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The reaction of NO in a streamer corona plasma is studied systematically as a
function of the composition of the gas mixture, the initial concentration of NO, and
the discharge repetition rate. The experimental results show that the reactions of
NO depend strongly on the composition of the gas mixture. Reduction is observed
in the absence of oxidants such as oxygen and water, but at very high energy cost
(>200eV/NO). In the presence of both these oxidants, more than 90% of the NO
conversion is oxidation. The lowest energy costs, 24 eV/NO for He mixtures and
45 eV / NO for N2 mixtures, are obtained at water and oxygen concentration above
3% and at low discharge repetition rates (<10 Hz). Chemical kinetics calculations
of the production of radicals in the plasma show a good agreement with the value
derived from the experiments.

KEY WORDS: Nitrogen oxide; streamer corona discharge; plasma reaction
kinetics.

1. INTRODUCTION

The emission of NOx (=NO + NO2) into the atmosphere should be
minimized for environmental reasons. Advances in purification of fuels and
combustion processes have already led to important reductions. The remain-
ing fraction of NOx in waste gases can be further reduced by post-process
treatment of these gases. A promising technique for this purpose is plasma
treatment, which can be applied, for instance, to flue gas of coal-fired power
stations. This process is an important subject in plasma research for more
than 20 years. It stimulates the simultaneous oxidation of NOx and SOX

(=SO2 + SO3) to their acids by oxidizing radicals, such as O, O3, OH, and
HO2, which are produced in the plasma. The acids are removed by conven-
tional techniques and can be converted into useful byproducts. Another
advantage of the plasma treatment of flue gas is that it is a low-temperature
technique.

1Division of Electrical Energy Systems, Eindhoven University of Technology, PO Box 513,
5600 MB Eindhoven, The Netherlands.
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The low-temperature plasma techniques are generally divided into elec-
tron-beam treatment and the application of several types of electrical dis-
charges. The reactions of NOx and SOX in the plasma of e-beam irradiation
are studied systematically by Tokunaga and Suzuki.(1-10) In this extensive
series of articles, the role of each constituent and their combinations in flue
gas is determined for the plasma reaction. A consistent reaction mechanism
and the energy cost of the NOX/SOx removal are presented.

Since the e-beam devices are capital intensive, other groups studied the
treatment of flue gas using corona discharges.(11-19) A corona plasma can be
generated with relatively cheap power supplies. Further, the electrons that
excite and ionize gas molecules are generated inside the gas mixture. The
energy efficiency obtained for the deNOx/deSOx reaction by e-beam irradia-
tion is still about a factor two better than for pulsed streamer corona.
However, the corona studies are less structured than the work of Tokunaga.
The results of these experiments are often incomparable and only limited
variations of the composition of the gas mixture are studied.

In this paper we present a systematic study of gas-phase reactions with
NO in a pulsed streamer corona plasma. The present research is focused on
the influence of the different constituents and their combination in simulated
flue gas on the reactions of NO. The concentration of the different constit-
uents is varied one by one. The discharge characteristics could be kept nearly
constant for the different gas mixtures by using a dielectric barrier plasma
reactor. The chemical kinetics of the plasma-induced reactions is elucidated
by variation of the initial concentration of NO and from chemical kinetics
calculations. A qualitative model is presented which can explain the charac-
teristic kinetics of the reactions in the plasma. Finally, consistent discharge
and streamer properties on radical production are derived from the
experimental results and computational data.

The energy consumption of the plasma process is a major parameter in
this work. Results are presented in terms of energy cost per removed NO
molecule, which is computed from the energy input in the plasma and the
number of converted NO molecules. The unit of this energy consumption
is expressed as electron volts per removed NO molecule, further denoted by
eV/NO. Conversion factors for comparison with other literature values are:
leV/NO = 96.4kJ/mole removed NO =1120.3 g removed NO/kWh =
1.195Wh/Nm3 per 1000 ppm NO removed; for electron beam treatment
the G-value is used: 1 G = one converted NO molecule per l00eV energy
input.

2. EXPERIMENTAL SET-UP

The experiments are performed in a laboratory-scale plasma reactor.
The reactor is a tubular flow reactor of inner diameter (i.d.) 9 mm and a
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quartz wall of 1 mm thick. The plasma is generated between a stainless steel
wire electrode through the center, and a grounded aluminum foil around
the reactor tube. The diameter of the wire electrode is 1 mm and the width of
the metal foil, i.e., the active length of the discharge, is 40 mm. Occasionally a
tube of 25 mm i.d. and the same length is used. The quartz reactor tube also
serves as a dielectric barrier between the electrodes. This leads to very short
discharge current pulses and avoids spark formation. Further, the discharge
characteristics are approximately constant for different compositions of the
gas mixture. A sketch of the reactor is depicted in Fig. 1.

The plasma reactor is connected to two systems: (1) the gas circuit for
supply of gaseous reactants and detection of products, and (2) the electrical
circuit for plasma generation and measurement of the power input in the
plasma. The reactor and the plasma power supply are placed in a Faraday
cage to avoid perturbation of the measurements with the mass-spectrometer.
The reactor is fed with a gas mixture from a gas manifold with calibrated
mass flow controllers. The gases are used directly from bottles without
further purification, their purity is: He 99.995%, N2 99.9%, O2 99.9%. A
mixture of 5% NO in He is used, and its mass flow is determined by a flow
controller. The products from the reactor are analyzed by a Balzers
QMG 420 mass-spectrometer, using a capillary to sample the gas. The tubing
is made of stainless steel or Teflon (near high voltage) and is heated to avoid
condensation of products. The discharge zone of the reactor can be heated
by a hot air oven up to 400°C.

Based on previous experience the plasma is generated by positive high
voltage pulses.(17-19) A triggered spark gap circuit is used for this purpose;
see Fig. 2. The energy input into the plasma is computed from voltage and
current measurements on the electrodes of the reactor. Corrections are made
for the time lag between the voltage and current probes, and the capacitive
current in the pulse circuit.(17) Electrical losses in the HV power supply are
not considered here because they are not relevant for the purpose of this
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Fig. 1. A sketch of the dielectric barrier reactor as used in the experiments.



paper. The repetition rate can be varied between 1 and 240 Hz, and the
voltage setting on the supply is always 25 kV. Two examples of typical
discharge current and voltage measurements, at 1 Hz and 100 Hz, are
depicted in Fig. 3. It shows a small capacitive current during the initial
voltage rise (t = 20-50 ns). The gas discharge occurs between t=110 and
160ns and is accompanied by a decrease in voltage. The energy input of
this pulse into the reactor is typically between 5 and 10 mJ. The appearance
of the plasma inside this barrier discharge is very similar to a wire-cylinder
corona, i.e., thin discharge channels are observed which emit purple light.

The reactor is operated at a temperature of 90-100°C, which is in the
range of the temperature of flue gas. A flow of 100 normal ml/min (Mml/min)
N2 or He is used for the bulk gas with up to 1200 ppm NO. The residence time
of the gas in the plasma zone is a ~1.5 s. Helium is sometimes used as bulk gas
to facilitate the detection of reaction products by mass-spectrometry. O2 and
H2O are added to the NO-containing gas stream before the reactor. Therefore,
the mass flow of NO remains equal in a series of experiments. H2O is added
by saturation. Typically four different H2O concentrations are used in our
experiments of 0, 0.6, 3, and 8% H2O (corresponding to no water and satura-
tion temperatures of 0, 20, and 40°C respectively).

3. EXPERIMENTAL RESULTS
In this section results are presented for the energy cost, ENo (in eV/

NO), and the relative conversion of NO, CNo (in %), for different parameter

Fig. 2. The pulsed power supply circuit. The sparkgap S is activated by the trigger T. The
voltage rise time on the electrode of reactor R is limited by inductance L. V and A are the
voltage and current probes.
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Fig. 3. Typical examples of voltage and current waveforms which are measured on the labora-
tory reactor at low and high pulse repetition rate in dry air. The energy put into the gas is (a)
7.3, (b) 5.9 (mJ/pulse).

variations as indicated in the subheading. Most of the measurements
presented here are performed using N2 as carrier gas, corresponding to the
majority of situations where this process can be applied. He is also used
because it facilitates the detection of reaction products such as N2. The
complete results using He as carrier gas are published elsewhere.(19)



Fig. 4. The energy cost and conversion of NO molecules in He (a, b) and N2 (c, d) as a function
of oxygen concentration at different water amounts. The initial NO concentration is 1200 ppm
in He or N2 as bulk gas. The discharge repetition rate is kept constant at 100 Hz.

3.1. Influence of O2 and H2O Concentration

The influence of the O2 concentration on the energy cost of NO conver-
sion is determined in a series of experiments at different water concentrations
and constant power input in the plasma (f= 100 Hz). The results for He
and N2 as bulk gas are depicted in Fig. 4a-d. In the case of He as background
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Fig. 4.—continued

gas, Fig. 4a and b, it is quite obvious that the behavior for low water contents
(0.0 and 0.7%) is very different from the high water contents (2.6 and 8.2%).
At 0% O2 the lowest energy cost per NO is obtained at 0% water (200 eV/
NO) and it increases with water concentration (up to 500 eV/NO). At low
water concentration this energy cost increases with oxygen concentration,
but at high water concentration it decreases (Fig. 4a). Figure 4b shows the
opposite trends for the conversion, as can be expected. It is seen that almost
complete NO removal is achieved only at high oxygen and high water concen-
tration. This is at the point where the energy cost is the lowest! The same



trends are observed with N2 as background gas (Fig. 4c and d), although
not as clear as in the case of He. The maximum conversion here is 80% at
an energy cost near 100 eV/NO. For dry gas with several percent or more
O2 the energy cost becomes very high >600 eV/NO.

Reaction products determined by the mass spectrometer are NO2 (up
to 400 ppm) and N2O (only at very high electric power into the plasma).
HNO2 and HNO3. are not detected, probably due to the fact that these
molecules stick very easily to walls and thus cannot pass the capillary. In
the case of He as background gas N2 was not detected, i.e., its concentration
remains below the detection limit of 1 ppm.

3.2. Influence of Repetition Rate

The influence of the repetition rate of the high-voltage pulses is
measured at different water concentrations and at two different values of
the oxygen concentration. The results are now shown only for N2 as bulk
gas, in Fig. 5a and b. As in Fig. 4 the results for He are slightly better and
show the same trends. Only N2 is shown because it is representative for
practical situations. In the figures each point is a measurement at one
repetition rate, where the lowest repetition rate (5 Hz) is the lowest point
on the left and the highest repetition rate (240 Hz) is the highest point on
the right. The same difference as in Fig. 4 between high and low water
concentration is observed. The lowest energy cost, just below 50 eV/NO, is
almost always found at the lowest repetition rate. The only exception is 3%
H2O, 10% O2. This lowest energy cost occurs, however, always at the lowest
conversion.

3.3. Influence of NO Concentration

The influence of the initial NO concentration, [NO]0, is determined as
a function of the power input in the plasma under the best conditions for
NO removal, i.e., at high [O2] = 10% and high [H2O] = 8-11%. The [NO]0
is varied between 300 and 2000 ppm. The power input in the plasma is varied
by increasing the discharge repetition rate in the sequence 0-5-10-20-40-
80-160 Hz. The results obtained for removal vs. power input and conversion
vs. energy cost are depicted in Fig. 6a and b only for N2 as bulk gas. The
trends of the results for He are the same, but again the energy costs in He
are slightly lower. The efficiency of the plasma process is similar for all
[NO]0 at low NO conversions: ~60 eV/NO for the N2 mixture and ~40 eV/
NO for the He mixture. At high NO conversion, the plasma process remains
most efficient for low [NO]0. The higher energy costs of the plasma process
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Fig. 5. The conversion of NO in N2 vs. the energy costs per removed NO molecule at different
water contents (0-8.2%) and repetition rates (5-240 Hz). Values indicated in the figure. Values
of O2 used: (a) 5% and (b) 10%. The initial NO concentration is 1200ppm in He or N2 as
bulk gas.

in the N2 mixture are assigned to the energy losses due to vibrational excita-
tion of N2.

3.4. Influence of Residence Time

Finally, the influence of the residence time in the plasma reactor is
studied in a larger dielectric barrier reactor with an inner diameter of 25 mm.



Fig. 6. NO concentration vs. the energy input in the plasma (a) and the conversion of NO vs.
the energy costs per removed NO molecule (b). The experiments are performed with different
initial NO amounts in He or N2 with 10% O2 and 8-9% H2O.

Residence times of more than several seconds can increase the NO oxidation
efficiency significantly, as shown earlier.(10,18) The residence time is increased
to ~12 s in the reactor of 25 mm i.d. This increase in size is supposed to have
no other effect than to increase the residence time. From two-dimensional
streamer modeling it follows that the streamer diameter is not influenced by
the gap distance,(20) so the short and the long streamer have the same volume
productivity of radicals. Further, in relatively large gaps, the production of
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Fig. 7. The conversion of NO in the reactor with i.d. 25 mm vs. the energy costs per removed
NO molecule at different water concentrations. The initial [NO] is 1200 ppm in N2 as bulk
gas. The discharge pulse repetition rate is increased from 5 to 240 Hz.

excited species on the dielectric is supposed to be low. The conversion of
NO is measured as a function of the discharge repetition rate at different
water concentrations and 5 or 10% O2 in N2; see Fig. 7. The energy cost
for NO conversion is lower in the 25-mm reactor than in the reactor with
i.d. 9 mm. The lowest energy costs for NO oxidation are 24 eV/NO and
45 eV/NO at 50% NO conversion for respectively He and N2 as bulk gas.
At 10% O2 the energy cost is 10-30% lower than at 5%. These are the lowest
energy costs for NO removal obtained in this experiment.

4. GAS-PHASE REACTION MECHANISMS

In this section, the reaction mechanisms of NO in the plasma of different
gas mixtures are discussed, in order to systematically describe our series of
experiments in relation to the known radical reactions from the literature.(21)

The rate constants are expressed in [cm3/molecules • s] for 2-body reactions
and [cm6/molecules2 • s] for 3-body reactions at T=363K. The list of
reactions used here is short compared to other studies. In previous studies
it has been determined with the aid of a reaction analyzer that the reactions
given here represent 90% or more of the NO conversions under the condi-
tions in the experiments described.(18) This omitted 10% or less includes all
ion reactions.
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The remaining O' and N' recombine to the thermodynamically favored
products O2 and N2. This does not give a quantitative explanation for the
results in He and N2 without oxygen and water. Since the energy cost under
this condition is very high, >200 eV/NO, this situation is not analyzed
further here.

The ratio of reaction rates for NO oxidation and NO2 reduction by
O. is expressed by the empirical relation of Tokunaga(1): (NO)/(NO2)2 =
0.027 ppm-1 at high power density in the plasma. Applying this relation to

4.1. He/N2 + NO

In the absence of oxidants such as O2 and H2O, NO can only be dissoci-
atively converted to N2 and O2 in the plasma. The dissociation of NO occurs
not by direct electron impact since 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.(1)

Reduction of NO is also possible via the fast reaction of NO with N(l,22,23):

Tas, van Hardeveld, and van Veldhuizen382

Besides this, O3 is formed which competes with the oxidation of NO
by O.. O2 is usually present in a much higher concentration than NO. Ozone
is a relatively stable molecule which oxidizes NO slowly. Further, the pres-
ence of O3 also consumes O. by the recombination reaction to O2:

4.2. He/N2 + O2 + NO

O2 has much more low levels of excitation and dissociation than N2 or
He. Therefore O2 becomes already at low concentrations the energy sink in
the plasma of a corona discharge.(24) Further, highly excited molecules of
the He and N2 are efficiently de-excited by excitation or dissociation of O2.
Therefore oxidation of NO by O becomes the principal mechanism in the
presence of O2. However, the produced NO2 can be reduced back to NO
by O.:



Other reactions of the primary radicals with bulk gas molecules are
slower. Hence, the OH', HO'2, and O' are the main oxidizing species for the
reaction with NO. The set of reactions initiated by these species is
extensive.(21) The program KiNEL(18) uses this database to calculate the

which forms NO back. However, this is a slow reaction which only plays a
role at long reaction times. This shows that also only H2O addition is not
very effective because back reactions are possible.

4.4. He/N2 +O2 + H2O + NO

The presence of both O2 and H2O in the gas mixture gives the possibility
to form a more extensive and reactive set of radicals for the oxidation of
NO (4,17,21,25) The primary radicals O', H', and OH' produced in the plasma
will react primarily with the bulk gas molecules. The first reaction occurring
extremely rapid after the discharge phase is

Our experiments show that the conversion of NO decreases strongly
when H2O is added to the bulk He/N2 + NO mixture (see Fig. 3a-d at 0%
O2). Tokunaga(1) explains the low NO conversion also by the following
recombination reaction:

our experiments with 1000 ppm NO initially, only 17.5% of the NO can be
converted to NO2. This value corresponds rather well with the measured
conversion of NO in dry gas mixtures; see Fig. 3b and d (11 and 16%) at
9% O2 and 0% H2O. So there are two reasons why O2 only cannot efficiently
oxidize NO into acid; the most obvious one is the back reactions and the
second one is that no H atoms are available, which are important as will be
shown in Section 4.4.

4.3. He/N2 + H2O + NO

The addition of solely H2O to the bulk gas generates OH' and H'
radicals since now H2O is the energy sink in the plasma. The OH' radical
reacts efficiently with NO and HNO2. The conversion of NO is limited by
the reduction of NO2 by H':

383Reactions of NO in a Positive Streamer Corona Plasma
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reaction kinetics of this gas mixture. Its reaction analyzer shows that a large
part of these reactions has a negligible contribution. The limited set which
follows from this result is given in Table I. The main difference of the
combination of water and oxygen is that it gives an oxidation route of NO
to HNO3. The advantage is that this molecule does not have any back
reaction since it has an extremely low vapor pressure. The main routes of
oxidation now are(1)

It is now evident that NO oxidation is a two-step process. The first step
definitely requires O2 to provide O and HO2 and the second step needs OH
which is produced from H2O. Further advantages of this mixture are the
formation of a steady end product and the prevention of the reduction of
NO2 through H* radicals due to the fast formation of HO2 radicals (see
Section 4.3). This mechanism is in agreement with our experimental observa-
tion that high concentrations of O2 and H2O are necessary to obtain efficient
removal of NO in the corona plasma (see Figs. 4 and 5).

4.5. Simulations

The limited set of chemical reactions (see Table I) has been used to
simulate our experimental results. The chemical kinetics calculations are
performed for the mixture of 10% O2 and 10% H2O in He at a total density
of molecules of n= 2 • 1025 m -3 . The initial NO concentrations, [NO]0 = 382,
622, 1079, 1547, and 1895ppm, are taken as in the experiments using the
He mixture. The simulated reaction is initiated by pulses of O', H', and OH'.
It is assumed that O2 and H2O are dissociated with the same rate in the
plasma. The best correspondence between experiment and simulation is
found with 2.5 • 1020m-3 radicals per pulse. The time interval between the
simulated pulses is taken as 0.01 s, which is long enough to have all the
radicals (10-4 s) and ozone (10-2 s) reacted. Only reactions between HNO*
molecules and other neutrals occur at longer time scales.

Figure 8 gives the calculated concentration of NO (lines) as a function
of the number of discharge pulses. It shows excellent agreement with the
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Table I. The Fifty Main Reactions for NO Conversion by
the Radicals from a Plasma in O2- and H2O-Containing Gas

Mixture"

Reactants

H + HO2

H + HO2

H + HO2

0 + O + M
O + OH
0 + HO2

O H + H + M
OH + HO2

2 OH
2OH + M
2HO2

2HO2 + M
O2 + H + M
O2 + O + M
O2 + HNO
O3 + O
O3 + H
O3 + OH
H2O2 + OH
N O + H + M
NO+O+M
NO+OH+M
NO + HO2

NO + O3

NO + NO3

NO + NO,
NO2 + H
NO2 +O
NO2 + O + M
NO2 + OH
NO2 + OH + M
NO2 + HO2 + M
NO2 + O3

NO2 + NO3 + M
2NO2 + M
NO3 + O
NO3 + OH
NO3 + HO2

NO3 + HO;

N2O4 + M
N2OS + N2

N2O5 + O2

HNO2 + O
HNO2 + OH
HNO3 + H
HNO3 + O
HNO3 + OH
HNO3 + HNO2

HO2NO2 + OH
HO2NO2

Products

H2 + O2

2 OH
H2O + O

O2 + M
H + O2

OH + O2

H2O + M
H2O + O2

H2O + O
H2O2+M
H2O2 + O2

H2O2 + O2 + M
HO2 + M
O3 + M
NO + HO2

2O2

OH + O2

HO2 + O2

H2O + HO2

HNO + M
NO2 + M
HNO2 + M
NO2 + OH
NO2 + O2

2NO2

2NO + O2

NO + OH
NO + O2

NO3 + M
NO + HO2

HNO3 + M
HO2NO2 + M
NO3 + O2

N2O5 + M
N2O4 + M
NO2 + O2

NO2 + HO2

HNO3 + O2

NO2 + OH + O2

2NO2 + M
NO2 + NO3 + N2

NO2 + NO3 + O2

NO2 + OH
NO2 + H2O
HNO2 + OH
NO3 + OH
H2O + NO3

2NO2 + H2O
NO2 + H2O + O2

HO2 + NO2

Rate constant

1.22e-11
7.57e-11
9.00e-12
7.60e-34
3.11e-ll
5.03e-11
2.43e-30
9.56e-11
2.52e-12
1.48e-31
l.15e-12
2.83e-32
3.79e-32
3.88e-34
3.32e-14
2.74e-14
3.84e-11
1.02e-13
1.65e-12
4.38e-33
5.44e-32
1.68e-31
7.17e-12
4.13e-14
1.50e-11
5.14e-13
7.55e-11
9.09e-12
4.95e-32
2.59e-15
3.62e-31
4.00e-32
1.41e-16
5.69e-32
4.40e-36
l.00e-11
2.60e-11
9.10e-13
3.64e-12
9.62e-14
2.00e-18
2.00e-18
3.00e-15
6.15e-12
l.00e-13
3.00e-15
8.02e-14
1.60e-17
3.70e-12
1.16e + 02

aThe reactions and rate constants are taken from Matzing at T=
363 K.(21)
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Fig. 8. (a) The simulation of the NO conversion as a function of the number of discharge
pulses. The markers are experimental data points (Fig. 6). (b) The simulated conversion of
NO vs. the number of radicals per converted NO molecule. 2.5 • 1020 radicals per simulated
pulse in a N2 mixture with 10% O2+ 10% H2O.

experimental data points (marks). The dependence of calculated NO conver-
sion on the number of radicals needed to convert a NO molecule (rad/NO),
see Fig. 8b, is very similar to the experimental result (in eV/NO) depicted
in Fig. 5b. So from these figures the result is obtained that at the lowest
conversion 0.83 radical is necessary to remove one NO and an energy con-
sumption of 48 eV is required per radical.
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Fig. 9. Experimental (a) and simulated (b) conversion of NO vs. the energy input in the reactor
of 25 mm i.d. and a mixture of 5% O2 and 8% H2O in He. The simulations are performed with
pulses of 1021 radicals • m-3.

Finally, several products of the reaction of NO as a function of the
power input in the plasma are measured and also calculated with the reaction
set of Table I. Pulses with a radical density of 1021 m-3 are used in the
simulation. For the experiment the energy input is increased by using a
higher pulse repetition rate (indicated by the numbers near the marks in
Fig. 9a). In the calculation this is performed by increasing the number of
pulses (Fig. 9b).
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The correspondence between the experiment and the chemical kinetics
simulation is good. Also here it shows that the oxidation of NO occurs in
two steps. At low discharge power NO is converted to NO2, at low energy
input in the plasma, and [NO*] remains constant. There are not enough
radicals produced in the plasma to oxidize the formed NO2 further to the
acid. Then, at higher energy input in the plasma, the NO2 is converted
almost completely into HNO3, at sufficient energy input. These curves have
the same shape as those measured by Creyghton and Weiss.(17,25)

4.6. Determination of Radical Production by the Discharge

The efficiency of the plasma for the production of reactive radicals is
determined via two routes. On the one hand, the number of radicals for NO
conversion follows from the experimental energy costs of the plasma process.
Its lower limit is 40 eV/NO; see Fig. 6b. The lowest energy cost calculated
for NO conversion is 0.83 radical/NO; see Fig. 8b. This means that the
pulsed corona products 1 active radical per 48 eV energy input. This energy
cost can also be calculated in a different way by combining the number of
simulated pulses and the experimental energy input in the plasma. From
Fig. 8a it follows that 280 pulses in 1.5 s residence time equals 1 J/s. With
2.5-1020nT-3 radicals per simulated pulse in a plasma volume of
2.54 • 10-6 m3, the energy costs are 53 eVper active radical. These two effi-
ciencies are in excellent agreement considering the complexity of the
situation.

From the chemical kinetics calculations with pulses of radicals, the
radical density in the streamer channel is calculated. The number of strea-
mers is taken as 3 per mm length of the wire electrode at high applied pulse
voltages in a reactor of the same diameter as used here.(26) The diameter of
the streamer channel is generally taken equal to 200 • 10-6m.(17) Thus, the
streamer volume is only 1/150 of the reactor volume for a reactor diameter
of 9 mm. From these data and the conditions of the chemical kinetics calcula-
tions described above, radical density inside the streamer volume is calcula-
ted to be 4 • 1016 m -3.

Monte Carlo calculations of the electron dynamics in flue gas mixtures
as described by Tas(24) have been used to calculate the rate of production
of excited molecules. At reduced field strengths of E/n = 500-1500 Td, this
rate is sufficiently high to produce the required amount of radicals during
the propagation of the streamer head through the gas.

5. CONCLUSIONS

The presented series of experiments on the conversion of NO in a pulsed
streamer corona plasma shows clearly that the most efficient plasma reaction
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is obtained at low energy density in the plasma and at high O2 and H2O
contents in the gas mixture. The lowest energy costs obtained in our experi-
ments are 24 and 45 eV/NO at 50% NO conversion for respectively He
and N2 gas mixtures which contain 8-11% H2O and 10% O2. The reaction
mechanism of the conversion of NO in corona plasma is well understood
from our experiments and chemical kinetics calculations. The oxidation of
NO to nitric acid is a two-step process with NO2 as intermediate. Fast
oxidation occurs by OH and HO2 radicals, which explains the necessity of
O2 and H2O. After these two steps a stable product is formed, HNO3. This
is a reason why the energy cost in this case is much lower compared to
adding only O2 or only H2O.

The energy cost for the production of active radicals in our corona
discharge is about 50 eV/rad. This value is obtained from experimental and
computational data on NO conversions. The corresponding initial radical
density inside the streamer is calculated to be 4 • 1016 m -3.

Our variation of the oxygen and water content in either nitrogen or
helium clearly shows that NO conversion is through reduction only at an
oxygen concentration of 1% or lower. This implies that for flue gas which
usually has an oxygen content of 3-5% and a water content of 8-12%, the
main process for NO conversion is oxidative when discharge processes are
used. Our results are in good agreement with the e-beam results of Tokunaga
and Matzing. Recently the reductive pathway has been indicated as a main
process.(27,28) In Ref. 28 this conclusion is due to the erroneous omission of
HO2, and in Ref. 27 the main difference is the low O2 content of the gas.
Under flue gas conditions (O2 > 4%, H2O > 5%) reduction is, however, not
more than 10%,(18,20) and in our experiments in He it is not even observed.
In N2 without water and oxygen the only possibility for NO conversion is
reduction. Under these conditions this turns out to be very energy consuming
(>200 eV/NO).

The energy costs obtained in our small corona reactor are higher than
the ones obtained in the e-beam and some other pulsed corona experiments.
However, the reaction mechanisms for NO conversion deduced from our
streamer corona and Tokunaga's e-beam experiments are identical. Earlier
measurement with corona discharges gave also values of around 50 eV/
NO.(15,17) Recent experiments in a large reactor with combined injection of
NO, SO2, and NH3 have shown an energy cost of 13 eV/NO,(29) which is
close to the values obtained with e-beams. Optimization of the corona reac-
tor design and streamer characteristics is, however, still necessary and will
result in a lower energy consumption of the corona process. Our measure-
ments and chemical kinetics calculations on the NO oxidation predicts that
the corona process should be optimized in the following directions:

• Low power density in the plasma. Consequently the residence time
must be long to obtain high conversions.
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• Many small pulses instead of a few large ones. Radical recombinations
are minimized at a low rate and homogeneous production of radicals.

• A high water (>10%) and oxygen (>5%) concentration to obtain an
efficient oxidation reaction of NO to HNO3.

• Longer residence times.

For the application of pulsed corona techniques large-scale experiments
remain a requirement. However, the results obtained with large reactors are
not well described by the modeling presented in this paper. Therefore the
calculations must be made more accurate and extended to obtain predictive
models. This should for instance include 2-D or 3-D modeling of streamer
propagation, the combination of chemical kinetics with gas dynamics, and
the inclusion of possible reactions at surfaces or in droplets.
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