10-6 m, which is more than the range 
of bed partiele sizes used in our experiments. 

The chemica] efficiency of vibrational excited molecules, expressed by the ratio 
E_walljE_gas, as a function of the vibrational relaxation time r9 is plotted in figure 

5.3. Vibrationally excited molcules are only efficient for catalytic reactions when 

the ratio E_wallj E_gas ~ 1. The maximum channel diameters as a function of the 
vibrational relaxation rate can be derived from figure 5.3. The minimum channel 
diameter, determined by the existence of the self-sustained discharge is estimated to 
be about 20 ·10-6 m (from equation (5.1)). The relaxation time must be > 10-6 s to 

realize an efficient utilization of vibrational energy. This order of relaxation times is 

experimentally observed but rather exceptional [1, 2, 5, 9, 10]. Especially protonated 

molecules like CH4 , NH3 , and H20 are rapidly de-excited, and they are very efficient 
queueher molecules for other vibrationally excited molecules. Relaxation times of 
> 10- 6 s at p == 1 bar are exceptional. 

The conclusions following from the model calculations are independent of the 

pressure. The relaxation time r 9 , the minimum void diameter d".;n, and the diffusion 
constant 7J scale proportional to the inverse of the pressure, p-1• Hence, figure 5.3 

remains exactly the samefora given quenching ra te constant, k9 , at different pressures 
except for a proportional sealing of the x-axis and the relation times. 

Finally, it must be realized that the chemica! efficiency of the plasma-induced 

process is still some orders of magnitude lower than the ratio of energy transfer 
E_wallj E_gas. Firstly, the surface coverage of the catalyst on the inert support par

tiele is usually only a few percent, especially for the noble metal catalysts. Secondly, 

the reaction probability of vibrationally excited molecules upon a collision with the 
active catalyst exceeds the 10% only at translational/vibrational energies near the dis
scciatien threshold energy. [3, 6, 7, 12- 14] . It are just these highly vibrational excited 
states which are de-excited most efficiently [1, 13]. 

In deed, the ratio of E_wall / E_gas gives the best case for reactions with vibra

tionally excited molecules. Plasma-induced reactions predicted by this criterion are 
still highly unlikely. 

In an additional research, the quenching model has been slightly changed to per

ferm calculations on the quenching behavior of radicals which are produced in the 
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Figure 5.3: The ratio of energy transfer to the walland gas phase for different values 
of the relaxation time Tq . The initia] concentration of vibrationally excited molecules 
is 1%. Helium is used as bulk gas at p = 1 bar and T = 500 1\. The gray area is 
the window in which the self-susta.ined discharge exists and the ratio E_wallj E _gas 
;s > 1. 
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plasma. The radicals can stick to the catalyst which induces the desired reaction , 
or can recombine in the gas phase. The model calculations have been performed for 
OH' radicals which recombine in a 2-body reaction: 

OH' + OH' --+ H2 0 + H' (5.26) 

and for 0' radicals which recombine in a3-body reaction: 

o· + o· + M ..... o2 + M (5.27) 

The initia] radical con centration IS taken equal t.o 0.1% which is very high for 
non-equilibrium plasma's. Lower concentratien of radicals only wilt result a lower 
rate of recombination. Helium and nitrogen are used as bulk gas at p = 1 bar and T 

= 500 K. 
The results of the model calculations for the radicals 0' and OH' are plotted in 

figure 5.4. These radicals do not recombine efficiently in the gas phase. Therefore, 
the major fraction of the radicals is able to collide with the catalyst surface for void 
diameters smaller than 1 mm. This result supports the explanation that the products 
observed in our experiments on plasma-induced catalysis originate mainly from rad i cal 
reactions. 
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5.A Appendix A: Experimental Data on Vibra
tional Quenching 

The literat ure search for ex perimental quenching rat es of vibra.tionally excited molecules 

is focused on the 'noble' molecules ;'\1 2 and CH4 . These two reactant molecules are 

of main interest in the project 'Plasma-induced Catalysis'. Vibrational energy in the 

desired bond of larger molec ules is efficiently de-excited by inter-molecular relaxation. 

The deactivation of the lower vibrationally excited statesof CH4(v2 , v4 ) and CH4(v3 ) 

is measured by Perrin and described in two extensive articles [9 , 10]. They used a 

fotoacoustic cell to measure the transfer rate of vibrational energy to rotat ional and 

translational energy. The methane is excited to the desired vibrational mode by 

a short pulse of IR-radiation . The transfer of vibrational energy to rotations and 
translations, V-RT transfer, leads to heating of the gas. The gas expands upon 

heating. The soundwave from the expanding gas can be detected by a microphone. 

This explains the name of the photoacoustic cel!. The time delay between the pulse 

of IR-radiation and the signa.! of the microphone relates directly to the ra te of V

RT transfer. The role of va.rious quencher molecules is elucidated by performing 

experiments at different pressures and methane concentrations in noble gases. The 

vibrational structu re of CH4 is illustrated in figure 5.5. 

(eV) 

0 .372 ~ V3 l setH 
v2+v4 v,--

2v4 
_j 

0 .248 

v2 

l v. 
set F 

0 .124 
__j 

0 
ground state 

Figure 5.5: The lower vibrational levels of the CH4 molecule. 1000 cm- 1 equals an 
energy of 0.124 eV. 

The notation of vibrational levels from this figure wil! be used in the paragraph 

of this section. 

Firstly, the deactivation of CH4 (v2 ) and CH4 (v4 ) by CH4 and the noble gases He, 

Ne and Ar is measured by Perrin [9] . They excited only the v4 level of methane. But, 
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the V-V transfer between the v2 and v4 is known to be three orders of magnitude 

higher than the V RT rate of both levels . Therefore, the combined V-RT rate of v2 

and v4 is measured with the photoacoustic cell. The results of t heir measurements 

are summarized as the probability of Y-··RT transfer in a collision with t he quencher 

molecule: 

Pv-Rr(CH4 - CH4) 

Pv-Rr(CH4- He) 

Pv-Rr (CH4- Ne,Ar) 

10-4_,10-3 

10-4 _,10-~ 

10-5_,10-4 

for T = 300 --> 1000 K 

-"-

" 

The rate of V-RT transfer is computed by multiplication of the transfer probability 

with the collisional frequency at p,T. The value of the collisional frequency at p = 
1 bar and T = 273 K is a few 109 s- 1 . Thus, the relaxation time of CH4 (v2 , v4 ) is 

< 10-5 s at a pressure of 1 bar. 

In a second artiele of Perrio [10], the deactivation of a higher vibrational mode 

CH4(v3 ) was measured with the same apparatus. The model to explain the experi

mental results includes intra- and inter-molecular V-V transfer and t he V-RT transfer 

of the different excitation modes. The methane molecules are excited to the v3 state 

hy a pulse of IR-radiation. However, the vibrational energy of the v3 state is re

distributed relatively fast over the 2v2 , v1 , v2 + v4 , and the 2v4 states in the same 

molecule by collisions with any other molecule. Thesetof higher vibrationally excited 

states is called the set H. Further , the 2v2 and 2v4 states are quenched efficiently to 

t.he single v2 and v4 mode in an inter-molecular V-V transfer between CH4 molecules. 

These transfers have smal\ gaps and some are quasi resonant. As a consequence, the 

CH4 (v3 ) vibrational energy in pure methane is transferred relative fast to the v2 and 

v4 states. The deactivation of CH4(v2 ,v4 ) is described in the first paper [9]. The 

V- RT transfer of higher vibrational modes CH4 (set H) can be measured only if the 

CH4 is diluted enough in the noble gases He, Ne or Ar (10- 4 fraction CH4 ). The 

Table 5.1: The experimentally measured rate constants for V--RT transfer at T 
= 300 K in pure CH4 and mixtures of 10-4 fraction CH4 in He, Ne and A r. The 
agreement with their data from {9} is excellent. The rate constants are expressed in 
Ç 1 . Torr- 1 . A deactivation rate of 1000 s- 1 . Torr- 1 corresponds to a relaxation time 
of 1.3 · 10- 6 s at p = 1 bar. 

I\[,T v4 excitation [9] 

I\ (r v3 ex ei tation 

855 ± 35 

850 ± 35 

CHcHe 

632 ± 33 

630 ± 35 

1200 ± 200 

93 ± 10 

97 ± 10 

245 ± 30 

CHcAr 

66 ± 7 

65 ± 8 

180 ± 30 



S.A Appendix A: Experimental Data on Vibrational Quenching 109 

values of the vibrational quenching rate constants of the lower states, KfT, and of 

the higher states, K~T, are summarized in table 5.1. 

The deactivation of CH4 can be stuclied also by means of analysis of speetral line 

profiles. Raman spectroscopy is a good tooi to study the collisional deactivation of 

methane as a function of the pressure [8]. 

Nitrogen is a molecule that is stuclied intensively because of the interests in lasers 

and gas discharges in air, fluegas, etc. Vibrationally excited N2 in pure N2 can have 
the very long relaxation time in the order of a second [5]. Resonant energy transfer is 

possible between excited and non-excited N2 molecules. However, Boeuf [1] showed 

that that even the low anharmonicity of the nitrogen molecule can lead to rapid gas 

heating by mismatch in V -V transfer. The charaderistic time of gas heating from 

vibrational energy is 26 to 52 · 10- 6 s when his low pressure results are extrapolated 

top= 1 bar. 

Some other data are found about protonated molecules like H20 and NH3 • The vibra

tional quenching rates are usually high for protonated molecules, either as quencher 

or excited molecule . Kurian and Sreekanth [5] measured the quenching of N2(v) by 
H20 in a shock tube at T > 1000 K. Extrapolating their results to T = 500 K and 
p = 1 bar results in a relaxation time of 1 · 10-6s for N2(v). Even shorter times are 

measured for the quenching of NH3 (v) in N2 [2]. These experiments are performed 

at p = 4-40 mbarandT = 200- 300 K. At p = 1 bar, the relaxation time of NH3(v) 

becomes 0.12 · 10-6s for [NH3] = 0.1 %. The relaxation time becomes two orders of 
magnitude higher when the [NH3 ] goes to 100%. 

Conclusions 

The V-RT transfer rate is high for protonated molecules like CH4 , NH3 , and H20. 

These molecules are not only rapidly de-excited, but also very efficient quencher 

molecules for other vibrationally excited molecules. Relaxation times of > 1 · 10-6 s 

at p = 1 bar and T = 300 K are exceptional. The required relaxation time of > w-s 
s for an efficient plasma process is not observed for the molecules of interest. 
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Chapter 6 

Monte Carlo Electron Dynamics 

Abstract: 

A computer program wilh a Monte Carlo algorithm has been developcd to computc 

the electron dynamics of partially ion ized gases. The algorithm is especially usf' ful 

for mixtures of gases . T he program computes the trajectory of a single electron on 

its way through a gas mixture over a relatively long time. T he electron is accelera.t.cd 

by a homogeneaus electric field and looses energy by elastic and inelastic colli sions 

with molecules. Several plasma parameters such as the electron energy d istribu t ion 

function (EEDF), the mean electron drift energy, and the discharge energy branching 

are obtained by direct sampling of the state of the electron a t regular time inte rvals . 

T he program is relatively simple, smalland easy to understand compared to me1.hods 

of solving the Boltzmann equation for partially ionized gases. Cross-seelions arf~ 

available for He, Ne, Ar, Kr, Xe, H2 , N2, 02, Cl2 , F2, HCI, CH4 , CF4 , and SF,;. 

These gases can be used in any ratio of mixture. The program is tested by compariug 

results to the literature. Finally, the program has been used for calculation o f plasma 

parameters of the gas mixtures which are used in our experime nts. T hese data help 

the explanation of experimental results of this thesis. 
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6.1 Introduetion 

The knowledge of the electron energy distribution function (EEDF) provides the 
plasma scientist with a lot of information. For example, the branching of the discharge 

energy can be computed directly from the EEDF and the set of cross-sections of the 
molecules in the gas mixture. 

Since long, scientific work has been dedicated to the determination of the EEDF of 
plasma's. In genera!, the self consistent evolution of the EEDF, F( v, i, t), is described 

by the Boltzmann equation: 

àF ~ ~" F C( ) 8t + v.V,F + a.va = F (6.1) 

where vis the velocity vector, ithe position vector, and ä ( = qeE /me) the acceleration 
vector. The callision operator C represents the gain and loss of electron energy in the 
velocity-space element dvdi due to both elastic (momentum exchange) and inelastic 

collisions (excitation, ionization, etc). The solution of equation 6.1 is of considerable 
physical and mathematica! complexity and also needs sufReient computational power 
if the solution must be obtained for molecules with a complex set of cross-sections. 

This method has been used with success by several groups [6 , 11, 14]. 
Our idea is that the EEDF and other electron parameters can be obtained in 

an easy and understandable way from a classica! description of the electron dynam
ics in partially ionized gases: the electrens are accelerated by an electric field and 
loose energy by elastic and inelastic collisions with molecules and other electrons. 
The collisions of electrens with molecules and other electrens is a stochastic process. 

Therefore, a Monte Carlo algorithm should be able to describe the electron dynamics 
of partially ionized gases. A computer program, named 'Monte Carlo Electron Dy
namics' (MCED) is developed, which describes the trajectory of a single test electron 
through a gas mixture. The computed plasma parameters are the time averages of the 
sampled state of the test electron and the interactions. The main plasma parameters 

which are computed by the program are the EEDF, the electron drift velocity, the 
mean free path, and the discharge energy branching. 

Monte Carlo methods are widely used for complex physical and mathematica! 
problems. Examples of Monte Carlo approaches in the field of gas discharges are 
given by several workers. The trajectory of electroos in a reactor configuration can 

be computed by means of a Monte Carlo algorithm [2, 7,12,13, 20] . The so called 'zero
collision' Monte Carlo method, originally developed by Skullerud [16], is frequently 
used to compute plasma parameters, see e.g. [8, 18, 19]. J;'his algorithm, based on 
collisional frequencies of the electron, is used mostly for noble gases. The so called 
particle-in-cell method is applied to rf-discharges by Birdsall [1] and Sommeren [17] . 

The comparison between Monte Carlo methods and the solution of the Boltzmann 
equation is made by Segur, Yousfi and Bordage [14]. 

The algorithm of program MCED will be explained insection 6.2, including some 



6.2 Algorithm 113 

computational details to make the program more efficient. The computational effi
ciency of a Monte Carlo program is of great importance to obtain the most accurate 

results in a limited period of calculation time. The electron interactions, which are 
implemented in the program MCED are described in section 6.3. Some results of 
the program are compared with data from the literature in section 6.4. Finally, the 
program has been used to calculate plasma parameters for experimentally used gas 
mixtures. The computed plasma parameters help to understand the experimental 
results. 

6.2 Algorithm 

The computational algorithm of the program MCED is sketched in figure 6.1. The 
basis of this algorithm is a transformation of the definition of the EEDF. Usually, 
the EEDF is defined as the energy distribution of an assembly of N electrous at time 
t 1 . We state that the same EEDF is found when the energy of a single electron is 
sampled at N points in time. The main advantage of this transformation is that the 
storage of data from a single electron does not require much computer memory. The 
number of samples from a single simulated electron is limited by computational time 
only. Further, the algorithm of simulating a single electron is less complicated than 
that of N electrons. The single electron which is simulated by the program is called 
the 'test' electron in the following. 

• Monte Carlo processes: 

The Monte Carlo aspect of the program MCED is the use of random numbers 
to determine how and when an electron will have interaction. An interaction occurs 
when the uniform random number between 0 and 1 is smaller than the probability of 
interaction. The probability of interaction is determined in each cycle of the program 
algorithm. Firstly, a uniform random number is used to determine the molecule type 
m for possible interaction with the electron. The probability of finding molecule type 
m, pm, is equal to the fractional den si ty of this molecule: 

(6.2) 

where n( m) is the part i al density of molecule type m. Th is procedure allows the simu
lation of complex gas mixtures without increasing the computational effort . Secondly, 
a next uniform random number is used to determine whether the electron-molecule 
interaction occurs yes or no. The probability of interaction, Pi(m, E-), for an electron 
with energy é with a molecule of type m is defined as: 

pi(m,é) = O"tot(m, é ) 
0" cel/ 

(6.3) 
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lnitialize molecule types 

Pn+l = Pn + t::.s.Ê 

Bookkeeping: EEDF, drift 

Type of Molecule ? 

No 
Int eraction ? 

Yes 

Specific interaction 

E := E- E; 

Bookkeeping: E;, N; 

Figure 6.1: The flow sheet of program MCED. The blocks with i talie written ques
tions are the processes where random numbers are used. 
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In this equation, O"tot( m, é) is the tot al interaction cross-section of molecule m at 

electron impact energy é. O"cei' is the cross-section of the unit volume cel! in which a 

molecule is placed ( see l>elow for explanation of t he unit cell for nwlecules). 
The tot al interaction cross-seet ion O"tot( m, é ), on its turn, is the sum of the different 

specific cross-sections such aselastic scattering, vibrations, excitations, and ionization 
of the molecule: 

O"tot(m,t:) = :~:::>k(m,t:) (6.4) 
k 

The specific excitation cross-sections O"k( m, é) are a function of the electron impact 
energy t:. In the case of an inelastic electron-molecule interaction, the energy of the 
test electron is decreased by the energy needed to excite the molecule, t:; : 

é := é- é; (6.5) 

The random numbers which are used in this algorithm are generated by the uniform 

random generator RANDU 1 . The quality of this random generator is sufficient for 
the current scale of simulations because the cycle length of 231 is long compared to 
the number of random numbers which are used in these simulations. 

• Unit cells for molecules: 

The molecules in the simulation are placed in a unit cel/. The volume of an unit 
cel! is equal to Vcell = l/n where n is the density in number of molecules per unit 
volume. The definition of a cubic unit cell makes the distance between unit cells 

equal to ~s = 3~ and the cross section of the unit cell O"cell = ~s2 • Further, the 
molecules are assumed to have zero momenturn sirree the mass of a molecule is three 

orders of magnitude higher than that of an electron. The cubic representation of the 

unit cell for a molecule satisfies the relation for the mean free path, ~' of an electron 
in the gas mixture: 

O".n 
(6.6) 

In this equation, O" is t he total interaction cross-section of molecules for electron 
impact . The mean free path is an important parameter in electron dynamics. 

• Electron acceleration: 

The test electron is accelerated to the next unit cel! by the electric field over a 

distance ~s , i.e. a side of the unit cel!. The acceleration of the electron is performed 
in the momenturn space: 

p(n + 1) = p(n) + qE ~t 
me 

(6.7) 
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where vu and v1- are the velocity of the electron respectively paralleland perpendicular 
to the electric field Ë at time increment n. However, this equation is a fourth order 

equation in ~t and cannot be solved exactly anymore. Therefore, the acceleration of 

the electron is approximated for two regimes. At low electron velocity, the acceleration 
in a unit cell is dominated by the electric field. At higher electron velocity, the 
acceleration is relatively small because of the short residence time in the unit cell . 

The acceleration of the electron over a distance ~s is approximated by the following 

scheme: 

{ 
..J~s.E 

Pll(n + 1) = Pu(n) + 
~s.Ej2p(n) 

, if (t: (n) < E.~s) 

, if (t:(n) ~ E.~s ) 
(6.8) 

where p = .JE- denotes the dimeosion of momenturn in the program. The approxima

tion is computationally fast and sufficiently accurate when l~sj.IE I ~ 0.1 eV. The 
increment of the electron energy must be small enough to follow the gradients in the 

cross-sections. 

• Sampling of data: 

In each computational cycle of the program, the test electron is accelerated over 

a distance ~s after which it has a probability of interaction. In every computational 

cycle the electron energy and the drift momenturn are sampled for the determination 
of the EEDF and the average drift momentum. At this point, it must be realized that 
the number of samples per unit time is systematically higher for high electron energy 
compared to low electron energy. Sirree the data samples should be performed at 

regular time intervals, independent of the electron energy, the electron data samples 
must be scaled with 1/p (and also the number of samples must be scaled with 1/p). 
The bookkeeping of electron-molecule collisions, such as the number of interactions 
and the energy branching, is straight forward. 

• Look-up tab/es: 

The cross-sections for electron interactions are represented in look-up tables in the 
program MCED, with the highest accuracy at low electron impact energies where it is 
necessary. The look-up tables are used witbout interpolation between successive look

up table points to minimize the computational effort. The main advantage of the use 
of look-up tables is that every functional shape of cross-sections can be represented 

without the use of fitted analytica! functions which contain floating point intensive 

operations such as raising toa power, exponents, division, goniometrie functions, etc. 

In conclusion, the program MCED describes the velocity of a single test electron 

in a three dimensional momenturn space, with an homogeneaus electric field parallel 
to the x-axis . The algorithm of the program is sketched in figure 6.1. The mean value 
of plasma parameters are obtained from this algorithm by sampling the state and the 
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interactions of the test electron over a sufReient long time. A Monte Carlo algorithm 
is used to describe the interactions of the test electron. 

6.3 Electron Collision Processes 

Several electron interactions are implemented in program MCED. The three imple
mented classes of electron interactions are: 1. elastic electron-molecule collisions, 2. 
inelastic electron-molecule collisions, and 3. the electron-electron interaction. These 
interactions are explained in more detail below. The super-elastic electron-molecule 
and the electron-ion interactions are not implemented since these interactions have 
minor infiuence at non-equilibrium conditions. 

• Elastic electron-molecule (e-M) collisions: 

The major effect of elastic electron-neutral collisions is defiection of the electron. 
The default scatter model is the scatteringtoa hard sphere. The momenturn transfer 
is very smal! due to the large difference in electron and molecule mass. But, the 
cross-sections for elastic scattering are relatively large compared to the cross-sections 

for inelastîc processes. The relatively high scattering rate and angle causes a nearly 
isotropie movement of the electron through the gas . Therefore, the drift velocity in 
the direction of the electric field gradient is usually much smaller than the average 
speed of the electron. 

The energy lossof the test electron in program MCED for an elastic collision with 
impact energy é is taken equal to the maximum possible momenturn transfer in the 
elastic collision of an electron with a molecule with mass M: 

4Mme 
t.t:mom = (M + m e)2 .t: 

In this equation is me the mass of the electron. 

• /nelastic electron-molecule (e-M) collisions: 

(6.9) 

Neutral gas molecules are excited by inelastic electron collisions. Several cases of 
inelastic collision processes are implemented in the program: 

1. Normal excitations: A normal excitation is defined as an excitation of the 
molecule to an uniquely defined molecular state such as a vibrationally or elec
tronically excited state (ionization is a special case due to the released electron). 

The electron impact energy is decreased by the energy required to excited the 
molecule. 

2. Ionization: Ionization is also a normal excitation, except for that the remaining 
energy is shared between the test and the released electron. The energy is 
shared according to the ratio given by an uniform random number. The released 
electron is not considered further in the program MCED. 
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3. Attachment: Sirree program MCED only follows a single test electron, this 

electron cannot be lost due to attachment. Therefore, the electron energy is set 

to zero in case of 2- or 3-body attachment. This approximation does not seem 
to have much inftuence because the energy branching of oxygen computed by 
Eliasson [5] is exactly reproduced, see figure 6.3. 

4. General vibrational excita.tion: Vibrational excitation cross-sections can be very 

complex and extended, e.g. N2 , C02 , and H20. MCED provides the possibility 

to use the total vibrational cross-section. The energy lossin this mode is defined 
by !:lé = é.(0.5 .. . 1) which is determined by a random number. 

• Electron-electron (e-e) collisions: 

The test electron can interact with surrounding electrons, the background elec

trons. The background electrons are considered just like molecules, however with a 
Coulomb cross-section. The background electrans are considered as an isotropie fluid, 
with a certain background EEDF. Currently, the EEDF computed from the system 

without background electrons is used as EEDF for the background electrons. In case 
of electron-electron interaction, the energy of the target electron is taken random 

from this background EEDF. 
The Coulomb cross-section for e-e interaction, O'c(écoll) is taken from Mitchner 

and Kruger [10]. The equation for the Coulomb cross-section is valid for small angle 
electron-electron deflection, which is generally true. 

[ 2] 1/2 
O'c(écoll) = 41rb~ In 1 + ( ~~) 

_ (fokT) 112 
ÀD = --

n.e2 

(6.10) 

(6.11) 

In these equations, éo is the permitivity of vacuum, n. the electron density, and e the 
unit charge. The collisional energy, fcolt, is calculated by the scheme of Hashiguchi [7] : 

(6:12) 

where ép and ft are the kinetic energy of the test and target electron respectively. 

The incident angle 0 between the electrans is taken randomly assuming an isotropie 
velocity distribution: 0 = arccos(U[O .. l]). T he assumption of an isotropie velocity 
distribut ion is valid as long as the electrans are in equilibrium with the electric field 
(hydro-dynamic approximation). Only at very high reduced electric field strengtbs 

this assumption is violated and 'runaway' of electrans can occur. 
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Figure 6.2: The result of the approximated scheme for electron-electron interaction 
as proposed by Weng and Kushner {18}. Only electron-electron interactions are con
sidered, without an electric field. The dasbed line is the background EEDF and the 
dots are the points of the EEDF computed for the test electron in the Monte Carlo 
algorithm. 

The energy exchange between the test electron with energy é: i and the background 

electron with energy é:j is approximated by the scheme of Weng and Kushner [18]. 

These equations could be reduced to: 

{ 
+t::i .U[O . .l] 

!:lt:i = 
-t::; .U[0 .. 1] 

l if t:: ; < t:J 

' if t::; ~ é:j 

(6.13) 

where U[0 .. 1] is a random number between 0 and 1. This surprisingly simple scheme 

assumes an isotropie background electron 'fluid' since no angle information is included. 

The net average energy exchange between the test electron and the random selected 

target electrons is zero. This e-e interaction scheme tends to give a Maxwellian dis
tribution function forthetest electron without an electric field when the background 

EEDF is Maxwellian or uniform between 0 and t::, see figure 6.2. 

Unfortunately, the Coulomb cross-sectien becomes very large at low electron en

ergies. The cross-sections for the long range Coulomb interaction within the Debeye 

sphere can be several orders of magnitude larger than of the short range electron

molecule interaction. The Coulomb cross-section can exceed the dimensions of the 
default unit cel! easily. For example: the aceu ~ 1100 ·10- 16 cm2 at p = 1 bar and T = 

298 K whereas the a c > 1100 ·10- 16 cm2 fora collisional energy of t: < 6 eV. The size 
of the unit cell cannot not be increased to much larger than 10,000 ·10- 16 cm2 because 

the probability of electron-molecule interaction wil] become very low in that case. As 
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Figure 6.3: The energy branching in 0 2 as a function of the reduced electric field 
strength. This figure is almost identical to the figure presented in the report of 
Eliasson [5) from which the cross-sections of 0 2 are taken from. 
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Figure 6.4: The EEDF of very weakly ionized, dry air as a function of the reduced 
electric field strength . The left graph is the result of the program MCED and the 
right is computed by Elendif. 
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a consequence, the electron-electron interaction is always underestimated by program 

MCED, as is demonstrated by simulation with different unit cell cross-section, figure 

6.5. More details about the influence of the size of the unit cell are given in the 

next section where the electron-electron interaction of MCED is compared with the 
program Elendif. The Monte Carlo algorithm based on collisional frequencies [17 , 8] 
is more appropriate to include electron-electron interaction, however the calculation 

time will also increase dramatically. 

6.4 Comparison to literature 

Program MCED is tested thoroughly by camparing the results with data from the 
literature and with results from the computer program Elendif [11] . The pressure and 

temperature for MCED are taken equal to 1 bar and 298 K respectively. 

Firstly, the branching of the discharge energy in 0 2 is computed as a function of 
the reduced field strength Ejn. The cross-sections of 0 2 are taken from Eliasson [5] . 

The result calculated by MCED , figure 6.3, is almost identical to the graph which is 

presented in the report of Eliasson. Only the ionization fraction computed by MCED 
is slightly lower for reduced electric field strengtbs in the range of 100 to 300 Td. 

Secondly, the EEDFis computed for dry air (80% N2 + 20% 0 2 ) without electron
electron interaction at reduced field strengtbs E jn = 20 to 200 Td. These results are 
compared to the EEDF's computed by Elendif, see figure 6.4. The results compare 
well but differ at details. The EEDF computed by MCED always has a higher peak 

value and smaller half widths. The tails of the EEDF's at higher Ejn are much the 

same. 

Thirdly, the effect of electron-electron interactions is stuclied for N2 at constant 
field strength E/n = 50 Td. Here, the program Elendif is used as reference also. 
The EEDF is computed for ionization degrees of 0, 10-6 , 10-s , 10-4 , and 10-3 at p 

= 0.03667 bar and T = 298 K which make the cross-section of the unit cel!, IJ'cel/, 

equal to 10,798 ·10-16 cm2. This size of IJ' cel/ is about the maximum for an acceptable 
calculation time on a 40 MHz 486DX computer. 

The electron-electron interaction cannot be simulated fu lly as can be seen from 
the calculations of MCED with different sizes of the unit cell, see figure 6.5. These 
calculations are performed for N2 with an ionization degree of 10- 4 and Ejn = 50 

Td. The size of the unit cell is changed such that IJ'cell was increased from 1000 to 
15,000 · 10-16 cm2 . The computed EEDF's changed significantly, even at the largest 

unit cells. Therefore, we must conclude that the electron-electron interaction is always 
underestimated by the algorithm of the program MCED, as expected. 

The corrections of t he EEDF by electron-electron interaction become smaller at 
lower ionization degree. The influence of the ionization degree on the EEDF is com

puted for N2 at E/n = 50 Td. The results of MCED and Elendif are plotted in figure 
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Figure 6.5: The effect of the size of the unit cell on the EEDF of N2 at E/n = 50 
Td and an ionization degree of 1 o-4 . 
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Figure 6.6: The EEDF of N2 at E /n = 50 Td as a function of the ionization degree. 
The curves of the EEDF trends to Maxwellian at higher electron density. Tbe dotted 
Jines are Maxwellian distribution functions. 
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Figure 6. 7: The electron drift energy in very weakly ionized, dry air in the direction 
of the E-field as a functîon of the reduced e/ectrîc field strength E j n. The semi
empirica/ relatîon used by IVTAN is Ve = 3.2 103 (E/n)08 m /s wîth E /n in Td. The 
measuremcnts of Verhaart can be represented by the formula Ve = 33643 + 873 ( E /n) 
m/s in the range of thîs graph. 

6.6 for very weakly ionized N2 to an ionization degree of 10-3 . The Monte Carlo 

approximation of the electron-electron interaction from Weng and Kushner [18] tends 
to change the EEDF to Maxwellian, as can be seen from figure 6.6. The mean elec
tron energy is not affected by the electron-electron interaction, as expected, since the 
energy remains conserved in the electrons. However, the result of Elendif are quite 
different in many respects. The EEDF's calculated by Elendif tends much stronger 
to Maxwellian by electron-electron interaction than these of MCED. Also, the mean 
electron energy shifts slightly to higher values. The strange curvature of the EEDF 
at an ionization degree of 10-6 is not understood. P robably, this is caused by a nu
merical instability in Elendif. lt seems that also Elendif has probierus with a correct 
representation of the electron-electron interaction. 

As a final test, the average drift energy of the test electron in the direction of the 
E-field is computed for dry air without electron-electron interaction as a fundion of 

the reduced field strength E/n = 10 to 300 T d. The drift energy is compared to the 
computational results of Elendif, the experimental values measured by Verhaart [21], 
and the semi-empirica! relation used by the strea.mer propagation program of IVTAN 
[3]. The results are plotted in figure 6.7. The drift energies computed by MCED are 
much closer to the experimental values than the results of Elendif. We believe that 
the deviations of Elendif are caused by the two-term approximation of the Boltzmann 
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equation. The use of moretermsis stressed by several authors [6, 11, 14]. 

As a conclusion, we can state that the relative simple, and fast Monte Carlo al
gorithm of the program MCED works satis(actory. The electron-electron interaction 
included in the program MCED differs significantly from the results of the program 
Elendif. The limited size of the unit cell in MCED results in an underestimated 
electron-electron interaction. The long range electron-electron interaction and the 
short range electron-molecule interaction are incompatible in this Monte Carlo al
gorithm of program MCED . The results of the program MCED indicates that the 
electron-electron interaction can be neglected in a first approximation at Ne/n S 
10-5 , whereas the program Elendif shows a significant change of the EEDF at this 
ionization degree. When the electron-electron interaction is neglected in MCED, the 
results agree well with generally accepted data from the literature. 

6.5 Application to gas mixtures 

Program MCED has been used to compute the EEDF and the energy branching of 
gas mixtures used in our experiments. These plasma parameters are necessary to 

discriminate between the changes in plasma properties and chemica] kinetics when 
the partial pressure of a reactant is varied. 

• NO removal: 

The reaction of NO in a non-equilibrium plasma is stuclied in chapter 4. In case 
of simple gas mixtures such as N2 or He + 1000 ppm NO, the NO is converted to N2 

and 0 2 by dissociation of NO in the gas phase. The question is whether the NO is 
dissociated by direct electron impact or by a reaction with highly excited bulk gas 
molecules . The answer is trivia] for N2 as bulk gas. The total cross-section of N2 is 
about equal or larger than of NO. At low concentrations of NO, e.g. 1000 ppm, in 
1\2 there will be at most 1 out of 1000 electron-molecule interactions with NO. This 
small fraction of direct electron impact on NO can be neglected compared to indirect 
excitation of NO by excited bulk gas molecules. 

The situation for He as bulk gas is quite different. The cross-sections of He are 
much smaller than these of N2 and NO. Further, the lowest excited state of He is at 
> 20 eV. In this case, only a small concentration of impurities might absorb a major 
part of the discharge energy. The program MCED is used to compute the energy 
branching and the EEDF as a function of the reduced field strength E /n in the case 
of 1000 ppm impurity in He. N2 and 0 2 are used as test molecules since a set of 
cross-sections for NO was not available. The cross-sections of N2 are most probably 
larger than of NO due to the large vibrational cross-sections, 0 2 is probably more 
representative. The results for 1000 ppm N2 or 1000 ppm 0 2 in helium are presented 
in figures 6.8 and 6.9 respectively. 

The results of MCED indicate that the energy transfer at the ionization field 



6.5 Application to gas mixtures 

(eV-1) 

0.4 E/n (Td): 
5 
10 

0.3 20 
50 
100 

0.2 300 

0.1 

0.0 [::j2~~~~d 
0 10 20 30 40 

(eV) 

125 

Energy Branching 

100% He (total) 

10% 

1% L---~--~~--~--~ 

0 50 100 150 200 

E/n (Td) 

Figure 6.8: The EEDF (left) and energy branching (right) of He+ 1000 ppm N2 as 
a fun ction of the red u eed field strength E jn . 
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Figure 6.10: The EEDF's for different concentrations CH4 in helium for two values of 
the red u eed field streng tb E /n. The increasing peak value of the curves corresponds 
with higher {CH4]. 

strengthof > 50 Td is only < 5% for N2 and < 2% for 0 2 . Tbis is a typical situation 
for the head of the streamer with many inelastic collisions in the bulk gas helium. 

At lower electric field strength, the energy transfer to N2 has a maximum of 20% at 

E/n = 10 Td, and 02 has a maximum of 10% at E/n = 20 Td. At these low field 
strengths, the ionization and dissociation of N2 and 0 2 do not occur yet. Therefore, 
we can conclude that the excitation of 1000 ppm NO in He, which leads to dissociation 
of NO, mainly occurs by collisions with highly excited bulk gas atoms or UV-photons 
from the decay of excited bulk gas atoms. 

• Helium admixture to CH4 : 

Methane is diluted in helium to increase the conversion of CH4 m the plasma 
experiments described in chapter 3. We assumed that low pressure plasma conditions 
are 'simulated' from the point-of-view of CH4 by the dilution in helium. The mean 

free path of the electron increases due to the smal! cross-sections and the high excited 
levels of He. As a consequence, the dissociation of CH4 wiJl become more efficient 
due to the larger fraction of high energetic electrons. 

These assumptions are checked by computing the EEDF's of different mixing ratios 
of CH4 in helium by the program MCED. The computed EEDF's are plotted in figure 

6.10 for two field strengths: E/n = 20 Td represents the conditions in the tail of the 
streamer, whereas Ejn = 200 Td represent the conditions in the head of the streamer, 
the ionization region. 
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The percentage CH4 has a large impact on the EEDFat constant Ejn. The EEDF 
is compressed to lower electron energies when the concentration of CH4 increases. As 
a consequence, a smaller fraction of the electrous have enough energy to dissociate 
CH4 . This computational result explains the experimental observation that the CH4 

conversion increases when it is diluted in He. 
It can be concluded that a 'low pressure' discharge is simulated when the reactant 

is diluted in helium. However, it must be realized that the queuehing rates of the 
plasma excited species in the discharge after-glow remains high at a pressure of 1 bar. 

• 02 admixture to He/CH4 : 

Mixtures of He, CH4 , and 0 2 are used in our experiments described in chapter 

3, in an attempt to convert CH4 to higher alkanes, methanol, or synthesis gas. It 
was found that addition of 02 to He/CH4 mixtures changes the product distribution 
dramatically and increases the conversion of CH4 . Helium with 10% CH4 gives mainly 
higher al kanes, some alkenes, and coke whereas addition of 0 2 leads to CO formation. 
The ad dition of 0 2 also resulted in lower energy costs per converted CH4 . 

The reaction mechanism is partially elucidated by calculations of the program 
MCED on mixtures of He, CH4 , and 02. The initia] formation of radicals and ions 
by the discharge is computed by the program MCED as a function of the 0 2 concen
tration. In this case, the most insight is obtained from the branching of the discharge 
energy since the changes in the EEDF are relative small when 0 2 is added to a gas 
mixture of He + 10% CH4 . The results are plotted in tigure 6.11 for two values of 
the reduced field strength: E /n = 20 Td represents the conditions in the tail of the 
streamer, and E/n = 200 Td these of the head. In tigure 6.12 the energy branching 
is plottedas a function of E/n for two gas mixtures of He+ 10% CH4 + 1 or 5% 0 2. 

From tigure 6.11 it is concluded that the addition of 0 2 decreases strongly the 
relative amount of energy which is transferred to the dissociation of CH4 at low 
reduced field strength. The dissociation of CH4 is replaced by the dissociation of 0 2. 
The fraction of the discharge energy which is transferred to dissociation of molecules 
increases by the addition of 02 (at E /n = 200 Td: 65% at [02] = 0% increases to 84% 

at [02] = 20%). Thereby, the number of radicals per dissipated amount of energy 
increases further since the dissociation of 0 2 costs less energy than of CH4 (6-8.4 

eV/02 versus 9- 12 eV/CH4 ) . 

The tigure 6.12 shows that the selectivity of radical production is easily influenced 
by changes in the gas mixture. The discharge pulse parameters such as the E/n in 
the head of the streamer has less effect. The electric field strength in the tail of the 
discharge streamer cannot be influenced by external pulse parameters. 

Finally, there is also a chemica! effect of the addition of 0 2. The recombination 
of H• and CH3 • is avoided by the formation of the reactive intermediales H02• and 
CH300•. These reactive intermediales also wil! change the product distribution . 
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6.6 Conclusions 

The program MCED is a Monte Carlo computer program which describes the dy
namics of a test electron in a gas mixture with a uniform applied electric field. The 
interaction of the test electron is described by a Monte Carlo process. Several plasma 
parameters are sampled from the test electron: the EEDF, the energy branching, and 
the electron drift energy. The results of program MCED campare wel! with data from 
literature, however the electron-electron interaction is under estimated by the very 
large differences between the cross-sections of electron- molecule and electron-electron 
interaction. 

The program MCED is used for the calculation of plasma parameters of gas mix
tures which are used in our experiments. 

The first result is that low pressure discharge properties can be simulated by 
dilution of the reactants in helium (or other noble gases). The excited levels of 
helium are at such a high energy that the effective mean free path of an electron 
increases in diluted gas mixtures . As a result, the average energy of the electrons 
increases at the same reduced electric field strenght. Therefore, more energy wiJl be 
transferred to dissociation of reactant molecules which increases the product yield. 

The second result concerns the conversion of metharre as a function of the oxygen 
concentration. The calculations of the program MCED show that the dissociation of 
metharre is replaced by the dissociation of oxygen when several percent of oxygen is 
added to the gas mixture. A change in the concentration of a reactant changes not 
only the normal chemica! kinetics but also the product distribution of the plasma 
species. It also has been shown that the product distribution of plasma species is 
more easily infiuenced by the composition of the gas mixture than by discharge pulse 
parameters such as the electric field strength in the head of the streamer. lt can be 
concluded that changes in the gas mixture have probably a stronger effect on the 
chemica! reactions in a plasma than changes of the discharge pulse parameters. 

Finally, we proved that the excitation of low concentrations of impurities in gas 
mixtures does not proceed by direct electron impact. In the case of only 1000 ppm N2 

in helium, the direct excitation of N2 by direct electron impact leading to dissociation , 

can be neglected. The plasma energy must be transfered to the impurity by excited 
molecules of the bulk gas. 



130 References 

References 
[1) Birdsall C.K.; IEEE Trans. Plasma Sci . (1991) 

[2) Braglia M.; Contr. to Plasma Physics 32 (1992) 497. 

[3) Babaeva N.Yu., Kulilovski A.A., Mnatsakanyan A.Kh., Naidis G.V., and Solosolov 
M.Yu; "The streamer Propagation Modelsin N2 -02 mixtures and Flue Gas", Research 
Report IVTAN-ANRA#93/2, Moscow, Russia, May 1993. 

[4] Davies D.K., Kline L.E., and Bies W.E.; J. Appl. Phys. 65 (1989) 3311. 

[5) Eliasson B., and Kogelschatz U.; "Basic data for Modeling of Electrical Discharges", 

ABB, Forschungsbericht June 1986. 

[6) Eizenhiet and Friedland; Phys. Rev. A 39 (1989) 3541. 

[7] Hashiguchi S.; IEEE Trans. Plasma Sci. 19 (1991) 297. 

[8) Himoudi A. and Yousfi M.; Proc. Xth Int. Conf. on Gas Discharges and their Appl., 
Vol. 2, p. 848, Swansea (UK), 13-18 sept . (1992). 

[9) Jianfen 1., and Raju G.R.G.; J. Phys. D, Appl. Phys. 25 (1992) 167. 

[10) Mitchner M. and Kruger jr C.H.; "Partially lonized Cases", by John Wiley & Sons, 
Inc., 1973. 

[11] Morgan W.L. and Penetrante B.M.; "Elendif 93: The Boltzmann Equation Solver", 
Comput. Phys. Commun. 58 (1990) 127. 

[12) Palov A.P., Pletnev V.V., and Tel'kovskii V.G.; Sov. J . Plasma Phys. 17 (1991) 295. 

[13] Satoh K., Ohmori Y., Sakai Y., and Tagashira H; J . Phys. D, Appl. Phys. 24 (1991) 
1354. 

[14) Segur P., Yousfi M., and Bardage M.C.; J. Phys. D, Appl. Phys. 17 (1984) 2199. 

[15] Shveigert V.A .; High Temperature 28 (1990) 32. 

[16) Skullerud H.R.; J. Phys. D 1 (1968) 1567. 

[17] Sommeren T .J.; Plasma Sourees Sci. Techno!. 2 (1993) 198. 

[18] Weng Y. and Krushner M.J .; Phys. Rev. A 42 (1990) 6192. 

[19] Yousfi M., Himoudi A., and Gaouar A.; Phys. Rev. A 46 (1992) 7889. 

[20] Veldhuizen E.M. van; The hollow cathode g/ow discharge analyzed by optogalvanic and 

other studies.; Thesis 1983, TU Eindhoven. 

[21) Verhaart H.F.A.; Kema Scientific & Technica! Reports 7 (1989) 377. 



Chapter 7 

General conclusions 

7.1 Conclusions and summary 

In this thesis , the feasibility and fundamental aspects of plasma-induced catalytic 
reactions are studied. 

The experimental research has been focused on direct synthesis reactions with 
stabie reactant molecules such as methane and nitrogen at a low temperature, and 
the conversion of nitric oxide from exhaust gases. The experiments are performed in 

laboratory scale plasma-catalytic reactors at a gas pressure of 1 bar. The pressure of 
1 bar is chosen to approximate the conditions for possible industrial applications. 

The fundamental research concerns the modeling of the excitation and de-excitation 
of reactant molecules in the plasma. The excitation of molecules is calculated with 
a computer program which simulates a free electron in the gas mixture. The prob
ability of excited plasma species for interaction with the catalyst is calculated for 

vibrationally excited molecules and radicals in the voids of a packed bed of catalyst 
particles. 

The first part of our research, concerns the direct synthesis of chemieals in non
equilibrium plasma's in presence of catalysts at low temperatures. Methane has been 

used mainly as test molecule for these reactions ( chapter 3). 
Methane can be converted directly into higher hydrocarbons in the plasma. The 

product yield increases slightly by the preserree of supported nickel, platinum and 
ruthenium catalysts in the plasma zone. However, the energy costs of more than 
75 eV per converted methane molecule are very high compared to 0.33 eV which is 
thermodynamically required for the production of ethane from methane. Hence, the 

low excited states of methane, vibrations, are not used efficiently for heterogeneaus 

reactions in this plasma process. Probably, the products are the result of plasma
induced free radical reactions which do not propagate by a chain mechanism. 

The oxidative conversion of methane with oxygen in the plasma-catalytic reactors 

produces mainly water, hydrogen, and carbon oxides instead of the desired methanol 
and formaldehyde. The intermediates for the production of oxygenates are oxidized 
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easily further to carbon oxides in the radical rich plasma phase. The presence of 
supported transition metal-oxide catalysts ip the plasma zone only leads to complete 

oxidation products, even at a low temper at ure of 90 °C. The reaction of methane with 
oxygen in presence of pure silica can become au tothermal at an oxygen concentration 
higher than 48%. In this case, the plasma is reduced to a tool to ignite the reaction, 
and can be switched off subsequently. 

The direct plasma synthesis of nitric oxide from nitrogen and oxygen over Mo03 

and BiMo-oxide catalysts is not reported further in this thesis since this reaction is 
not observed in our plasma-catalytic reactors. The observed production of nitric oxide 
only could be assigned to gas phase plasma reactions. The energy costs of this plasma 
process are very high, much more than 100 eV JNO. Therefore, these experiments are 
not described in further detail in this thesis. 

We conclude that the investigated plasma-induced synthesis reactions are very 
energy intensive, which makes its large scale application unlikely. Currently, the 
investigated plasma-catalytic synthesis processes cannot compete with the existing 
catalytic reaction routes. 

The secoud part of the experimental research concerns the conversion of small 
concentrations nitric oxide from exhaust gases at low temperatures of typically 90 
oe or lower (chapter 4) . The conversion of nitric oxide is stuclied systematically as a 
function of the oxygen and water concentration in the gas mixture, and the presence 
of active particulate material in the plasma zone. 

Firstly, the homogeneaus plasma reaction is determined in the empty tube reactor. 
The experimental results show that nitric oxide is oxidized most efficiently at a low 
energy density in the plasma and high water and oxygen concentration. The combi
nation of the o·, 0 3 , OH•, and HO; radicals perfarms a fast and efficient oxidation 
of NO to HN03 via N02 . The lowest energy costs obtained in our experimentsof 
18 eV /NO and 45 eV /NO for helium and ni trogen respectively as bulk gas, campare 
well with the results from literature. 

The homogeneaus reaction of nitric oxide diminishes for oxygen containing gas 
mixture without water. For these gas mixtures, the presence of silica or '1'-alumina 
particles in the plasma zone increases the conversion of nitric oxide several times. A 
large silica surface area enhances the oxidation of NO to N02 several times at [02] 

2': 5% compared to the homogeneaus plasma reaction. The heterogeneaus reaction 

mechanism is evidenced by a more efficient oxidation reaction at a larger silica surface 
area. Further evidence for the plasma-induced heterogeneaus reaction of NO is found 
by using '1'-alumina insteadof silica in the plasma zone. The.efficiency of NO oxidation 

is further increased by '1'-alumina, but the products remain adsorbed on the surface. 
'fhis is direct remaval of NOx. The lowest energy costs of this so called 'NO fixation' 
reaction are 13 and 19 f!V jNOx at 40% and 80% NO conversion respectively for 
a MgOh-alumina catalyst. The plasma-induced NO fixation reaction becomes less 
efficient when the surface coverage of chemisorbed NOx·species becomes a monolayer. 
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The used 1-alumina can be regenerated by thermal desorption at 450-550 oe. This 
process might be an alternative for the catalytic removal of NO at T > 300 oe for 
the relative dry and low temperature exhaust of a nitric acid plant. 

The use of supported transition metal-oxide catalysts in combination with the re
ductants hydrogen, methane, cyclo-hexane, and iso-octane did notshow much activity 
for the conversion of NO in presence of an excess oxygen. 

The third part of the research concerns the modeling of the excitation and de
excitation of molecules in the plasma. 

Firstly, the excitation of gas molecules is modeled by the simuiatien of a free 
electron in the gas mixture which accelerates in a homogeneaus electric field, and 
subsequently looses its energy by inelastic collisions with the gas molecules ( chapter 
6). The interaction between the test electron and other electroos and molecules is 
described by a Monte earlo probability process. The program is thoroughly tested 
and its results compare well with data of literature. The accurate predietien of 
experimentally measured electron drift velocity in air prove the correctness of the 
simulation model. The computer program Monte earlo Electron Dynamics (MeED) 
has been used to demonstrate that the excitation of methane in a corona plasma is 
not selective. Methane is predominantly ionized and dissociated in the propagation 
phase of the discharge. The drift of electroos in the relatively low field of the weakly 
conducting path after the ionization wave leads to vibrational excitation of methane. 
The simuiatien of the addition of oxygen to dilute methane mixtures in helium showed 
that the dissociation of oxygen is the energy sink in the plasma. This explains the 
dramatical change in the product distribution when a few percent oxygen is added 
to the gas mixture. Finally, simulations with computer program MeED showed that 
the probability of direct electron impact on nitric oxide molecules is very small at 
concentrations of 1000 ppm. The reactions of NO must be explained by radicals of 
the bulk gas which are produced in the plasma. 

Secondly, the de-excitation of vibrationally excited molecules is modeled in the 
plasma after-glow in a bed of catalyst particles ( chapter 5). V i brations are the 
most energy efficient excitation of a molecule which enhances the reaction rates of 
molecules. However, vibrationally excited molecules are not only de-excited by the in
ter action with the catalyst, but also in the gas phase which leads to undesired heating 
of the gas. The queuehing model has been used to calculate the ratio of vibrational 
energy transfer to the catalyst and to heating of the gas for excited molecules in 
the voids of a packed bed of catalyst particles. The result of the model calculations 
showed that vibrational energy is predominantly transferred to heating of the gas. An 
additional study with this model to the queuehing behavier of radicals showed that 

radicals have a large probability to interact with the catalyst. These results confirm 
the condusion from the experimental results that the plasma-induced reactions are 
mainly caused by radicals, either in the gas phase or on solid surfaces. 
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The condusion of this feasibility study is that the investigated chemica! synthesis 
reactions in plasma's are energy intensive. The production of these bulk chemieals in 

catalytic processes still is most effi.cient . 
The field of possible applications of plasma techniques is 'end-of-pipe' treatment 

of waste streams. The main advantage of the use of plasma's is that reactive radicals 
can be produced without heating or cooling the whole volume. 

7. 2 Final re mar ks 

The results of this research on chemica! synthesis reactions in plasma's might suggest 
that the energy costs of plasma processes are always too high for industrial applica
tion. This is generally true for the large scale synthesis of common bulk chemicals. 

However, plasma's are very useful for the synthesis of special products which cannot 
be produced effi.ciently by other techniques. 

Two examples of a large scale application of plasma's are the synthesis of ozone 
from oxygen in a dielectric harrier discharge, and the synthesis of acetylene from 
metharre in a thermal plasma torch. Currently the most intensively stuclied usage 

of plasma's is the surface treatment of materials. A wide variety of processes are 
under investigation or already applied in the industry: plasma enhanced etching of 

silicon wafers for the production of integrated electronics, polymer surface treatment 
to improve the wetting properties for painting, metal surface harderring by nitriding, 
deposition of diamond coatings, and many more. The plasma treatment creates 
surface properties which can not be obtained by other techniques. These plasma 

processes are generally performed at low gas pressure which induces a batchwise 
production method. 

The other field of applications for plasma's is environmental pollution controL 
Thermal plasma devices are already commercially available for incineration of con

centrated hazardous chemica! waste. The high energy density in the thermal plasma 
atomizes the.chemicals at a temperature of more than 10,000 K. Afterafast quench 

in the hot plasma after-glow, the atoms recombine to smal! elementary molecules 
which are harmless or are neutralized easily. 

The power of non-equilibrium plasma's is the possibility of smal! scale and flexible 
exhaust gas treatment. The intensity of plasma treatment can be adjusted within 
a fraction of a second, dependent on the amount of emission. The current scale of 
plasma generation is appropriate for the treatment of 1 to 1000 m3 /h exhaust flow. 

Further, the reactive radicals which convert the impurities can be generated at any 

temperature in the non-equilibrium plasma. In principle, the exhaust does not have 
to be heated or cooled for the plasma treatment. The conventional catalytical or bio

logica! destruction of impurities have limitations. For a chemica! destruction method, 
often the temperature of whole exhaust must be increased. Biologica! methods are 

usually only economical at large scale application and are little flexible for the amount 
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and type of impurity. 
A new area of applications of plasma's is the destruction of harmful compounds 

in aqueous waste streams. The mechanism of the plasma-induced reaction is also 
based on the production of radicals from the dissociation of water. Same interesting 
results on the destruction of halogenated hydrocarbons and dyes are demonstrated 
yet. However, there is a lack of chemica! knowledge in this field of plasma applications. 
Intensive cooperation between chemists and plasma scientists might lead to quick 
success in this field of plasma research. 
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Samenvatting 

Plasma-geïnduceerde Katalyse 

Een Toepasbaarheidsstudie en Fundamentele Aspekten 

Onze moderne maatschappij is voor een belangrijk deel afhankelijk van de groot

schalige produktie van chemicaliën. De chemische industrie verwerkt natuurlijke 

grondstoffen tot bruikbare produkten zoals brandstoffen, kunststoffen, kunstmest, 

medicijnen, etc. Het is van groot belang dat de produktie van bulkchemikaliën zo 
efficiënt mogelijk plaatsvindt om de natuurlijke reserves niet uit te putten. Tevens 

dient de afvalstroom zo onschadelijk mogelijk te zijn om aantasting van het milieu te 
beperken. Het doel van dit onderzoek is om aan deze beide aspekten een bijdrage te 
leveren m.b.v. plasma-geïnduceerde katalytische reakties. De experimenten van dit 
onderzoek zijn beter begrepen door modellering van de excitatie van gasmolekulen 

in de plasmafase, en de deëxcitatie van aangeslagen molekulen in de holtes van een 

katalysator bed. 

Het eerste deel van dit onderzoek betreft de studie naar nieuwe en direkte reakties 

voor de produktie van chemikaliën die nu in meerdere stappen ( = fabrieken) gemaakt 
worden. Vooral stabiele molekulen zoals stikstof en methaan kunnen tot nu toe slechts 
in een aantal stappen omgezet worden in het gewenste eindprodukt. 

Een voorbeeld hiervan is de produktie van benzine of methanol uit methaan. De 
direkte synthese van benzine uit methaan is thermodynamisch niet toegestaan. De 
partiële oxidatie van methaan naar methanol of formaldehyde heeft een lage selek

tiviteit omdat deze reaktie verloopt via intermediairen die gemakkelijk verder reageren 
naar kooloxiden. Door deze redenen wordt methaan eerst met water vergast tot syn

thesegas (een mengsel van koolmonoxide en waterstof) over een nikkel katalysator. Dit 
is een endotherme reaktie die veel energie kost. Vervolgens kan uit synthesegas ben
zine gemaakt worden over een ijzerkatalysator, of methanol over koperkatalysatoren. 

In dit gedeelte van het onderzoek richten we ons op een direkte katalytische syn

theseroute voor de konversie van methaan naar hogere koolwaterstoffen of methanol, 
en stikstof naar stikstofmonoxide. Dit zou kunnen door de chemische eigenschappen 

van de reaktantmolekulen te veranderen in een plasma. De molekulen worden in een 

plasma geëxciteerd door inelastische botsingen met de vrije elektronen die versnellen 
in het elektrisch veld. Geëxciteerde molekulen vertonen een hogere reaktiviteit waar
door in principe nieuwe, direkte reaktieroutes mogelijk zijn. De katalysator is nodig 
om de selektiviteit van de plasma-geïnduceerde reakties te verhogen. Dit laatste 

is aangetoond in de literatuur over plasma-katalytische reakties bij gasdrukken veel 
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lager dan 1 bar. Wij voeren experimenten uit bij een druk van 1 bar om mogelijke 

toepassingen in de industrie te onderzoeken. 

Vooral methaan is gebruikt als testmolekuul voor ons onderzoek naar plasma
geïnduceerde katalytische synthesereakties (hoofdstuk 3). Methaan kan direkt omgezet 
worden in hogere koolwaterstoffen in het plasma. De produktie van koolwaterstoffen 
wordt licht verhoogd door de aanwezigheid van metaalkatalysatoren in het plasma. De 
energiekosten van meer dan 75 eVperomgezet molekuul methaan zijn echter erg hoog 

vergeleken met de thermodynamische energiekosten voor de konversie van methaan 

naar ethaan van slechts 0.33 eV per molekuul methaan. Het gebruik van de energie 
in het plasma is niet efficiënt voor deze reaktie. De oxidatieve konversie van methaan 
met zuurstof in het plasma bij lage temperatuur produceert voornamelijk water, wa

terstof en kooloxiden in plaats van methanol of formaldehyde. De intermediairen voor 
de vorming van methanol en formaldehyde worden gemakkelijk verder geoxideerd in 
het radikaal rijke plasma. De aanwezigheid van metaaloxide katalysatoren leidt zelfs 
bij een katalysator temperatuur van 90 oe slechts tot volledige oxidatieprodukten 
van methaan. De reaktie van methaan met zuurstof naar synthesegas kan autotherm 
worden bij hoge zuurstofconcentraties in aanwezigheid van silica. Het plasma is in dit 
geval slechts een gereedschap om de reaktie te ontsteken, waarna het plasma gestopt 
kan worden. 

De direkte konversie van stikstof naar stikstofmonoxide in onze plasma-katalytische 
reaktoren met een molybdeenoxide katalysator vertoonde geen plasma-geïnduceerde 
katalytische reakties, zoals is waargenomen in lage druk plasma-katalytische experi
menten uit de literatuur. De stikstofmonoxide die geproduceerd wordt in onze reaktor 
kan slechts verklaard worden metreaktiesin de gasfase. De energiekosten hiervan zijn 
erg hoog met meer dan 100 eV per geproduceerd molekuul stikstofmonoxide. Daarom 

zijn er verder geen experimenten beschreven in dit proefschrift. 
De energiekosten van de synthese van chemikaliën uit de grondstoffen methaan 

en stikstof zijn erg hoog in plasma-geïnduceerde katalytische reakties bij lage tem
peratuur. De konventionele katalytische processen, die bij hoge temperatuur en druk 
plaatsvinden, zijn nog altijd het meest efficiënt. 

In het tweede onderdeel van dit onderzoek wordt het principe van plasma-geïndu

ceerde (katalytische) oppervlaktereakties toegepast op de verwijdering of omzetting 
van schadelijke stoffen in de rookgassen van elektriciteitscentrales of afgassen van 

chemische processen. Het mechanisme van deze plasmareakties verschilt van de 

chemische synthesereakties die hierboven genoemd zijn. De schadelijke stoffen komen 
meestal slechts in lage concentraties voor waardoor de direkte excitatie d.m.v. de 

elektronen uit het plasma onwaarschijnlijk is (hoofdstuk 6). In dit geval genereert 
het plasma radikalen van het dragergas die vervolgens de schadelijke stoffen afbreken. 
Het energievoordeel van het plasmaproces is dat het dragergas niet verhit of afgekoeld 
hoeft te worden. Het plasma zet elektrische energie direkt om in de produktie van 
radikalen met een zeer beperkte verhitting van het gas. 
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Uit verschillendeonderzoeken is gebleken Jat het homogene plasmaproces nu reeds 

een konkunerende techniek is voor de gekombineerde verwijdering van SOx en NOx. 
Het doel van dit onderzoek is om de energiekosten van het plasmaproces verder te ver

lagen door een altematief reaktiepad aan te bieden m.b.v. een aktief oppervlak in de 
plasmazone. Lagere energiekosten maken het plasmaproces extra aantrekkelijk omdat 
de investeringskosten voor de plasm11.generator gelijktijdig lager worden. Echter, de 

uitstoot van rookgas uit een moderne elektriciteitscentrale is drie ordes groter dan 

wat een plasmaproces met de huidige stand van de techniek kan behandelen. Daarom 
richten we ons ook op tuepassingen in de chemische industrie. De behandeling van 

afgassen van chemische processen ligt nu reeds in het bereik van de plasmaprocessen. 
De samenstelling van deze afgassen verschilt echter van die van rookgas. 

Het experimentele onderzoek in dit gedeelte van ons onderzoek richt zich op 
de toepassing van plasma-geïnduceerde oppervlaktereakties voor de verwijdering of 

omzetting van stikstofmonoxide (hoofdstuk 4). De reakties van stikstofmonoxide 

(NO) zijn op een systematische wijze bestudeerd als funktie van de samenstelling van 
het gasmengsel en het soort korrelmateriaal in de plasmazone. De aanwezigheid van 
een groot silica oppervlak verhoogt de efficiëntie van zowel de dissociatieve konver

sie van NO naar stikstof en zuurstof in droog helium/stikstof, als de oxidatie van 
NO naar stikstofdioxide in droog, zuurstofhoudend helium/stikstof. Het silica opper

vlak biedt hier een alternatieve reaktieroute aan die efficiënter is dan de homogene 
plasmareaktie. De rol van plasma-geïnduceerde oppervlaktereakties wordt bevestigd 
door vervanging van silica door 1 -alumina in de plasmazone. De NO wordt efficiënt 
geoxideerd op het 1-alumina maar blijft echter geadsorbeerd op het oppervlak. De 

emissie van NOx wordt hierdoor direkt verlaagd. De regeneratie van het oppervlak 
d.m.v. thermische desarptie laat zien dat er N03-adsorbaten gevormd zijn tijdens de 

plasmareaktie. De energie-efficiëntie van deze NO 'fixatie' reaktie is relatief hoog met 

13 en 19 eV per verwijderd NO molekuul bij respektievelijk 40 en 80% NO conversie 
voor een MgO/i-alumina katalysator. De homogene oxidatie van NO wordt dominant 
wanneer zowel water en zuurstof in het gasmengsel aanwezig zijn . De kombinatie van 
de radicalen 0', 0 3 , OH', en Ho; oxideert NO efficiënt naar HN03 . De resultaten 

van de homogene oxidatie van NO in aanwezigheid van water en zuurstof komen goed 

overeen met de literatuur. 
Plasma-geïnduceerde heterogene reakties kunnen de energie-efficiëntie van het 

plasmaproces verhogen in relatief droge, zuurstofhoudende gasmengsels. Een mo
gelijke toepassing van de 'NO fixatie' kan gevonden worden in het verlagen van de 

NO emissie van een salpeterzuurfabriek. 

Het derde onderwerp in dit onderzoek betreft de modellering van twee aspekten 

van plasma-geïnduceerde katalyse. 
Ten eerste is de excitatie van gasmolekulen gemodelleerd door één elektron uit het 

plasma te simuleren (hoofdstuk 6). Het elektron wordt versneld in het elektrisch veld 
en verliest deze energie door inelastische botsingen met gasmolekulen die daardoor 
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In een geëxciteerde toestand terecht komen. De interaktie tussen het elektron en 
de molekulen wordt beschreven door een zogenaamd 'Monte Carlo' kansproces. Het 
computerprogramma is gebruikt om aan te tonen dat de excitatie van methaan niet 
selektief is. In het propagatiegebied van de ontlading vindt vooral ionisatie en dis
sociatie van methaan plaats. Deze processen leveren reaktieve radikalen, maar tegen 
hoge energiekosten. Vibrationele excitatie van methaan vindt vooral plaats in het 

gebied met een lage gereduceerde veldsterkte. Toevoeging van zuurstof leidt vooral 
tot monozuurstofradikalen omdat de dissociatie van zuurstof minder energie kost dan 
die van methaan. Verder is aangetoond dat de direkte excitatie van stikstofmonoxide 

door een inelastische botsing van een vrij elektron zeeronwaarschijnlijk is. De reaktie 
van stikstofmonoxide wordt veroorzaakt door radikalen van het bulkgasmengseL 

Ten tweede is de deëxcitatie van vibrationeel geëxciteerde molekulen gemodelleerd 

in de plasma after-glow (hoofdstuk 5). Vibraties zijn de laagste geëxciteerde energie
toestand van een molekuul die de reaktiviteit verhoogt . Vanuit het oogpunt van 

energie-efficiëntie is het aantrekkelijk om vibratie-energie te gebruiken voor (katalyti
sche) oppervlaktereakties. Echter, vibraties worden gedeëxciteerd in zowel de gasfase 
als op oppervlakken. Met behulp van dit model is de verhouding tussen de deëxcitatie 
in de gasfase en op het (katalysator) oppervlak berekend voor de experimenteel ge

bruikte reaktor. Deze verhouding geeft de maximaal mogelijke energie-efficiëntie van 
het plasma-geïnduceerde katalytische proces met vibrationeel geëxciteerde molekulen . 
Uit de analyse van de resultaten van het model blijkt dat het grootste deel van de 
vibraties gedeëxciteerd wordt in de gasfase wat in verwarming van het gas resulteert. 
Daarentegen, de toepassing van dit model op de deëxcitatie van radikalen geeft een 

grote kans op oppervlaktereakties met radikalen die geproduceerd zijn in het plasma. 
De konklusie uit deze modelberekeningen is in overeenstemming met de verklaring 

van de experimentele resultaten. 

De konklusie van dit toepasbaarheidsonderzoek is dat chemische synthese van 
de onderzochte bulkchemikaliën m.b.v. plasma's veel energie kost, ook met een 

katalysator in de plasmazone. De mogelijke toepassingen van plasma's liggen vooral 
op het gebied van behandeling van afvalstromen. Het energievoordeel van plasma's 

ten opzichte van chemische processen is dat reaktieve radikalen gegenereerd worden 
zonder dat verhitting of afkoeling van het gasmengsel nodig is. Deze radikalen breken 
vervolgens de verontreinigingen af. 
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Stellingen 

1. De tijdomkeer-paradox van de Boltzmannvergelijking wordt opgelost door op te 
merken dat de molekulaire chaos aanname (StoBzahlansatz) niet tijdomkeerbaar 
IS. 

2. De warmteoverdracht van het plasma naar de katalysator, zoals waargenomen 
door Gicquel, kan eenvoudig gekorreleerd worden aan de aktiviteit van de kataly
sator voor produkt vorming: een aktieve katalysator zal de energie in het plasma 
omzetten in chemische energie van produkt vorming, een niet aktieve katalysator 
absorbeert deze energie. 
Gicquel A., Cavadias S. and Amouroux J .; J . Phys. D 19 (1986) 2013. 

3. De hoge vibratietemperatuur in de grenslaag van het plasma-katalysator kon
takt zoals gerapporteerd door Gicquel, is niet de oorzaak van de hoge aktiviteit 
van de katalysator maar het gevolg daarvan. 
Gicquel A., Cavadias S., and Amouroux J.; J. Phys. D 19 (1986) 2013. 

4. De reaktieve radikalen, welke geproduceerd worden in een coronaplasma in rook
gas, hebben vermoedelijk een levensduur die niet verklaard kan worden door de 
uitgebreide set van radikaalreakties zoals gebruikt wordt in het streamer pro
gramma van IVTAN. 
Babaeva N.Yu., Kulilovski A.A., Mnatsakanyan A.Kh., Naidis G.V. , and Solosolov 
M.Yu; "The streamer Propagation Modelsin N2 -02 mixtures and Flue Gas", Research 
Report IVTAN-ANRA#93/2, Moscow, Russia, May 1993. 

5. De ontwikkeling van nieuwe reinigingstechnieken, zoals plasmabehandeling van 
afgassen, wordt gefrustreerd/belemmerd door de milieuwetgeving die gebaseerd 
is op bestaande technologieën. 

6. Emissienormen die gebaseerd zijn op de koncentratie schadelijke stoffen in uit
laatgassen dragen niet noodzakelijkerwijs bij tot een schoner milieu. Normen 
uitgaande van de hoeveelheid uitstoot van schadelijke stoffen per eenheid ge
bruikte grondstof hebben wél direkt gevolgen voor een schoner milieu. 

7. Kernenergie is een vorm van energie-opwekking die alleen maar veilig toegepast 
kan worden in een demokratisch geregeerd land. 

8. Financiering van de universiteiten zuiver op basis van aantallen studenten werkt 
onvermijdelijk nivellerend en verlagend op het niveau van het onderwijs. 

9. Het argument dat geparkeerde fietsen het straatbeeld ontsieren, welke gebruikt 
wordt bij de 10% regeling voor studentenhuizen zoals voorgesteld door de ge
meente Eindhoven, geeft blijk van het schoonheidsideaal van de zittende ge
meenteraadsleden, namelijk de 'heilige koe'. 

10. De luchtige spaanse levensstijlleidt tot ademnood. 

11. Door talloze proeven is bewezen dat !'amour een zeer bijzondere katalysator is: 
hij groeit vaak onder invloed van de verbindingen die hij bevorderd heeft. 


