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Abstract

The discharge physics and plasma chemistry of dielectric barrier discharges (silent
discharges) is discussed. Numerical models describing electrical breakdown,
microdischarge formation and the ensuing free radical chemistry are presented.
Applications ranging from ozone generation, excimer UV lamps and CO3 lasers to
surface treatment and pollution control are described. Experimental and modelling
results on CO2 hydrogenation in dielectric barrier discharges are also presented.

INTRODUCTION

Dielectric barrier discharges or barrier discharges, frequently also referred to as silent discharges, have been
utilized for more than a century. Early investigations originally started by Siemens (1) in 1857 concentrated
on the generation of ozone by subjecting a stream of oxygen or air to the influence of a dielectric barrier
discharge (DBD). Ozone and nitrogen oxide formation in DBDs became an important research issue for
many decades (2-4). The names of Warburg (5,6) and Becker (7,8) in Germany, Otto (9) in France, of
Briner et al. (10) in Switzerland, of Philippov and his group in Russia (11), of Devins (12) in the United
States, Lunt (13) in England and Fuji et al. (14) in Japan, should be mentioned in this connection. More
recent references can be found in a book by Samoilovich et al.(15) and in some review papers by Eliasson
and Kogelschatz (16-19). As of today, ozone generation is still the major industrial application of DBDs
with thousands of installed ozone generating facilities based on this principle. For this reason the dielectric
barrier discharge is sometimes also referred to as the ozonizer discharge.

In recent years novel applications of DBDs with respect to pumping of CO; lasers (20-22) and excimer
lamps (23-28), flue gas treatment (29-31), surface modification (32-34), pollution control (17, 35-38),
H3S decomposition (39) and CO; hydrogenation (40, 41) have been proposed. All these applications take
advantage of a mature technology originally developed for ozone generators. Its main advantage is that
large gas flows at about atmospheric pressure can be subjected to nonequilibrium plasma conditions with
only negligible increase of the enthalpy of the feed gas. With all these diverse applications in mind the
dielectric barrier discharge configuration will be discussed in a very general sense as a plasmachemical
reactor. Special discharge properties will be described as well as charged particle reactions and the free
radical chemistry initiated by the gas discharge. Several results are presented concerning the modelling of
dielectric barrier discharge chemistry in different gases.

THE DIELECTRIC BARRIER DISCHARGE
In this section the electrode configurations and typical operating conditions of DBDs are described. When
the electrical field in the discharge gap is high enough to cause electrical breakdown a large number of
microdischarges are observed if the pressure is of the order of 1 bar. This is a typical pressure range for
ozone generation, excimer formation as well as for flue gas treatment. Plasma formation and electrical
conductivity is restricted to these microdischarges while the space in between is not ionized and serves only
as a background reservoir for the energy dissipated in the microdischarges and for the long-lived species
created. Fig. 1 shows a frame from a video taken at very low power density. It shows microdischarges in
an annular discharge gap between two quartz cylinders. Visual access was provided by a wire mesh used as
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the outer electrode. The gap spacing was 5.5 mm, the operating frequency 200 kHz and the exposure time
of the video frame 16 ms.
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Fig, 1: Video frame showing microdischarges. ~ Fig. 2: Diagram of electrode configuration with a
microdischarge channel. .

Fig. 2 shows schematically a microdischarge in a discharge gap bordered by one dielectric and one metal
electrode, a configuration nommally encountered in ozone generators. In other applications like CO, lasers
and excimer lamps both electrodes may be covered with dielectrics. The preferred materials for the dielectric
barrier are glass or quartz, in special cases also ceramics, enamel or even polymer coatings. Besides the
planar configuration sketched in Fig. 2 also annular discharge gaps between cylindrical electrodes and
dielectrics are used in many technical applications.

The discharge gap itself has a typical widih of a few mm: about 1 mm for ozone generators, a few mm for
excimer lamps, and up to 50 mm for CQ; lasers. To initiate a discharge in such a discharge gap filled with a
gas at atmospheric pressure, voltages in the range of a few k¥ are required. Since the current has to pass
the dielectric in the form of a displacement current (capacitive coupling), alternating voltages are required to
drive a DBD. Although waditionally the line frequency was the obvious choice, modern DBD equipment
often runs at higher frequencies. Ozone generators use thyristor-controlled inverters generating square-
wave currents in the kHz range, while excimer lamps and CO5 lasers use transistorized switch-mode power
supplics with essentially sinusoidal output voltages. Their frequencies can go up to about 1 MHz.

The gas can either flow through the DBD (ozone generation, COy conversion, Hy§ disposal, pollution
control) or it can be recirculated (CO, lasers) or even fully encapsulated (excimer lamps). In most high-
power applications efficient cooling of at least one of the electrodes is used.

BREAKDOWN PHENOMENA AND DISCHARGE PHYSICS

At atmospheric pressure electrical breakdown in a large number of statistically distributed microdischarges
is the normal situation for most gases in DBD configurations. It should be mentioned, however, that
discharge plasmas which are apparently homogeneous can be obtained in the same electrode configurations
if the pressure is lowered. These discharges are normally referred to as RF discharges and have found
widespread applications in the semiconductor industry for plasma etching and plasma deposition
procedures. Even at elevated pressures close to 1 bar fairly homogeneous discharges can be obtained if the
discharge is pulsed, if large amounts of diluents like He or Ne are added (32, 34, 42, 43) or if special
additives are used (44).

The normal appearance of dielectric barrier discharges at elevated pressure, however, is that shown in Fig.
1. Tt is characterized by a large number of shert-lived microdischarges. Each microdischarge has an atmost
cylindrical plasma channel of typically 100 um radius and spreads into a larger surface discharge at the
dielectric surface. By applying an electric ficld larger than the breakdown field local breakdown in the gap
is initiated. At the given conditions propagating electron avalanches quickly produce such a high space
charge that self-propagating streamers are generated (16). This condition is typically met before the initial
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electron avalanche reaches the opposite electrode. The field enhancement at the streamer head, moving
much faster than the electron drift velocity, is reflected at the anode and travels back to the cathode where,
within a fraction of 1 ns, an extremely thin cathode layer is formed. At this time a conductive channel,
which can be charaterized as a transient glow discharge, bridges the gap. At atmospheric pressure electron
densities of 1014 to 1015 cm3 are reached. The thickness of the cathode layer reaches only a few pm (45,
46). Charge accumulation at the dielectric surface results in a local reduction of the electric field which
chokes the current flow in a microdischarge typically within less than 100 ns. For a given gas, the choking
effect depends on the extension of the surface discharge and the properties of the dielectric barrier. If the
external voltage is still rising, additional microdischarges will preferentially strike at other locations with
higher electric fields. Thus, the dielectric serves a dual purpose. It limits the amount of charge and energy
imparted to an individual microdischarge and, at the same time, distributes the microdischarges over the
entire electrode area. Typical charges transported by individual microdischarges are of the order of nC,
typical energies of the order of pJ.

It is important to realize that some control of the plasma characteristics is possible by making use of special
gas properties, adjusting the pressure or changing the electrode geometry or the properties of the dielectrics.
The radius rmax of the microdischarge column, for example, depends on the gas density n and on the gas
properties. rmax is proportional to the reciprocal value of the product of the gas density n and the derivative
of the effective ionization coefficient o with respect to the reduced electric field E/n (at breakdown) (47).
Fig. 3 shows a/n for different gases. The effective ionization coefficient o is obtained from the ionization
coefficient o and the attachment coefficient 1. Its value corresponds to (&t - 1). The sharp decay of the
curves of Oy and CO» below breakdown in Fig. 3 is due to electron attachment in these electronegative
gases. From these curves it is evident that the radii of the microdischarge channels can be grouped iu the
following order:

oxygen < carbon dioxide < air < nitrogen < xenon < helium.
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Fig. 3: Effective ionization coefficient indifferent ~ Fig. 4: Microdischarge current pulses in different
gases. gases.

The shape of the current pulse of a microdischarge is influenced by the gas properties and by the relative
overvoltage applied to the discharge gap. Fig. 4 shows current pulses in different gases, all calculated for
1 bar. The reduced fields were 230 Td, 155 Td, 155 Td and 100 Td for N2, Oz, CO2 and Xe respectively.
Fig. 5 shows three current pulses in CO; at different voltages. Surprisingly enough, the transported charge
in these three pulses is practically identical.

The total charge Q in a microdischarge depends on the gas properties and can be influenced by the gap
spacing and by the properties of the dielectric. Q is proportional to the width of the discharge gap d, and to
the quantity &/g (€: relative permittivity, g: thickness of dielectric). Recently, the latter relation was
experimentally checked to hold up to extreme e-values of about 1000 (48). Contrary to what one might
expect, Q does not depend on the gas density n (16).
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Fig. 5: Microdischarge current pulses in CO; at Fig. 6: Dissociation rate coefficient in O and CO».
different overvoltages.

MICRODISCHARGE CHEMISTRY

The initial phases of microdischarge formation are characterized by electron multiplication, space charge
formation and ionization, dissociation and excitation processes initiated by energetic electrons. The ionic
and excited atomic and molecular species initiate chemical reactions that finally result in the synthesis of a
desired species (e.g. ozone, excimers, methanol) or the destruction of pollutants {e.g. HpS, NOy, SOy,
VOCs etc.). The resulting chemistry can be dominated by charged particle reactions in which case the term
plasma chemistry would adequately describe the situation. This situation occurs in many low pressure
discharges. In the majority of DBD applications, however, most charged particles decay before any major
chemical changes happen. In this case it is more appropriate to speak of a free radical chemistry involving
neutral species like atoms, molecular fragments and excited molecules. In any case, discharge activity and
energy dissipation occurs only within the microdischarges and sets the initial conditions for the ensuing
chemical reactions. Thus, a correct description of the physical processes during breakdown and
microdischarge formation is prerequisite for a detailed understanding of DBD chemistry.

In many cases the first step is a dissociation of the initial species by electron collisions. Fig. 6 shows the
rate coefficients for this dissociation process for the two important gases Oz and CO; as a function of the
reduced electric field. The dissociation of Oy (49-53) has been investigated in connection with ozone
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Fig. 7: Fractional energy losses in Oy, Fig. 8: Fractional energy losses in CO2.
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generation and the properties of CO3 (54-58) have been studied with the aim of optimizing CO; lasers. One
important question is the efficiency of the dissociation process with respect to energy consumption. It can
be answered by computing fractional energy losses for the different processes involved. Fig. 7
demonstrates that the dissociation of oxygen by electron impact can be highly efficient (up to 85%)
provided that the reduced electric field is in the range of 100 - 300 Td (1 Townsend or Td corresponds to
10-17 Vcm?2). This range corresponds to average electron energies of about 4 to 8 eV. In CO; (Fig. 8), on
the other hand, at most 40% of the electron energy can be utilized for the dissociation process under
favourable conditions. The efficiency of the different processes involved depends on their cross sections
for electron collisions and on the electron energy distribution function.

NUMERICAL MODELLING

The problem of calculating the transition of an insulating gas to a conductive plasma, i.e. electrical
breakdown, has been treated by several authors (16, 45, 46, 59-64). After compiling the dominant electron
collision cross sections of the gas under investigation in a first step the Boltzmann equation is solved to
obtain the electron energy distribution function. Then the relevant rate coefficients for the electronic
reactions like excitation, dissociation, ionization, and attachment are calculated and tabulated as a function
of the reduced field E/n.

By applying an electric field larger than the breakdown field and releasing a small number of initial
electrons at a certain location of the cathode the evolution of a microdischarge can be calculated. We use a
two-dimensional time dependent model solving the continuity equation for the charged particles and
computing the local electric field with a fast Poisson solver in cylindrical coordinates. The boundary
conditions at the dielectric are given by the charge deposited at the dielectric surface. By performing these
calculations as a function of time and space and, at the same time, considering the already tabulated rate
coefficients one obtains the distribution of all charged and excited species during the entire microdischarge.
After the termination of the microdischarge caused by the decay of charged particles the excited species
continue to react to form other radicals and new molecules. Approximate time scales for the different
processes involved in a gas at about atmospheric pressure are given in Fig. 9 . Roughly speaking, electrons
reach equilibrium conditions corresponding to the applied field within ps, microdischarges occur at a ns
time scale, free radical reactions may need ms and ground state chemistry even longer to reach equilibrium
conditions. The rate coefficients for electronic collisions depend on the reduced electric field E/n. The use
of tabulated values as described above is only justified if equilibrium conditions are reached much faster
than the relevant field changes occur. Fig. 10 shows a Monte Carlo simulation of electrons in oxygen at
atmospheric pressure (65). Equilibrium is reached in less than 20 ps under these conditions. This is
roughly 1000 times faster than the microdischarge pulses calculated in Fig. 4 and Fig. 5.

~

[ AVERAGE ELECTRON ENERGY IN
r . OXYGEN
PROCESS { tbar, MONTE CARLO SIMULATION)

GROUND STATE
CHEMISTRY

(< €>

N

FREE RADICAL
CHEMISTRY

BREAKDGWN

EXCITATION
DISSOCIATION
IONIZATION

BOLTZMANN

- / 0 10 20 30 40 50
TIME (ps)

\.

Fig. 9: Schematic representation of processes and Fig. 10: Monte Carlo simulation of electrons in
time scales involved (p = 1 bar). oxygen (p =1 bar, T =300 K,
E/n = 100 Td).




1280 B. ELIASSON, W. EGLI AND U. KOGELSCHATZ

Fig. 11 shows results of our two-dimensional model calculations in CO,. The spatial distribution of CO
radicals, which according to the dissociation equation (Fig. 6)

e+ COp-5e+CO+0 ¢))

is identical to the distribution of oxygen atoms, is plotted for different times during microdischarge
formation and after its termination. The current pulse corresponds to the middle pulse of Fig. 5 which
peaks at 30 ns and is essentially terminated at 70 ns. The CO distribution is obtained from a time integral of
the electron density times the dissociation rate coefficient. It clearly shows the region of the microdischarge
channel and the distribution of surface charges at the dielectric surface.
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Fig. 11: Concentration of CO at different times during microdischarge evolution.

Fig. 12 shows the total number of CO molecules or O atoms formed in a single microdischarge as a
function of time. Fig. 13 shows relative concentrations of these species as a function of the axial coordinate
z during the development of a microdischarge. These concentrations were averaged in the radial direction
for 0<Sr<R = 0.8 mm.
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APPLICATIONS OF DIELECTRIC BARRIER DISCHARGES
All applications of DBDs follow a general scheme. The applied electric field initiates a discharge in which
charged particles, excited species and free radicals are formed. Further reactions of these unstable species
lead to chemical changes in the process gas. Depending on the desired application different reaction
mechanisms may be of importance.

Ozone Generation

The first and still the most important application of DBDs is the generation of ozone from air or from
oxygen. The first larger ozone generating facilities for the disinfection of drinking water were built in Nice
(France) and in St.Petersburg (Russia) at the turn of this century. Today, a few thousand installations are in
operation. The largest ones reach power levels of several MW and produce some tons of ozone per day.
Although the purification of potable water is still the most important ozone market other applications have
emerged. Examples are the conditioning of cooling water circuits, the treatment of waste waters as well as
large-scale chemical oxidation and bleaching processes. A major ozone application for the future is expected
as a substitute for chlorine in pulp bleaching.

Ozone synthesis in DBDs starts with the very efficient dissociation of oxygen molecules by electron impact
(Fig. 7). The generated oxygen atoms can follow different reaction paths.

0+0+M = 03+M — 03+M @) 0+0; - 20, @)
0+0+M = O+M 3) 0+03 — 20, (5)

In these reactions M is a third collision partner which can be an oxygen molecule, in air also a nitrogen
molecule. O is an intermediately formed excited ozone molecule which is much more reactive than the
ground state of ozone (O3). The relative importance of the different reactions depends on the relative
particle concentrations, the pressure and the gas temperature. Reaction (2) is favoured at reasonably high
pressure (1 - 3 bar), low gas temperatures and relatively low atom concentrations ([O]/n ~ 10-3). The first
two requirements necessitate a nonequilibrium discharge because the electrons need a sufficiently high
energy to dissociate oxygen molecules efficiently (Fig. 7). The DBD with narrow discharge gaps can fulfil
all these requirements in.an almost ideal way (16-19, 45, 66, 67).

Because of the high cost of pure oxygen many smaller ozone generators use air as a feed gas. However,
this solution has several drawbacks. Since humidity interferes adversely with the DBD operation and the
ozone formation process the air has to be dried to a dew point of -60 ©C, which corresponds to a residual
H70 content of a few ppm. A second disadvantage is that the dissociation of oxygen molecules in air is
much less efficient because vibrational excitation and dissociation of nitrogen molecules takes up a major
fraction of the electron energy (56, 68). However, not all of tllis energy is lost because some reactions
involving nitrogen atoms N and excited nitrogen molecules N2 can lead to the formation of additional
oxygen atoms which, in turn, can react to form ozone (67, 69).

N+0; — NO+O ©) N,+O2 = N2+20 (82)
N+NO -5 N»+0O @ - N)O+O (8b)

The general experience is that ozone generators operating on air need twice the specific energy for a certain
amount of ozone and reach about half the concentration of ozone generators operating with oxygen. As a
third disadvantage the appearance of nitrogen oxides (N20, NO, NO;, NO3, N20s) has to be mentioned
which renders the optimization of the discharge process much more complicated than that in pure oxygen.
As a matter of fact, technical ozone generators operating on air require different operating conditions for
optimum performance.

Excimer Lamps

The electron densities and electron energies reached within the microdischarges are comparable to those of
discharge-pumped excimer lasers. Consequently, it is possible to use DBDs in rare gases or mixtures of
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rare gases and halogens, for example, to form excimers. Since many excimers are efficient fluorescers
powerful ultraviolet and vacuum ultraviolet sources can be based on this pnn01ple (24-28, 43,70,71).

Two examples of excimer formation in DBDs will be g1ven The formation of Xe, excimers radiating at 172
nm, in the vacuum UV range and the formatlon of XeCl excimers radiating at 368 nm in the UV-B range.
Xe, is formed from excited xenon atoms Xe*, XeCl* mainly by ion recombination. Both processes are
three-body reactions requiring a fairly high pressure:

Xe* + Xe+M o Xe; +M  © Cl' + Xet + M — XeCl* +M (10)

In these reactions M stands for a third collision partner, in many cases, an atom of an additional rare gas
used as a buffer gas to influence the electron energy distribution.

Contrary to the common practice in excimer lasers the gas mixture can be sealed in quartz vessels and
operated for an extended period of time. An important advantage of these lamps is that the electrodes are not
in contact with the discharge plasma and, consequently, the build up of contaminants due to electrode attack
is avoided.

Using different gas mixtures narrow-band excimer fluorescence was obtained for more than 20 different
wavelengths between 100 nm and 550 nm (72). In many cases it is possible to obtain a single dominant
emission band by carefully adjusting gas composition and pressure. Typical spectral widths at half intensity
range from 1 nm to 15 nm. Since excimer mixtures can be pumped at high power densities it is possible to
build very powerful, spectrally selective sources of UV photons to initiate photochemical and photophysical
processes. A number of novel procedures including high-speed UV curing, the photodeposition of metallic,
insulating and semiconducting layers as well as photoetching of polymer surfaces have already been
demonstrated with these DBD excimer lamps (26-28, 73-77). Future applications are foreseen utilizing UV
induced photodegradation and photooxidation processes for pollution control (78, 79).

Miscellaneous Applications

In recent years considerable attention has been given to the use of dielectric barrier discharges for the
reduction of NOx and SOx in flue gases, for the treatment of volatile organic compounds (VOCs) in off-
gases, or stripped from contaminated liquids or soils (29-31, 38). In addition, the treatment of
formaldehyde (37) and even of pesticides and nerve gases has been suggested (17, 35, 36). In these
applications the DBD plasma generates ions and radicals which can result in an efficient reduction of
pollutant concentration. In many cases the species OCP), O(ID), H, N, in wet air also HO, and OH
radicals, initiate fast, in some cases highly selective, chemical reactions.

The decomposition of st has also been investigated (39). The DBD was operated at unusually high
temperatures of up to 560 °C in order to remove the sulfur in liquid or vapour form. HS is found in many
natural gas sources and has to be taken out. As the amounts that have to be treated can be quite large this
process could be of considerable technical importance. If HyS could be decomposed into S and Hy at a
reasonable energy expenditure valuable products could be obtained.

Other recent investigations focus on the potential of DBDs for surface processes. The work of Okazaki et
al. (32, 42) and of Massines et al. (34) has been oriented towards obtaining homogeneous discharges,
referred to as atmospheric pressure glow discharges or APGs, for thin film deposition, surface
modification and dry etching processes. On the other hand, also inhomogeneous DBDs with pronounced
microdischarge activity can be utilized for surface treatment (33). As a matter of fact, the well established
"corona treatment" of plastic parts and polymer foils, in most cases, uses a DBD configuration,

Another industrial application of DBDs is Mitsubishi's silent discharge or SD CO3 laser (20-22). In this
case large gap spacings and plane dielectrics covering cooled planar electrodes are used. The gas mix (COy,
CO, N2, He), the low pressure of 6 kPa together with a strong transverse gas flow result in a diffuse,
almost homogeneous discharge. Using special optical resonators practically diffraction limited output
beams of 5 - 10 kW average power can be obtained. This SD CO; laser is a powerful tool for high speed
welding and cutting.

Future Applications: CO2 Hydrogenation

The issue of global climate change, especially the possibility of a warming of the surface of the earth due to
emissions of so-called man-made greenhouse gases, is of great importance for the future development of
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energy and power technologies. The forecasts for the development of energy use and emissions predict a
50% increase of the use of energy and CO2 emissions before the year 2010. This increase will mostly come
from the developing countries. If a direct cause and effect relationship can be proven between emissions of
man-made gases and warming of the atmosphere, - and this might happen within the next decade -, then it
is quite likely that technological options for mitigating the emissions will be called for,

About a third of the global man-made emissions of CO; come from power plants. One possible way of
reducing CO; output would be recycling CO; taken from flue gases of power plants. The removal of CO2
from flue gases is already being done in a 300 MW coal-fired power plant, which was built by ABB
Lummus Crest at Shady Point in Oklahoma. Every day 200 tons of CO3 are removed from the flue gases.
This is only a small portion of the total amount of CO; generated. The COz is very pure and it is used in the
food industry. The total market for such use of CO2 however, is very limited.

One possible utilization of CO7 on a large scale is the conversion of CO; with the aid of hydrogen to form
hydrocarbons like e.g. methane or methanol (80). The key to hydrogenation of CO3 is, of course, the
availability of hydrogen. The hydrogen would have to be produced in a CO»-free way, ¢.g. by using solar
energy, hydro energy, nuclear energy or biomass and reforestation. CO» has a very low energy content.
Because of the energy needed to convert it to e.g. methanol, such conversion would presumably only be
considered if other motivating forces were active, like e.g. the introduction of a carbon tax.

There is also another use for CO2 which might turn out to be of no less importance. An important role has
been predicted for the future for hydrogen as a clean source of energy. Hydrogen is a gas at normal
temperature and pressure and cannot efficiently be stored. Methanol, on the other hand, is a liquid under
normal conditions. Methanol, produced by combining carbon dioxide and hydrogen, could thus be used as
storage medium for hydrogen in general and for hydrogen produced during the day by solar energy, in
particular. There is also an added advantage. Methano! has almost twice the energy content per volume in
comparison to that of liquid hydrogen.

The reaction of carbon dioxide with hydrogen to form methanol is an exothermic reaction (81):

CO; + 3Hj - CH30H + H0 (11)

Reaction (11) needs to be activated by a catalyst, though (83). The catalyst operates at temperatures around
500 K.

The formation of hydrogen itself is an endothermic process. In case of water electrolysis it requires an input
of somewhat less than 5 kWh/m3Hj. (84)
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Fig. 14: Annular dielectric barrier discharge configuration for CO, hydrogenation.

Reaction (11) can also be activated in a discharge (40, 41, 81, 82) as shown in Fig. 14. Instead of using a
catalyst one can activate CO2 and Hj according to:

e+CO - C0;+e (12) e + Hy N H2 +e (13)
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The molecules thus excited can then initiate reactions like reaction (11). The excited molecules can also
form other products like methane according to:

CO; + 4H, — CHy4 + 2H0 (14)
Fig. 15 shows the temporal development of different species during a series of microdischarges in 20%
CO7 and 80% Hj at 1 bar and 400 K. The time interval between pulses was 12.5 ms. In Fig. 16 we show a
comparison of measured and calculated concentrations of CH4, CO and CH3OH. The experiment was

performed at 1 bar and 400 K. The feed consisted of a mixture of CO; and H and the reaction time was
6 minutes. The calculation considered 576 discrete pulses during this time.

'MICRODISCHARGE IN 20 %CO2+ 80 %H2 SILENT DISCHARGE IN CO2+ Ha
(1bar, 400K ) 2 ( 1bar, 400K )
103
- Hy © et ol
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Fig. 15: Chemical changes due to a series of Fig. 16: Comparison of calculated and measured
microdischarges. species concentrations during CO» hydro-
genation.

The silent discharge provides electrons at energies which are ideal for dissociating molecules. There are
many abundant sources of hydrogen e.g. water (H,0), hydrogen sulfide (H2S), methane (CHg). Due to
the dissociation capability of the silent discharge one can consider making the hydrogen necessary for the

hydrogenation of the CO directly in the discharge itself. One would e.g. combine water vapour and carbon
dioxide and obtain the hydrogen required from:

e + HyO - 2H+0+e - Hy + 1202 +¢ (15)

At the same time the molecular species present in the discharge would be in an excited state such that
perhaps no catalyst would be necessary for reaction (11). Needless to say, there would be no problem in
introducing a catalyst into the discharge gap (Fig. 14). It is quite likely that the combination of a DBD and
an appropriate catalyst will improve the performance of the DBD reactor quite considerably (plasma assisted
catalysis PAC).

These experiments are very preliminary and the resuits are far from indicating an economic solution. But

they demonstrate the possibility of converting CO; in DBDs and may be regarded as a step towards tackling
the CO3 problem.

SUMMARY AND OUTLOOK

It has been shown how electrical breakdown - which leads to the formation of microdischarges in high
pressure gases - and the atomic and molecular excitation - which initiates the ensuing chemistry - can be
combined in one numerical model of dielectric barrier discharge chemistry. In these discharges large gas
flows at atmospheric pressure can be subjected to nonequilibrium plasma conditions. The reliability and
efficiency of this discharge technology has been demonstrated in industrial ozone generation. Further large-
scale applications are foreseen in the fields of plasmachemical synthesis, pollution control and surface
modification. The more recent applications of DBDs to generate powerful coherent radiation in CO? lasers
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as well as incoherent excimer radiation in UV lamps is also expected to find widespread industrial
applications. Further research might even lead to CO2 hydrogenation in DBDs. It thus appears that
dielectric barrier discharges, more than a century after their first introduction, are gaining an ever increasing
importance in a variety of applications.

Acknowledgement: Special thanks are due to M. Yousfi for making available his data collection on CO2
cross sections.
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